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2 THE SCIENTIFIC PROCESS

The Scientific Process

These pages are all about the scientific process — how we develop and test scientific ideas.
It’s what scientists do all day, every day (well except at coffee time — never come between scientists and their coffee).

Scientists Come Up with Theories — Then Test Them...

Science tries to explain how and why things happen. It’s all about seeking and gaining
knowledge about the world around us. Scientists do this by asking questions and suggesting
answers and then testing them, to see if they’re correct — this is the scientific process.

1) Ask a question — make an observation and ask why or how whatever you've observed happens.
E.g. Why does sodium chloride dissolve in water?

2) Suggest an answer, or part of an answer, by forming a theory or a model
(a possible explanation of the observations or a description of
what you think is happening actually happening).

E.g. Sodium chloride is made up of charged particles
which are pulled apart by the polar water molecules.
3) Make a prediction or hypothesis — a specific testable statement,

based on the theory, about what will happen in a test situation.
E.g. A solution of sodium chloride will conduct electricity much better than water does.

4) Carry out tests — to provide evidence that will support the prediction or refute it.
E.g. Measure the conductivity of water and of sodium chloride solution.

N ANNANY
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... Then They Tell Everyone About Their Results...

The results are published — scientists need to let others know about their work. Scientists publish their results
in scientific journals. These are just like normal magazines, only they contain scientific reports (called papers)

instead of the latest celebrity gossip.

1) Scientific reports are similar to the lab write-ups you do in school. And just as a lab write-up is reviewed
(marked) by your teacher, reports in scientific journals undergo peer review before they’re published.
Scientists use standard terminology when writing their reports. This way they know that other scientists will

understand them. For instance, there are internationally agreed rules for naming organic compounds, so that
scientists across the world will know exactly what substance is being referred to. See page 70.

2) The report is sent out to peers — other scientists who are experts in the same area. They go through it
bit by bit, examining the methods and data, and checking it’s all clear and logical. When the report is
approved, it’s published. This makes sure that work published in scientific journals is of a good standard.

3) But peer review can’t guarantee the science is correct — other scientists still need to reproduce it.

4) Sometimes mistakes are made and bad work is published. Peer review isn’t perfect but it’s
probably the best way for scientists to self-regulate their work and to publish quality reports.

... Then Other Scientists Will Test the Theory Too

1) Other scientists read the published theories and results, and try to test the theory themselves. This involves:
* Repeating the exact same experiments.
e Using the theory to make new predictions and then testing them with new experiments.

2) If all the experiments in the world provide evidence to back it up, the theory is thought of as scientific ‘fact’.

3) If new evidence comes to light that conflicts with the current evidence the theory is questioned all over again.
More rounds of testing will be carried out to try to find out where the theory falls down.

This is how the scientific process works — evidence supports a theory, loads of other scientists
read it and test it for themselves, eventually all the scientists in the world agree with it and then
bingo, you get to learn it. When looking at experiments that give conflicting results, it's important
to look at all the evidence to work out whether a theory is supported or not — this includes
looking at the methodology (the techniques) used in the experiments and the data collected.

This is how scientists arrived at the structure of the atom (see page 4) — and how they came to the conclusion that electrons are
arranged in shells and orbitals. As is often the case, it took years and years for these models to be developed and accepted.

THE ScIENTIFIC PROCESS



The Scientific Process

If the Evidence Supports a Theory, It's Accepted — for Now

Our currently accepted theories have survived this ‘trial by evidence’. They've been tested over and over again
and each time the results have backed them up. BUT, and this is a big but (teehee), they never become totally
indisputable fact. Scientific breakthroughs or advances could provide new ways to question and test the theory,
which could lead to changes and challenges to it. Then the testing starts all over again...

And this, my friend, is the tentative nature of scientific knowledge — it's always changing and evolving.

Evidence Comes From Lab Experiments...

N N A AN AN A RN AR R RN AR NN IS
For example, if you're investigating how
temperature affects the rate of a reaction, you
need to keep everything but the temperature
constant, e.g. the pH of the solution, the

concentration of the solution, etc.
AR R RN AR R AN AR RN RN AR RN AR RR RN RNANER

1) Results from controlled experiments in laboratories are great.

2) Alab is the easiest place to control variables so that they're
all kept constant (except for the one you're investigating).

i
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3) This means you can draw meaningful conclusions.

N\

...But You Can’t Always do a Lab Experiment

There are things you can’t study in a lab. And outside the lab, controlling the variables is tricky, if not impossible.

* Areincreasing CO, emissions causing climate change?
There are other variables which may have an effect, such as changes in solar activity.
You can't easily rule out every possibility. Also, climate change is a very gradual

s 1L i

process. Scientists won’t be able to tell if their predictions are correct for donkey’s years. W =5

e Does drinking chlorinated tap water increase the risk of developing certain cancers? ‘\Ilsn'lng‘ \A
There are always differences between groups of people. The best you can do is to e
have a well-designed study using matched groups — choose two groups of people : - =
(those who drink tap water and those who don’t) which are as similar as possible Samantha thought her
(same mix of ages, same mix of diets, etc). But you still can’t rule out every possibility. study was very well

designed — especially

Taking newborn identical twins and treating them identically, except for the Fitted bookshelf

making one drink gallons of tap water and the other only pure water,
might be a fairer test, but it would present huge ethical problems.

Science Helps to Inform Decision-Making

Lots of scientific work eventually leads to important discoveries that could benefit humankind — but there are
often risks attached (and almost always financial costs). Society (that’s you, me and everyone else) must weigh
up the information in order to make decisions — about the way we live, what we eat, what we drive, and so on.
Information is also used by politicians to devise policies and laws.

e Chlorine is added to water in small quantities to disinfect it (see page 49).
Some studies link drinking chlorinated water with certain types of cancer.
But the risks from drinking water contaminated by nasty bacteria are far, far greater.
There are other ways to get rid of bacteria in water, but they’re heaps more expensive.

e Scientific advances mean that non-polluting hydrogen-fuelled cars can be made. They're better for the
environment, but are really expensive. And it'd cost a lot to adapt filling stations to store hydrogen.
e Pharmaceutical drugs are really expensive to develop, and drug companies want to make money. So they put

most of their efforts into developing drugs that they can sell for a good price. Society has to consider the cost
of buying new drugs — the NHS can’t afford the most expensive drugs without sacrificing something else.

So there you have it — how science works...

Hopefully these pages have given you a nice intro to how science works. You need to understand it for the exam, and
for life. Once you’ve got it sussed it’s time to move on to the really good stuff — the chemistry. Bet you can’t wait...

THE ScIENTIFIC PROCESS
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Toric 1T — Atomic STRUCTURE AND THE PERIODIC TABLE

The Atom

This stuff about atoms and elements should be ingrained in your brain from GCSE. You do need to know it
pertectly though if you are to negotiate your way through the field of man-eating tigers and pesky atoms...

4

Atoms are made up of Protons, Neutrons and Electrons

Atoms are the stuff all elements and compounds are made of.
They’re made up of 3 types of subatomic particle — protons, neutrons and electrons.

Electrons =~ Nucleus
1) Electrons have -1 charge.

1) Most of the mass of the atom is
2) They whizz around the concentrated in the nucleus.
nucleus in orbitals.

2) The diameter of the nucleus is rather
The orbitals take up most

titchy compared to the whole atom.
of the volume of the atom.
the protons and neutrons.

3) The nucleus is where you find

The mass and charge of these subatomic particles are tiny, so relative mass and relative charge are used instead.

\\IllllllllllllllllllHIIIHI/
7
The mass of an electron is

negligible compared to a

Relative mass Relative charge

Subatomic particle

11y,

ZANNENENER

Proton
Neutron 1 0 proton or a neutron — this
_ = Means you can usually i
Electron, e 0.0005 . NNy 1{11???:’3 I't/‘\\

Nuclear Symbols Show Numbers of Subatomic Particles

You can figure out the number of protons, neutrons and electrons from the nuclear symbol,

which is found in the periodic table.
sV g,

tells you its value.
PEENEVELVE T gy

Mass number — S
. ~ S . . . /’
This tells you the total number of A < Element symbol - 'clr:te;:wtﬁejft&e atorrlc o 2
protons and neutrons in the nucleus. = eg 'l Y o ey meed =
7 = eg 'Ll You don't really need =
= it because the element's symbol =
> N
N\

Atomic (proton) number /

This is the number of protons in the nucleus — it identifies the element.

1)
All atoms of the same element have the same number of protons.

2)

For neutral atoms, which have no overall charge, the number of electrons is the same as the number of protons.
\“”lllllllllIIIIIHIIIIHH\IIII/

17

The number of neutrons is just mass number minus atomic number,
To work out the number of each

2)

i.e. “top minus bottom’ in the nuclear symbol. - i i E
= su_batomlc particle present in a molecule, —
= Just work out how many there are in -
S each atom and then add them all up. =

7 R R AR ANV ERER RN RN
L 3 7 3 3 73
ol o | 19 | o | 9 | 1s-9-w0
#Mg 12 24 12 12 | 24-12=12
lons have Different Numbers of Protons and Electrons "Hello, I'm Newt Ron.."

...and positive ions have fewer electrons than protons.

Negative ions have more electrons than protons...
The 2+ charge means that there are

The negative charge means that there's
1 more electron than there are protons. ) 2 fewer electrons than there are protons.
F— F has 9 protons (see table above), so /\/\ + Mg has 12 protons (see table above),
F~ must have 10 electrons. g so Mg? must have 10 electrons.
The overall charge = +9 — 10 = —1. The overall charge = +12 — 10 = +2.

Toric T — ATomiC STRUCTURE AND THE PERIODIC TABLE



The Atom

Isotopes are Atoms of the Same Element with Different Numbers of Neutrons

Isotopes of an element are atoms with the same number of protons but different numbers of neutrons.
Chlorine-35 and chlorine-37 are examples of isotopes:

35 - 17 = 18 neutrons «@@=— Different mass numbers mean different =———===3p>37 — 17 = 20 neutrons
masses and different numbers of neutrons.

:«:i C I The atomic numbers are the same. E:’; C l

Both isotopes have 17 protons and 17 electrons.

1) It's the number and arrangement of electrons that decides the chemical properties of an element.
Isotopes have the same configuration of electrons (see pages 10-11), so they’ve got the same chemical properties.

2) lIsotopes of an element do have slightly different physical properties though, such as different densities,
rates of diffusion, etc. This is because physical properties tend to depend more on the mass of the atom.

Here’s another example — naturally
i . - X \\IIIIH\\||IHHHII\IIII/H\\I\IIIHHI//
occurring magnesium consists of 3 isotopes. The periodic table gives the atomic number

= for each element. The other number isn't the =
< mass number — it's the relative atomic mass =
12 protons 12 protons 12 protons = (see page 6). They're a bit different, but you =
12 neutrons 13 neutrons 14 neutrons - Cit” Oﬂe? assume tsef re equ”al — itdoesnt =
— matter unless you're doing really accurate work, =
12 electrons 12 electrons 12 electrons //lllllll\lllllll\IIHI%llllyll\lllllll\l!\\\

Practice Questions

Q1 Draw a diagram showing the structure of an atom, labelling each part.
Q2 Where is the mass concentrated in an atom, and what makes up most of the volume of an atom?
Q3 Draw a table showing the relative charge and relative mass of the three subatomic particles found in atoms.

Q4 Using an example, explain the terms ‘atomic number’ and ‘mass number’.

Exam Questions

Q1 Hydrogen, deuterium and tritium are all isotopes of each other.

a) Identify one similarity and one difference between these isotopes. [2 marks]
b) Deuterium can be written as {H. Determine the number of protons,
neutrons and electrons in a deuterium atom. [1 mark]
c) Write the nuclear symbol for tritium, given that it has 2 neutrons. [1 mark]
. . . 32,2- 40 30 42
Q2 This question relates to the atoms or ions A to D: A 14S B 3Ar C i3S D ,Ca
a) Identify the similarity for each of the following pairs, justifying your answer in each case.
i) AandB. [1 mark]
i) A andC. [1 mark]
iii) Band D. [1 mark]
b) Which two of the atoms or ions are isotopes of each other? Explain your reasoning. [2 marks]
Q3 A molecule of propanol, C;H,OH, is made up of }H, 120 and %C atoms.
Calculate the number of electrons, protons and neutrons in one molecule of propanol. [2 marks]

Got it learned yet? — Isotope so...
This is a nice page to ease you into things. Remember that positive ions have fewer electrons than protons, and
negative ions have more electrons than protons. Get that straight in your mind or you’ll end up in a right mess.

Toric 1 — ATOoMIC STRUCTURE AND THE PERIODIC TABLE
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Relative Mass

Relative mass... What? Eh?... Read on...

Relative Masses are Masses of Atoms Compared to Carbon-12

The actual mass of an atom is very, very tiny. Don’t worry about exactly how tiny for now, but it’s far too small
to weigh with a normal pair of scales in your classroom. So, the mass of one atom is compared to the mass of a
different atom. This is its relative mass. Here are some definitions for you to learn:

The relative atomic mass, A 1) Relati : .
7 elative atomic mass is an average
is the weighted mean mass @Z c

of all the relative isotopic masses,
of an atom of an element, &

so it's not usually a whole number.
compared to 1/12 of the
i

mass of an atom of carbon-12.
Jason's shirt was

isotropical...

2) Relative isotopic mass is usually
a whole number. $

E.g. a natural sample of chlorine

Relative isotopic mass is the contains a mixture of 3>Cl (75%)
mass of an atom of an isotope, and 3’Cl (25%), so the relative
compared with 1/12t of the isotopic masses are 35 and 37.
mass of an atom of carbon-12. But its relative atomic mass is 35.5.

Relative Molecular Masses are Masses of Molecules

The relative molecular mass (or relative formula mass), M, is the average mass of a
molecule or formula unit, compared to 1/12% of the mass of an atom of carbon-12.

Don’t worry, this is one definition that you don’t need to know for the exam.
But... you do need to know how to work out the relative molecular mass, and the relative formula mass,
so it’s probably best if you learn what they mean anyway.

1) Relative molecular mass is used when 1) Relative formula mass is used for compounds
referring to simple molecules. that are ionic (or giant covalent, such as SiO,).
2) To find the relative molecular mass, just add up the relative 2) To find the relative formula mass, add up the
atomic mass values of all the atoms in the molecule. relative atomic masses (A) of all the ions or atoms
in the formula unit. (A of ion = A of atom.
E.g. M(C,H,0) = 2 x 12.0) + (6 x 1.0) + 16.0 = 46.0 The electrons make no difference to the mass.)

RN RN RN RN RN AN R AR NN RN RN R RN RN NA NNV
See page 22 for more on simple molecules, and

= pages 20 and 26-27 for more on giant structures.
IR AR RN R AN RN RN R RN AR AN RN R NN

E.g. M (CaF,) = 40.1 + (2 x 19.0) = 78.1

Z10y

A, Can Be Worked Out from Isotopic Abundances

You need to know how to calculate the relative atomic mass (A) of an element from its isotopic abundances.
1) Different isotopes of an element occur in different quantities, or isotopic abundances.

2) To work out the relative atomic mass of an element, you need to work out the average mass of all its atoms.
3) If you're given the isotopic abundances in percentages, all you need to do is follow these two easy steps:

Step 1: Multiply each relative isotopic mass by its % relative isotopic abundance, and add up the results.
Step 2: Divide by 100.

Example:  Find the relative atomic mass of boron, given that 20.0% of the boron atoms found on Earth
have a relative isotopic mass of 10.0, while 80.0% have a relative isotopic mass of 11.0.

Step 1: (20.0 x 10) + (80.0 x 11) = 1080
Step 2: 1080 +~ 100 = 10.8

Toric T — ATomiCc STRUCTURE AND THE PERIODIC TABLE



Relative Mass

Mass Spectrometry Can Tell Us About Isotopes

Mass spectra are produced by mass spectrometers — devices which are used to find out what samples
are made up of by measuring the masses of their components. Mass spectra can tell us dead useful things,

e.g. the relative isotopic masses and abundances of different elements.

Mass spectra can be used to work out the relative atomic masses of different elements.

755%

This is the mass spectra for chlorine. g1 00 AT
©) N
The y-axis gives the abundance of 2 80 75 5% -
ions, often as a percentage. For an O =
element, the height of each peak ,/ g 607 5
gives the relative isotopic abundance. _§ 40— T
uni ; i 5 24.5%
The x-axis units are given as a ‘m/z’ value, 2 20—
. . . . [g+]
which is a mass/charge ratio. Since the charge ¢
. . =}
on the ions is mostly +1, you can often assume 0 R
the x-axis is simply the relative isotopic mass.——__p~ y
m/z

AR NAREI

ThlS‘ spectrum shows ;Ehjat’ "
chlorine exists a5 2 isotopes
of chlorine is 35C|
and 245% is 7c|

ANEVEREEA

NN NRRRVENRNETEN

The method for working out the relative atomic mass from a graph is a bit different to
working it out from percentages (see previous page), but it starts off in the same way.

Step 1: Multiply each relative isotopic mass by its
relative isotopic abundance, and add up the results.

Step 2: Divide by the sum of the isotopic abundances. é
3
5
Example:  se the data from this mass spectrum to work out the —=— 2
relative atomic mass of neon. Give your answer to 1 decimal place. 0
Step 1: (20 x 114.0) + 21 x 0.2) + (22 x 11.2) = 2530.6 %
&
Step 2: (114.0+ 0.2 + 11.2 =125.4)
2530.6 + 125.4 = 20.2
Practice Questions
Q1 Explain what relative atomic mass (A) and relative isotopic mass mean.
Q2 Explain the difference between relative molecular mass and relative formula mass.
Q3 Explain what relative isotopic abundance means.
Exam Questions
Q1 Copper exists in two main isotopic forms, %3Cu and Cu.
a) Calculate the relative atomic mass of copper using the information
from the mass spectrum. [2 marks]
b) Explain why the relative atomic mass of copper is not a whole number. [2 marks]
Q2 The percentage make-up of naturally occurring potassium is:
93.1% *K, 0.120% “°K and 6.77% *'K.
Use the information to determine the relative atomic mass of potassium. [2 marks]

Mass Spectrum of Ne

114.0

Relative abundance

| |
20 21 22 23

Mass Spectrum of Cu

120.8

54.0

61 63 65 67
mlz

You can'’t pick your relatives, you just have to learn them...

Isotopic masses are a bit frustrating. Why can’t all atoms of an element just be the same? But the fact is theyre not,
so you're going to have to learn how to use those spectra to work out the relative atomic masses of different elements.
The actual maths is pretty simple. A pinch of multiplying, a dash of addition, some division to flavour and you’re away.
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More on Relative Mass

“More relative mass?! How much more could there possibly be?” I hear you cry. Well, as you're about to see,
there’s plenty more. This is all dead useful to scientists and (more importantly) to you in your exams.

You Can Calculate Isotopic Masses from Relative Atomic Mass

If you know the relative atomic mass of an element, and you know all but one of the abundances and relative
isotopic masses of its isotopes, you can work out the abundance and isotopic mass of the final isotope. Neat huh?

Example:  Silicon can exist in three isotopes. 92.23% of silicon is 28Si and 4.67% of silicon is 29Si.
Given that the A of silicon is 28.1, calculate the abundance and isotopic mass of the third isotope.

Step 1: First, find the abundance of the third isotope.
You're dealing with percentage abundances, so you know they need to total 100%.

So, the abundance of the final isotope will be 100% — 92.23% — 4.67% = 3.10%
Step 2:  You know that the relative atomic mass (A) of silicon is 28.1, and you know two of the
three isotopic masses. So, you can put all of that into the equation you use to work out
the relative atomic mass from relative abundances and isotopic masses (see page 6),
which you can then rearrange to work out the final isotopic mass, X. AR RN RN RN IRARAY
28.1 =((28 x 92.23) + (29 x 4.67) + (X x 3.10)) + 100 Remember — isotopic
masses are usually whole
28.1=(2717.87 + (X x 3.10)) + 100 numbers, so you should
2810-2717.87 =X x 3.10 round your answer to the
29.719 =X  So the isotopic mass of the third isotope is 30 — *Si.

ARRRRRRERREY

nearest whole number.
AERRRRRRRRURRRERARRNES

NARRRRRERENRY,

You Can Predict the Mass Spectra for Diatomic Molecules

Now, this is where it gets even more mathsy and interesting (seriously — I love it). You can use your knowledge
to predict what the mass spectra of diatomic molecules (i.e. molecules containing two atoms) look like.

Example: Chlorine has two isotopes. 3>Cl has an abundance of 75%
and *’Cl has an abundance of 25%. Predict the mass spectrum of Cl,. \\\“+o' RRARALAL
- convert a =
. . I percentage to =
1) First, express each of the percentages as a decimal: 75% = 0.75 and 25% = 0.25. = a decimal, just =
: 5l a5y e 100, S
2) Make a table showing all the ENRRANEAVA
different Cl, molecules. For each 5 35C| =35Cl: 0.75 x 0.75 | 35CI =37Cl: 0.25 x 0.75
molecule, multiply the abundances =0.5625 =0.1875
the relatve abundance of each ane. | 71| €1 ~"Cl: 025 x0.75 [ €I TCI: 0.25 x0.25
’ =0.1875 =0.0625

3) Look for any molecules in the table that are the same and add up their abundances.
In this case, *’CI-3>Cl and 3*CI-27Cl are the same, so the actual abundance for this molecule is:

0.1875 + 0.1875 = 0.375.

4) Divide all the relative abundances by the smallest relative abundance to get

the smallest whole number ratio. And by working out the relative molecular Mass Spectrum of Cl,
mass of each molecule, you can predict the mass spectrum for Cl,;:=—=> ‘é’ 9
[a°]
Molecule e Relative abundance _§
Molecular Mass 2 6
]
BCl =3>Cl 35+35=70 0.5625 + 0.0625 =9 §
]
1
BCl=3Cl 35+37=72 0.375 +0.0625 =6 : | ! :
68 70 72 74 76
YCI-¥Cl | 37+37=74 0.0625 + 0.0625 = 1 miz
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More on Relative Mass

Mass Spectrometry Can Also Help to Identify Compounds

1) You've seen how you can use a mass spectrum showing the relative isotopic abundances of an element to work
out its relative atomic mass. You need to make sure you can remember how to do this. You can also get mass

spectra for molecules made up from more than one element. SV
= Assuming the ion has a 1+ charge,
- which it normally will have.

RNV A R VA ENRRRRRRRRRVAY

\

2)  When the molecules in a sample are bombarded with electrons,
an electron is removed from the molecule to form a molecular ion, M+(g).

I

3) To find the relative molecular mass of a compound, you look at the molecular ion peak (the M peak) on the
mass spectrum. This is the peak with the highest m/z value (ignoring any small M+1 peaks that occur due to the
presence of any atoms of carbon-13). The mass/charge value of the molecular ion peak is the molecular mass.

The y-axis gives

o This is the mass spectrum of an unknown alcohol.
the abundance < M peak — caused . ,
of ions, often as qé bypmo|ecu|ar o 1) ;l;ge m/zhva/l\j'e off t:e mo|ecu|a:j|on peik 26
= percentage% ks , 50 the M of the compound must be 46.
c 2) If you calculate the molecular masses of
The x-axis units 3 the first few alcohols, you'll find that the
are given as a S one with a molecular mass of 46 is ethanol
) , = (C,H.OH).
mass/charge = 2Ms
: 5 k| M. of ethanol = (2 x 12.0) + (5 x 10)
ratio. \\ = ||||||||||||||||||||||||||||||||||||||||||||||'||| +16.0 +10 = 46.0

0 5 10 15 20 25 30 35 40 45 50 3)

So the compound must be ethanol.
m/z

N AR R RN R N AN RN NARARNRAR Y
- There's loads more on mass

= spectrometry on pages 100-101.
IR AR RN AN AR RN R AR R AR VARARN

LEAEN

Practice Questions

Q1 Explain why diatomic molecules can have different relative molecular masses.
Q2 What is the significance of the molecular ion peak on a mass spectrum?

Exam Questions

Q1 The table below shows the percentage abundances of isotopes of oxygen found in a sample of O,.

Isotopes % Abundance
150 98
180 2
a) Calculate the relative abundances of all the possible molecules of O,. [3 marks]
b) Sketch a mass spectrum of O,. [4 marks]

Q2 Potassium (4, = 39.1) can exist in one of three isotopes. 94.20% exists as *’K and 0.012% exists as *K.
a) Calculate the abundance of the third isotope of potassium. [1 mark]

b) Calculate the isotopic mass of the third isotope of potassium. [2 marks]
(RN AR ERNARRRRNARY
The structures of alkanes
are covered on page 76.
(AERENRRERRNARNARERENARE

a) What is the M_of this compound? [1 mark]

Q3 A sample of an unknown straight-chain alkane is analysed using mass spectrometry.
The molecular ion peak is seen at a m/z value of 58.

i
[WARERN

\

b) Using your answer to part a), suggest a structure for this compound. [1 mark]

How do you make a colourful early noughties girl group? Diatomic Kitten...
Dye Atomic Kitten... Geddit...? Only nine pages into this revision guide and we already have a strong contender for
world’s worst joke. But don’t be too dismayed, there are plenty more terrible puns on their way, | assure you. Before
you go looking for them, make sure you know how to do all these relative mass calculations — they’re pretty important.
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Electronic Structure

Those little electrons prancing about like mini bunnies decide what'll react with what — it’'s what chemistry’s all about.

Electron Shells are Made Up of Subshells and Orbitals

1) Electrons move around the nucleus in quantum shells (sometimes called energy levels).
These shells are all given numbers known as principal quantum numbers.

2) Shells further from the nucleus have a greater energy level than shells closer to the nucleus.
3) The shells contain different types of subshell. These subshells have e e T

. 5 . And this one shows the subshells and
different numbers of orbitals, which can each hold up to 2 electrons. electrons in the first four quantum shells.
5

Zrrvvlbprvrr v ve v e ey v by

NN AVERRAVAREENYYS e —
= This table shows the Anumber - Sl rall orbitals electrons Subshells Total number or electrons

—  of electrons that fit in each - —

= iype of subshell. You need = e 1 X222 [st_1s 2 =2
< | Jpeotsubshell. Tou need ==, 3 3x2=6 ond |25 2p 2+ (3 x2) -
= to know how many electrons =

2 canfitintothes pandd = d 5 5x2=10 3rd |3s 3p 3d 2+ 3 x%x2)+(5x%x2) =18
2 subshells for your exams. - f 7 7x2=14 4th |4s 4p 4d 4F |2+ (3 x2)+(5x2)+(7x2) =32
VAR RN AR YRR RS

Orbitals Have Characteristic Shapes

s-orbital

There are a few things you need to know about orbitals... like what they are —
1) An orbital is the bit of space that an electron moves in.

Orbitals within the same subshell have the same energy. i als
2) The electrons in each orbital have to ‘spin” in - = —e

opposite directions — this is called spin-pairing. " " _
3) s-orbitals are spherical — p-orbitals have ‘\\:///

dumbbell shapes. There are 3 p-orbitals P orbital P orbital P, orbital

and they’re at right angles to one another. g

SR gy,

4) You can represent electrons in orbitals using arrows,\
in boxes. Each of the boxes represents one orbital. Ts  2s

2p
Each of the arrows represents one electron.

The up and down arrows
represent the electrons spinning

I opposite directions,
PV s

AEEARES

KAEREN

/

Work Out Electronic Configurations by Filling the Lowest Energy Levels First

You can figure out most electronic configurations pretty easily, so long as you know a few simple rules —
\\\IIllllllll\lllHI\H\IIHHIlll\/lllll\\l\llll//

1) Electrons fill up the lowest energy subshells first. X There's always got to be an exception to mess things up.

; ; = The 4s subshell has a lower energy level than the =
. Electronic Configuration 4 = 3d subshell, even though its principal quantum number =
of Calcum - 4d = s bigger. This means the 4s subshell fills up first. =
/RN RN RN AR AV R R RV AR R R A RN AR RURRRANARANAN
—4p
———3 [ 4 guuee=" Subshell notation i i
4s ubshell notation is another way of showing
HININ] 3p electronic configuration.
Energy (1] The electronic configuration of calcium is:
1s* 252 2p® 3s? 3p® 4s?
BN 2 Y AP \
25 Energy level / shell Number
1s (principal quantum number)  Sypshell of electrons
1s  2s 2p
Nitrogen

2) Electrons fill orbitals singly before they start pairing up. =—=2>
1s 2s 2p

Oxygen

Watch out — noble gas symbols, like that of argon (Ar), are sometimes used in electronic configurations.
For example, calcium (1s? 2s? 2p°® 3s? 3p® 4s?) can be written as [Ar]4s?, where [Ar] = 1s2 2s? 2p® 3s2 3p®.
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Electronic Structure

You can use the Periodic Table to work out Electronic Configurations

The periodic table can be split into an s-block, d-block and p-block.

s-block

1) The s-block elements have an outer

. . . Is| H - H
shell electronic configuration of s' or s2. ’ p-block ¢
E.g. lithium (1s%2s") and magnesium (1s? 252 2p® 3s2). | Li |Be | O [ C|[ M| @] 5|

35| Na [Mg d-block 3plAL|Si| P | S |cl|Ar

2) The p-block elements have an outer
shell configuration of s?p' to s2p®.

4s| K |Ca| 3d|Sc| Ti | V [Cr|Mn|Fe[Co|Ni|[Cu|Zn| 4P| Ga|Ge[ As | Se | Br | Kr

E.g. aluminium (1s? 2s? 2p® 352 3p') and 55| Rb [ sr | 4d| ¥ | zr |Nb|Mo| Tc | Ru|Rh|Pd|Ag|cd| 5p| In|sn|sb|Te| I |xe
bromine (1s? 2s? 2p® 352 3p® 3d'0 452 4p®). os| Cs|Ba| 5d| |Hi|Ta|w|Re|Os|Ir|Pt|Au[Hg| op[ TI |Pb| Bi|Po|At|Rn
7s| Fr [Ra | 6d

Example: Electronic configuration of phosphorus, P: L |

Period T — 1o/ —0~ Complete subshells Example: a) Give the electronic configuration a Ca** ion.
Period 2 — 25 2 de
Period 3 — 35s? 3p® €= Incomplete outer subshell

So it's: 1s? 2s?2p® 3s? 3p3

2 92 6 22 6 1.2 AR NN R R R VS
Ca: 1s* 25* 2p° 3s* 3p° 4s = Ca? has two fewer =

2+. 2 2 6 2 6 - | 1 th Ca. =
Catt: 15 25 2p7 3% Ip° g 11101 121 2

b) Give the electronic configuration a CI- ion.
3) To work out the configuration of an ion, up to Ca,
you just write the electronic structure of the atom
and then add or remove electrons to or from
the highest-energy occupied subshell.

Al
C[:1522522p63523p5 EC’”hHH“””H/’

I" has one more

Cl: 1s® 2s? 2p° 3s? 3p® &=== electron than C| =

—/HIIIIlIIIIlIllII\\

4) The d-block elements are a bit trickier to work out — the 4s sub-shell fills before the 3d subshell.
E.g. vanadium (1s? 2s? 2p° 3s? 3p® 3d? 4s2) and nickel (1s? 2s? 2p® 352 3p® 3d® 4s2).

5) Chromium (Cr) and copper (Cu) are badly behaved. They donate one of their 4s electrons
to the 3d subshell. It's because they’re more stable with a full or half-full d-subshell.

Cr atom (24 e): 1s? 2s* 2p® 352 3p® 3d° 4! Cu atom (29 e): 1s* 252 2p° 3s% 3p® 3d'0 4!

6) Different elements form ions with different charges.
You can use the periodic table to predict what ion each element will form (see page 19 for more on this).

Practice Questions

Q1 How many electrons do full s-, p- and d-subshells contain?

Q2 What does the term ‘spin-pairing’ mean?
Q3 Draw diagrams to show the shapes of a s- and a p-orbital.
Q4 Write down the subshells in order of increasing energy up to 4p.

Exam Questions
Q1 Potassium reacts with oxygen to form potassium oxide, K,O.
a) Give the electronic configurations of the K atom and K* ion. [2 marks]

b) Give the electronic configuration of the oxygen atom. [1 mark]

Q2 This question concerns electronic configurations in atoms and ions.

a) Identify the element with the 4th shell configuration of 4s? 4p?. [1 mark]
b) Suggest the identities of an atom, a positive ion and a negative ion

with the electronic configuration 1s? 282 2p° 3s? 3p°. [3 marks]
¢) Give the electronic configuration of a Cu atom. [1 mark]

She shells sub-sells on the shesore...

The way electrons fill up the orbitals is kind of like how strangers fill up seats on a bus. Everyone tends to sit in their
own seat till they’re forced to share. Except for the scary man who comes and sits next to you. Make sure you learn the
order that the subshells are filled up in, so you can write electronic configurations for any atom or ion they throw at you.
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Atomic Emission Spectra

Atomic emission spectra, which you’re about to meet, provide evidence for quantum shells. Read on...

Electromagnetic Spectrum — the Range of Electromagnetic Radiation

1)
2) Along the electromagnetic spectrum, the radiation increases in frequency and decreases in wavelength:

RADIO) INFRA- IBLE ULTRA: ‘\“ uw‘\w\um e ‘W\\
WAVIES RED “ I H T VIOLET‘ 1 \HHMHH‘\H R

INCREASING FREQUENCY / ENERGY & DECREASING WAVELENGTH

Electromagnetic radiation is energy that’s transmitted as waves, with a spectrum of different frequencies.

Electrons Release Energy in Fixed Amounts

Electron shells are sometimes called quantum shells, or energy levels (see page 10). L —
Electron
emits

energy

In their ground state, atoms have their electrons

in their lowest possible energy levels. n=2

Energy

If an atom’s electrons take in energy from their surroundings they can move
to higher energy levels, further from the nucleus. At higher energy levels,
electrons are said to be excited. (More excited than you right now, I'll bet.)

n=1 Ground state

Electrons release energy by dropping from a higher energy level down to a
lower energy level. The energy levels all have certain fixed values — they're discrete.

A line spectrum (called an emission spectrum) shows the frequencies of light
emitted when electrons drop down from a higher energy level to a lower one. -
These frequencies appear as coloured lines on a dark background. emission spectrum

Each element has a different electron arrangement, so the frequencies of radiation
absorbed and emitted are different. This means the spectrum for each element is unique.

Emission Spectra are Made Up of Sets of Lines

1) You get lots of sets of lines in emission spectra — each set represents electrons moving to a different
energy level. So, in an emission spectrum, you get one set of lines produced when electrons fall
to the n = 1 level, and another set produced when they fall to the n = 2 level, and so on.
2) Each set of lines on emission spectra get closer together as the frequency increases.
3) Here’s the emission spectrum of hydrogen (it only has one electron that can move). It has three important sets of lines:
The lines converge because the energy levels get
closer together as the energy/frequency increases.
When the electrons drop back down
A N =00 / to their ground state (n = 1), this
first series of lines is produced in the
n=>5 ultraviolet part of the spectrum.
n=4
D3 1 ~ Increasing frequency
Z Ultraviolet Visible Infrared
i 1]
L
When the electrons drop to the second Electrons dropping down to the
energy level (n = 2), the series of lines third energy level (n = 3) create
appears in the visible part of the spectrum. this series in the infrared area.
This is the part you see in the spectrum.
n= ’I VVYVY VK
Before dropping down to these energy levels, the electrons
are excited from n =1, which is the ground state.
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Atomic Emission Spectra

Emission Spectra Support the Idea of Quantum Shells

1) Our current understanding of electronic configuration involves the idea that electrons
exist in quantum shells around the nucleus.

2) When it comes to electron shells, there are four basic principles:

e Electrons can only exist in fixed orbits,
or shells, and not anywhere in between.

e Each shell has a fixed energy.

*  When an electron moves between shells
electromagnetic radiation is emitted or absorbed.

* Because the energy of shells is fixed,

.. . . Herbert was a criticall
the radiation will have a fixed frequency. acclaimed expert in shel}lls

3) The emission spectrum of an atom has clear lines for different energy levels.
This supports the idea that energy levels are discrete, i.e. not continuous. :\“O’t'h' Y I’d’ AL RNENARNRY
It means that an electron doesn’t ‘move’ from one energy level to the next. = ene:iri::l(ence, 51“4Ch as lonisation
It just jumps, with no in-between stage at all. gres tpages 14-15), supports

the model of electrons in shells.
4) This is a really weird and quite confusing idea, but emission spectra and R AR RN VR NRTRNER
other evidence back up the idea that electrons exist in quantum shells.

AVEVEEN

7

7/

Practice Questions

QT Is energy absorbed or released when electrons drop from a higher energy level to a lower one?
Q2 Are energy levels discrete or continuous?

Exam Questions

Q1 The diagram below shows part of an atomic emission spectrum of a single element.
The lines in the spectrum are labelled A to E.

A B C DE
400 Frequency (x 10> Hz) 800
a) What happens in the atom when energy is emitted? [2 marks]
b) Which line in the spectrum represents the largest emission of energy? [1 mark]
¢) Explain why the lines get closer together from A to E. [1 mark]

Q2 Many models of the atom have been presented in the past. One of the most widely used
models currently relies on evidence provided by emission spectra, amongst other things.

a) What happens as an electron moves from a higher to a lower quantum shell? [1 mark]
b) Describe what the lines on an emission spectrum show. [1 mark]

¢) Explain how emission spectra provide evidence that supports our current understanding of
electrons existing in fixed energy levels. [2 marks]

d) Name one other factor that provides evidence that supports our current understanding of
electrons existing in fixed energy levels. [1 mark]

Spectra — aren’t they the baddies in those James Bond films?

All this stuff about fixed energy levels and electrons jumping up and down is a bit mind bending but it’s actually pretty
cool (if you’re a Chemistry nerd like me). Emission spectra allow you to ‘see’ the gaps between these energy levels and
show that the crazy idea of fixed energy levels dreamed up by an old, beardy chemist was actually spot on. Neat, huh?
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lonisation Energies

This page gets a trifle brain-boggling, so | hope you’ve got a few aspirin handy...

SRR ARRRRERNARNARNARY,
You might see ‘ionisation
energy’ referred to as

ionisation enthalpy" instead.
VARNRRRRYARNRRRTARVAREA

/
\

lonisation is the Removal of One or More Electrons

When electrons have been removed from an atom or molecule, it’s been ionised.
The energy you need to remove the first electron is called the first ionisation energy.

YA
i

The first ionisation energy is the energy needed to remove 1 electron from
each atom in 1 mole of gaseous atoms to form 1 mole of gaseous 1+ ions.

You must use the gas state symbol, (g), and always refer to 1 mole of atoms, as stated in the definition.
Energy is put in to ionise an atom or molecule, so it’s an endothermic process — there’s more about this on page 104.

You can vyrite equati(.)ns for Fhis.process — here’s 0, — O, +e Tlstionisation energy = +1314 kj mol-
the equation for the first ionisation of oxygen: & &

These Three Factors Affect lonisation Energy S
= ,SubsheH structure //:

The more protons there are in the nucleus, the more positively charged = 250 affects ionisation -

charge . . =, energy (see page 17). =

Nuclear the nucleus is and the stronger the attraction for the electrons. PO S

hell Attraction falls off very rapidly with distance. An electron in an electron shell close
Electron 5 to the nucleus will be much more strongly attracted than one in a shell further away.

. As the number of electrons between the outer electrons and the nucleus increases,
shielding  the outer electrons feel less attraction towards the nuclear charge. This lessening of
the pull of the nucleus by inner shells of electrons is called shielding (or screening).

A high ionisation energy means there’s a strong attraction between the electron and the nucleus,
so more energy is needed to overcome the attraction and remove the electron.

QEVULIV T L
lonisation energy also increases

= across a period (see page 17).
AR R AR R RN AR AR

(NN

First lonisation Energies Decrease Down a Group

2ARRRE!

1) Asyou go down a group in the periodic table, ionisation energies
generally fall, i.e. it gets easier to remove outer electrons.
A N RN NN R NN URRRRNNRRRY.
The positive charge of the nucleus does
Increase as you go down a group (due

%

2) It happens because:
e Elements further down a group have extra electron shells compared
to ones above. The extra shells mean that the atomic radius is
b to the extra protons), but this effect is
larger, so the outer electrons are further away from the nucleus, overridden by the effect of the extra shell
. . . X
which greatly reduces their attraction to the nucleus. AN NN RN RV xrlansﬁnsi\\

¢ The extra inner shells shield the outer electrons from the attraction of the nucleus.

3) A decrease in ionisation energy going down a group provides evidence that electron shells really exist.

s
—

[ARRVEREEN

QT

Successive lonisation Energies Involve Removing Additional Electrons

1) You can remove all the electrons from an atom, leaving only the nucleus. Each time you remove an electron,
there’s a successive ionisation energy. For example, the definition for the second ionisation energy is:

The second ionisation energy is the energy needed to remove 1 electron from
each ion in 1 mole of gaseous 1+ ions to form 1 mole of gaseous 2+ ions.

And here’s t.he equation for O*, — O +e 2nd ionisation energy = +3388 kJ mol™’
the second ionisation of oxygen: & g

2) You need to be able to write equations for any successive
ionisation energy. The equation for the n" ionisation energy is... «_sg X", — X" +e
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lonisation Energies

Successive lonisation Energies Show Shell Structure

A graph of successive ionisation energies (like this one for ~a Successive lonisation Energies of Na
sodium) provides evidence for the shell structure of atoms. E el .
en. X
= nd s
ey . . . N \ectron cleus 5© are T
e Within each shell, successive ionisation energies 3 B e oser © Y‘“ acked 0 1 3 electrons
o o o o ] re X
increase. This is because electrons are being S Wezﬂore srongy 2 - from st shell.
removed from an increasingly positive ion — there’s S — This shell is closest to
less repulsion amongst the remaining electrons, so 2 " the nucleus, so has the
they’re held more strongly by the nucleus. = strongest attraction.
L. o ) 1 electron from the 3rd shell.
e The big jumps in ionisation energy happen when S

T only weakly attracted to the nucleus.

a new shell is broken into — an electron is being -
removed from a shell closer to the nucleus. O 1 2 3 4 5 6 7 8 9 10 N
Number of Electrons Removed
1) Graphs like this can tell you which group of the periodic table an element belongs to.
Just count how many electrons are removed before the first big jump to find the group number.

E.g. In the graph for sodium, one electron is removed before the first big jump — sodium is in group 1.

2) These graphs can be used to predict the electronic structure of elements. Working from right to left, count how
many points there are before each big jump to find how many electrons are in each shell, starting with the first.

E.g. The graph for sodium has 2 points on the right-hand side, then a jump, then 8 points, a jump,
and 1 final point. Sodium has 2 electrons in the first shell, 8 in the second and 1 in the third.

Practice Questions

Q1 Define first ionisation energy and give an equation as an example.
Q2 Describe the three main factors that affect ionisation energies.

Q3 How is ionisation energy related to the force of attraction between an electron and the nucleus of an atom?

Exam Questions

Q1 This table shows the nuclear charge and first ionisation energy for four elements.

a) Write an equation, including state symbols, to

Element B C N 0 represent the first ionisation energy of carbon (C).  [2 marks]
Charge of +5 | +6 | +7 | +8 | b) Inthese four elements, what is the relationship
Nucleus

between nuclear charge and first ionisation energy? [1 mark]

801 | 1087 | 1402 [ 1314 | ¢) Explain why nuclear charge has this
effect on first ionisation energy. [2 marks]

1%t Ionisation
Energy (kJ mol ™)

»

Q2 This graph shows the successive ionisation energies of a certain element. S

a) To which group of the periodic table
does this element belong? [1 mark]

b) Why does it takes more energy
to remove each successive electron? [2 marks]

¢) What causes the sudden increases in ionisation energy?  [1 mark]

d) What is the total number of
electron shells in this element? [1 mark]

Tonisation energy (kJ mol™)

0123456 78910111213
Number of electrons removed

Shirt crumpled — ionise it...

When you're talking about ionisation energies in exams, always use the three main factors — shielding, nuclear charge
and distance from nucleus. Recite the definition of the first ionisation energies to yourself until you can’t take any more.
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Periodicity

One last thing now in this Topic, and then you’ll be onto the real juicy stuff. But first have a look at these
pages about periodicity. Periodicity describes the trends of elements going across the Periodic Table.

The Modern Periodic Table Arranges Elements by Proton Number

. . L Grp
Dmitri Mendeleev was one of the first scientists 0
. . 1 n
to put the elements in any meaningful order Grp Grp H Grp Gp Gp Grb Grp | e
to create the periodic table in 1869. It has T ‘ IR N N O (R
. . Li e B|C|N|JO|F [N
changed a bit and been added to since then to i s Pl Pl P Pl PR i
. . . 23 [ 27 |28 31 32 355 [40
give us the modern periodic table we use today: 3| Na | Mg Alfsi|P|s|a|ar
L]ﬁ ZJ 45 48 51 52 55 56 59 59 63.5 |65 178 ;: ]755 ]72 :5(7) 1B§
. . . . 4 i
1) The periodic table is arranged into SN i PR P IO Pl Ll Sl Ml S il ol vl Pl Pl
. 86 88 89 91 93 96 99 101 103 106 108 112 115 119 122 128 127 131
periods (rows) and groups (columns). 5|Rb [ Sr | Y |z |Nb[Mo|Tc |Ru|Rh |Pd [Ag|cd| i [sn|sb[Te |1 |xe
Il h [ . h‘ . h 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
133 137 139 179 181 184 186 190 192 195 197 201 204 1207 [209 1210 210 1222
2) A the elements within a perIOd aV.e 6[Cs |Ba|la Hf|Ta|W/|[Re |Os| Ir [Pt |Au|[Hg|[ Tl |Pb|Bi|Po|[At|Rn
the same number Of eIECtron Shells (If ;;3 Zgb ;;7 61 27632 226 27654 27(?‘] 268 Zg’? Z;JZ ??7 il Zﬁé‘-? 2 ZB;B = =
/ 7 D Bh | Hs | Mt [ Ds | Rg | Cn | Uut| Fi |U Lv |Uus|U
you don t Worry abOUt the SUbShells)' 8'7:r Bfa 8é\c A f 105b W(ig 107 WOBS 109t ”US HWE HZn 113u ”4' HSUP HSV 117us HBUO
The elements of Period 1 (hydrogen and e
he“um) both haVe 1 electron She”/ the 130 141 144 145 150 152 157 [159 163 165 [i67 160 [i73 175 |
N K Ce | Pr [Nd [Pm|Sm [Eu [Gd|Tb | Dy [Ho | Er |Tm|Yb | Lu | !
elements in Period 2 have 2 electron e |
shells, and so on... This means there I} Th {Pa | U| Np| Pu |Am |Cm|Bk | CF | Es |Fm|Md|No| L ||
4 | loo lov fop o3 Joa fos fo6 for fos f9o fi00 hor fro2 fi03

are repeating trends in the physical and
chemical properties of the elements
across each period (e.g. decreasing atomic radius). These trends are known as periodicity.

f-block elements

3) All the elements within a group have the same number of electrons in their outer shell.
This means they have similar chemical properties. The group number tells you the
number of electrons in the outer shell, e.g. Group 1 elements have 1 electron in their outer
shell, Group 4 elements have 4 electrons, etc... (This isn’t the case for Group 0 elements
— they all have 8 electrons in their outer shell, except for helium, which has 2.)

Electronic Configuration Decides the Chemical Properties of an Element

The number of outer shell electrons decides the chemical properties of an element.

1) The s-block elements (Groups 1 and 2) have 1 or 2 |E|
outer shell electrons. These are easily lost to form 1s
positive ions with an inert gas configuration. 2[s Subshells and 2
E.g. Na: 152 2g2 2p6 35! — Na*: 1s2 252 2p6 the Periodic Table 3 P
(the electronic configuration of neon). i Z o 2 P
2) The elements in Groups 5, 6 and 7 5 4d 5 P
(in the p-block) can gain 1, 2 or 3 electrons to S P
form negative ions with an inert gas configuration. b)s 5d 6p
E.g. O: 152 282 2p* - O 1s? 252 2p°. 7s
3) Groups 4 to 7 can also share electrons when they form covalent bonds.
4) Group O (the inert gases) have completely filled s and p subshells and don’t need to
bother gaining, losing or sharing electrons — their full subshells make them inert.
5) The d-block elements (transition metals) tend to lose s and d electrons to form positive ions.
; : . 0.201
Atomic Radius Decreases across a Period = ons]
1) As the number of protons increases, the positive charge of the f 0.167
nucleus increases. This means electrons are pulled closer to = 0149
the nucleus, making the atomic radius smaller. g 0.124
2) The extra electrons that the elements gain across a period E 0101
, 0.08-
are added to the outer energy level so they don't really S
: S e . < 0.061
provide any extra shielding effect (shielding is mainly )
provided by the electrons in the inner shells). O'O*Na Mg Al Si P S Cl Ar
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Periodicity

lonisation Energy Increases Across a Period

The graph below shows the first ionisation energies of the elements in Period 2 and Period 3.

1) As you move across a period, the general trend

2500 is for the ionisation energies to increase —
= Period 2 i.e. it gets harder to remove the outer electrons.
2000 == Period 3 2) This can be explained because the number of protons is

increasing, which means a stronger nuclear attraction.

3) All the extra electrons are at roughly
the same energy level, even if the outer
electrons are in different orbital types.

4) This means there’s generally little extra shielding effect or
extra distance to lessen the attraction from the nucleus.

First ionisation energy (k] mol™)

3 4 5 6 7 8 9 _10
11412 °13%14715816 217" %8 5) But, there are small drops between Groups 2 and 3,
Atomi b and 5 and 6. Tell me more, | hear you cry.
tomic number Well, alright then...

The Drop between Groups 2 and 3 Shows Subshell Structure

Generally, it requires more energy to remove an electron from a higher energy subshell than a lower energy
subshell (see page 10 for a diagram showing the relative energies of subshells 1s to 4f).

Example: Mg 152252 2p® 352 1st ionisation energy = 738 k] mol™
Al 1s22s22p®3s?3p'  Tst ionisation energy = 578 k} mol™!
1) Aluminium’s outer electron is in a 3p orbital rather than a 3s. % 2000:\ lonisation Energies
The 3p orbital has a slightly higher energy than the 3s orbital, so g of Period 3 Elements Ar
the electron is, on average, to be found further from the nucleus. ~ 1500 ql
2) The 3p orbital has additional shielding provided by the 3s? electrons. % E’ 10004 L
3) Both these factors together are strong enough to override =) Mg Al >
the effect of the increased nuclear charge, resulting 'E 500 - Na
in the ionisation energy dropping slightly. £
4) This pattern in ionisation energies provides evidence 0- 1 2 3 4 5 6 7 8

for the theory of electron subshells.

Group Number

The Drop between Groups 5 and 6 is due to Electron Repulsion

In general, elements with singly filled or full subshells are more stable than
those with partially filled subshells, so have higher first ionisation energies.

Example: P 1s22s22pf3s? 3p3 1st ionisation energy = 1012 kJ mol™'
S 1s?2s*2p®3s? 3p* 1st ionisation energy = 1000 k] mol-!

1) The shielding is identical in the phosphorus and sulfur atoms,
and the electron is being removed from an identical orbital.

IR R A >
This is the ‘electrons-in-boxes' =

notation that you saw on page 10. 3
(REREREREN\RR R Iu_rn IRAE

/

NEAAR

2) In phosphorus’s case, the electron is being removed from a
singly-occupied orbital. But in sulfur, the electron is being
removed from an orbital containing two electrons.

3s 3p 3s 3p
Phosphorus: [Ne] Sulfur: [Ne]

The repulsion between two electrons in an orbital means The repulsion between two bears in

that electrons are easier to remove from shared orbitals. a river means that bears are easier

. . to remove from shared rivers.
3) Yup, yet more evidence for the electronic structure model.

Toric 1 — ATomIC STRUCTURE AND THE PERIODIC TABLE
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Periodicity

Bond Strength Affects Melting and Boiling Points Across a Period

As you go across a period, the type of bond formed between the atoms of an
element changes. This affects the melting and boiling points of the element.
The graph on the right shows the trend in boiling points across Periods 2 and 3.

VRRARRREN R AN AR WA RS
Melting points follow

a similar pattern.
SRERERRAREAVARNARAR

Cd
/

/
5500+
5000+

NYRERA
ARNEN

1) For the metals (Li, Be, Na, Mg and Al), melting and boiling points increase
across the period because the metallic bonds (see page 27) get stronger. 45001
The bonds get stronger because the metal ions have an increasing

number of delocalised electrons and a decreasing radius _ 40001
(i.e. the metal ions have a higher charge density — see page 19). < 3500+
This means there’s a stronger attraction between the metal ions =
. . . 2 30004
and delocalised electrons, so stronger metallic bonding. ©
<]
2) The elements with giant covalent lattice structures (C and Si) have é’— 25004
strong covalent bonds (see page 26) linking all their atoms together. 9000
A lot of energy is needed to break all of these bonds. So, for example, _
1500 Period 3

carbon (as graphite or diamond) and silicon have the highest boiling
points in their periods. (The carbon data in the graph to the right 1000+

is for graphite — diamond has an even higher boiling point.) 500-

3) Next come the simple molecular structures (N,, O, and F,, P,, S, and Cl,).
Their melting points depend upon the strength of the London forces O
(see page 30) between their molecules. London forces are weak and
easily overcome, so these elements have low melting and boiling points.

Na Mg Al Si P S Cl Ar

4) More electrons in a molecule mean stronger London forces (see page 30). For example, in Period 3 a molecule
of sulfur (S;) has the most electrons, so it's got higher melting and boiling points than phosphorus and chlorine.

5) The noble gases (Ne and Ar) have the lowest melting and boiling points in their periods
because they exist as individual atoms (they’re monatomic) resulting in very weak London forces.

Practice Questions

Q1 Which elements in Period 3 are found in the s-block of the periodic table?
Q2 Explain the meaning of the term ‘periodicity’.
Q3 What happens to the first ionisation energy as you move across a period?

Exam Questions

A
Q1 The graph on the right shows first ionisation energy / E
plotted against atomic number. Which of the labelled % C
points on the graph shows the first ionisation energy of: E ~ D
=
a) a Group 2 metal? [1 mark] g E / /
S =
b) an element with a full outer electron shell? [1 mark] g \
o
¢) anelement in Period 3? [1 mark] A
Q2 This table shows the melting points for the Period 3 elements. Atomic Number g
Element Na Mg Al Si P S Cl Ar
Melting point / K 371 923 933 1687 317 392 172 84

In terms of structure and bonding explain why:
a) silicon has a high melting point. [2 marks]

b) the melting point of sulfur is higher than that of phosphorus. [2 marks]

Periodic trends — my mate Dom’s always a couple of decades behind...

I may not be the trendiest person in the world, but I do love my periodic trends. Yes indeed. That ionisation energy one
is my particular favourite. And whether you like it or not, you better learn it so you’re not caught out in your exams...
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lonic Bonding

When different elements join or bond together, you get a compound. There are two main types of bonding in
compounds — ionic and covalent. You need to make sure you've got them both totally sussed. Let’s start with jonic.

lons are Positively or Negatively Charged Atoms (or Groups of Atoms)

1) lons are formed when electrons are transferred from one atom to another.
They may be positively charged (cations) or negatively charged (anions).

2) The simplest ions are single atoms which have either lost or gained 1, 2 or 3 electrons
so that they’ve got a full outer shell. Here are some examples of ions:

A sodium atom (Na) loses 1 electron to form a sodium ion (Na*) Na — Na*+ e~
A magnesium atom (Mg) loses 2 electrons to form a magnesium ion (Mg?") Mg — Mg?* + 2e”
A chlorine atom (Cl) gains 1 electron to form a chloride ion (CI") Cl+e > CI-
An oxygen atom (O) gains 2 electrons to form an oxide ion (O%*) O+2e > O

3) You don’t have to remember what ion each element Group 1 =1+ ions Group 7 = 1— ions
forms — for a lot of them you just look at the periodic table. Group 2 = 2+ ions -
Elements in the same group all have the same number of Group 6 = 2— ions He
outer electrons, so they have to lose or gain the same number YTz 5 =0l ke
to get the full outer shell. And this means that they form ions o | e s lala

with the same charges. E.g. Mg and Sr are both in Group 2.

. K |{Ca|Sc | Ti|V [Cr|Mn|Fe |Co| Ni|Cu|Zn|[Ga|Ge|As |Se | Br|Kr
They both lose 2 electrons to form 2+ ions (Mg?* and Sr**).

. . Rb|[Sr| Y | Zr [Nb[Mo]| Tc|Ru|[Rh|Pd|Ag|[Cd|In|Sn|Sb|Te| I |Xe
4) Generally the charge on a metal ion is equal to
. . E) H i
its group number. The charge on a non-metal ion ~ ~v! /i toe FEEERG R RAYGReTORTSRYTARTYSS TP TS TRAC T
is equal to its group number minus eight. = The Group numbers are the bold ones at the top of your periodic table. =
/flfllll\llllllllllHlllllIll\l/||l|||ll||/llllIII\I/IIIIIIIII\\

lonic Bonding is when lons are Stuck Together by Electrostatic Attraction

Electrostatic attraction holds positive and negative ions together — it’s very strong.
When ions are held together like this, it’s called ionic bonding. Here comes a definition for you to learn...

An ionic bond is the strong electrostatic attraction between two oppositely charged ions.

SV e g g
The positive charges in an ionic ’
compound balance the negative
charges exactly — so the total

. R + -1 | . i i
Example: NaCl is made up of Na* and CI- ions in a 1:1 ratio. overall charge is zero. This is a dead

CaCl, is made up of Ca?* and Cl~ions in a 1:2 ratio. handy way of checking the formula.
//IIIIIIIII|I|\|\|,H,,H”,H”\\\

\

When oppositely charged ions form an ionic bond, you get an ionic compound.
The formula of an ionic compound tells you what ions that compound has in it.

VELv vy
[ARNNENNNERA

\

lonic Charges and lonic Radii Affect lonic Bonding

lonic bonds are all to do with the attraction between oppositely charged ions. So, the stronger the
electrostatic attraction, the stronger the ionic bond. There are two things that affect the strength of an ionic bond:

IONIC CHARGES IONIC RADII

In general, the greater the charge on an ion, Smaller ions can pack closer together than larger
the stronger the ionic bond and therefore, ions. Electrostatic attraction gets weaker with
the higher the melting/boiling point. distance, so small, closely packed ions have stronger

ionic bonding than larger ions, which sit further
apart. Therefore, ionic compounds with small,
closely packed ions have higher melting and boiling
points than ionic compounds made of large ions.

E.g. the ionic radius of Cs* is greater than that of Na*.
NaF has a melting point of 992 °C, whereas CsF has a
melting point of 683 °C since the Na* and F-ions can
pack closer together in NaF than the Cs* and F-ions in CsF.

E.g. the melting point of NaF, (which is made up
of singly charged Na* and F- ions) is 993 °C, while
CaO (which is made up of Ca?* and O” ions)

has a much higher melting point of 2572 °C.
S A AR AR R RN AN AR NNV AN AN AR RN ARERANYS
Generally, ions with a high charge density (they have
a large charge spread over a small area) form stronger
ionic bonds than ions with a low charge density (they

have a small charge spread out over a large area).
RNV RN R AR RN NN NN R RN AN NN AR AR RN R AR A RN

7

RNy
ZINRNRNERL
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lonic Bonding

The Size of an lon Depends on its Electron Shells and Atomic Number

There are two trends in ionic radii you need to know about.
1) The ionic radius increases as you go down a group.

All these Group 1 ions have the same charge.

As you go down the group the ionic radius
increases as the atomic number increases.

lon Li* Na* K+ Rb*

lonic radius 0060 | 0.095 | 0133 | 0.148
(nm) This is because extra electron shells are added.
\\HIHIIHIIHHHIIH/
See page 4 for how to
work out the subatomic

particles in an ion,
RN RNRRRNNAVERNRVERIN

2) lIsoelectronic ions are ions of different atoms with the same number of electrons.
The ionic radius of a set of isoelectronic ions decreases as the atomic number increases.

QMg
NN

As you go through this series of ions the
number of electrons stays the same,
but the number of protons increases.

This means that the electrons

No. of protons 7 8 9 11 12 13 are attracted to the nucleus more
strongly, pulling them in a little,
so the ionic radius decreases.

lon N- | O F Na* | Mg* | AP

No. of electrons 10 10 10 10 10 10

[ TN EGITTERGLUON 0.171 | 0.140 | 0.136 | 0.095 | 0.065 | 0.050

Dot-and-Cross Diagrams Show Where the Electrons in a Bond Come From

Dot-and-cross diagrams show the arrangement of electrons in an atom or ion. Each electron is represented by a
dot or a cross. They can also show which atom the electrons in a bond originally came from.

Here, the dots represent +
1) For.example, . the Na electrons and the @
sodium chloride crosses represent the Cl
(NaCl) is an electrons (all electrons are :$

ionic compound: really identical, but this is Na* Cr
a good way of following 2, 8, 1 2, 8, 7 2,8 2,88
their movement). sodium atom  chlorine atom sodium cation chloride anion
2) When there’s a 1:2 ratio of ions, B -
such as in magnesium chloride, @

7/
= Here we've only shown the outer
shells of electrons on the

MgCl,, you draw dot-and-cross >
diagrams like this: /—* = [Mg} - —
\\Ulllll\llllIllllllllllllllll @

V1

= dot-and-cross diagram. It makes Mg 2C] Mg?* 2C|'_
= it easier to see what's going on. 2,82 2,87 2,8 2,88
AU Ty magnesium atom chlorine atom magnesium cation  chloride anion

lonic Compounds Form Giant lonic Lattice Structures

1) lonic crystals (e.g. crystals of common salt, such as NaCl) are giant lattices

of ions. A lattice is just a regular structure. The structure’s called ‘giant’ The Na
. . . . — and CI" ions
because it's made up of the same basic unit repeated over and over again. alternate

2) It forms because each ion is electrostatically attracted
in all directions to ions of the opposite charge.

3) In sodium chloride, the Na* and Cl-ions are
packed together alternately in a lattice.

4) The sodium chloride lattice is cube shaped — different ionic compounds
have different shaped structures, but they’re all still giant lattices.

Toric 2 — BONDING AND STRUCTURE
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lonic Bonding

The Theory of lonic Bonding Fits the Evidence from Physical Properties

Scientists develop models of ionic bonding based on experimental evidence — they’re an attempt to explain observations
about how ionic compounds behave. Some evidence is provided by the physical properties of ionic compounds:

1) They have high melting points — this tells you that the ions are held together by a strong
attraction. Positive and negative ions are strongly attracted, so the model fits the evidence.

2) They are often soluble in water but not in non-polar solvents — this tells you that the particles are
charged. The ions are pulled apart by polar molecules like water, but not by non-polar molecules.
Again, the model of ionic structures fits this evidence.

3) lonic compounds don’t conduct electricity when they’re solid — but they do when they’re molten or
dissolved. This supports the idea that there are ions, which are fixed in position by strong ionic bonds
in a solid, but are free to move (and carry a charge) as a liquid or in a solution.

4) lonic compounds can’t be shaped — for example, if you tried to pull layers of NaCl over each other,
you'd get negative chlorine ions directly over other negative chlorine ions (and positive sodium ions
directly over each other). The repulsion between these ions would be very strong, so ionic compounds
are brittle (they break when they’re stretched or hammered). This supports the lattice model.

The Migration of lons is Evidence for the Presence of Charged Particles

*  When you electrolyse a green solution of copper(ll) chromate(VI) on

' " ) drop of
a piece of.wet filter paper, the filter paper turns blue at th.e. cathode copper(l1) chromate(Vl)  wet filter paper
(the negative electrode) and yellow at the anode (the positive electrode). solution

e Copper(ll) ions are blue in solution and chromate(VI) ions are yellow. +
Lo . . . CC—p N
Copper(ll) chromate(VI) solution is green because it contains both ions. 2 P
e When you pass a current through the solution,

the positive ions move to the cathode and

ve microscope slide
the negative ions move to the anode.

Practice Questions

Q1 What is an ionic bond?
Q2 What two factors affect the strength of ionic bonds?
Q3 Why do many ionic compounds dissolve in water?

Exam Questions

Q1 a) What type of structure does sodium chloride have? [1 mark]
b) Would you expect sodium chloride to have a high or a low melting point? Explain your answer. [2 marks]

¢) How would you expect the melting point of sodium bromide (NaBr) to compare
with sodium chloride? Explain your answer. [3 marks]

Q2 Calcium oxide is an ionic compound with ionic formula CaO.

a) Draw a dot-and-cross diagram to show the formation of a bond and
subsequent bonding in calcium oxide. Show the outer electrons only. [2 marks]

b) Solid calcium oxide does not conduct electricity, but molten calcium oxide does.
Explain this with reference to ionic bonding. [3 marks]

Q3 In terms of electron transfer, what happens when sodium reacts with fluorine to form sodium fluoride? [3 marks]

Q4 Which of the following sets of atoms and ions are isoelectronic?

A Ca*, K", Cl B Mg, Ne, Na* C Ar 8%, Sc* D Ti*',Cl,S [1 mark]

The name’s Bond... lonic Bond... Electrons taken, not shared...

It’s all very well learning the properties of ionic compounds, but make sure you can also explain why they do what they
do. And practise drawing dot-and-cross diagrams to show ionic bonding— they’re easy marks in exams.

Toric 2 — BONDING AND STRUCTURE
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Covalent Bonding

And now for covalent bonding — this is when atoms share electrons with one another so they’ve all got full outer shells.

Covalent Bonds Hold Atoms in Molecules Together

Molecules are formed when 2 or more atoms bond together, and are held together by covalent bonds.
It doesn’t matter if the atoms are the same or different.
Chlorine gas (Cl,), carbon monoxide (CO), water (H,O) and ethanol (C,H.OH) are all molecules.

In covalent bonding, two atoms share electrons, so they’ve both got full outer
shells of electrons. A covalent bond is the strong electrostatic attraction
between the two positive nuclei and the shared electrons in the bond.

E.g. two hydrogen atoms bond covalently =
to form a molecule of hydrogen. e

Make Sure You Can Draw the Bonding in These Molecules

1) Dot-and-cross diagrams can be used to show how electrons behave in covalent bonds.

2) The bonded molecules are drawn with their outer atomic orbitals overlapping.
The shared electrons that make up the covalent bond are drawn within the overlapping area.

3) To simplify the diagrams, not all the electrons in the molecules are shown — just the ones in the outer shells.

4) Most of the time the central atom ends up with eight electrons in its outer shell.
This is good for the atom — it’s a very stable arrangement.
’ . . . . ,o. . \\\Illll||I\IHIIHIHHIIIIIIIII/
5) Atoms don't have to stick with forming single bonds (when there.s justone pair =" g, oter electrons in hydrogen are
of electrons shared between two atoms). You can get atoms sharing multiple = i the first electron shell, which only
pairs of electrons. A bond containing two electron pairs is a double bond, Z  needs two electrons to be filled.

a bond containing three electron pairs is a triple bond and so on... KA ll PUVEE

GEoy GO

Chlorine, Cl, Hydrogen chloride, HCI Oxygen, O,

Water, H,O
@ Carbon monoxide, CO

. Ni‘trogeh, N, (carbon monoxide has two covalent bonds and
Methane, CH, (nitrogen’s a triple-bonder) one dative covalent bond, see next page)

MWV g,

Covalent bonding usually E
hgppens between non-metals,

lonic bonding is usually between

a metal and a non-meta|
PEVCV Vg

ZARRRNATET

SNV ppp——

\

IRRREER

Bond Enthalpy is Related to the Length of a Bond

1) In covalent molecules, the positive nuclei are attracted to the area of electron density between the two nuclei
(where the shared electrons are). But there’s also a repulsion. The two positively charged nuclei repel each
other, as do the electrons. To maintain the covalent bond there has to be a balance between these forces.

2) The distance between the two nuclei is the distance where the attractive
and repulsive forces balance each other. This distance is the bond length.

3) The higher the electron density between the nuclei (i.e. the more electrons in the bond), the stronger
the attraction between the atoms, the higher the bond enthalpy and the shorter the bond length.
It makes sense really. If there’s more attraction, the nuclei are pulled closer together.

A C=C bond has a greater bond enthalpy and is shorter —
than a C—C bond. Four electrons are shared in C=C and Bond C-C C=C C=C
only two in C-C, so the electron density between the Average Bond

two carbon atoms is greater and the bond is shorter. Enthalpy (k] mol-") +347 +612 +838

C=C has an even higher bond enthalpy and is shorter Bond length (nm) [OREL! 0.134 0.120
than C=C — six electrons are shared here.
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Covalent Bonding

Dative Covalent Bonding is Where Both Electrons Come From One Atom

1) In the molecules on the last page, the atoms are acting in a bit of an “I'll lend you mine if you lend me yours” way
— each atom puts an electron into the bond and, in return, they get use of the electron put in by the other atom.

2) But there’s another kind of covalent bond as well — a dative covalent (or coordinate) bond.
This is where one atom donates both electrons to a bond. You've already seen an example of this in CO.

3) The ammonium ion (NH,*) is formed by dative covalent (or coordinate) bonding.
It forms when the nitrogen atom in an ammonia molecule donates a pair of electrons to a proton (H").

+ U ET T,

H = Dative covalent bonding is shown =

= in diagrams by an arrow, pointing =

or H—N—>H —  away from the ‘donor' atom. 2

| /lllll||IllI\llllllll!lllll\ll\\

H

4) The ammonium ion can go on to form ionic bonds with other ions (see pages 19-21 for more on ionic bonding).

where the central atom doesn’t have a full outer shell.
Al only has 6 electrons in its outer shell.

° But in certain conditions, two AICI, @
e e molecules can combine to form Al CI, . >
One Cl in each of the two AICI, molecules
donates a lone pair to the Al on the other

molecule, forming two dative covalent bonds.
This gives Al a full outer shell.

° <& AlCl, is one example of a stable covalent compound

Practice Questions

Q1 What happens during covalent bonding?

Q2 Put the following three bonds in order from shortest to longest: C-C, C=C, C=C.

Q3 What is a dative covalent bond?

Q4 Draw a dot-and-cross diagram to show the arrangement of the outer electrons in a molecule of AL, Cl,.
Exam Questions

Q1 Draw a dot-and-cross diagram (showing outer shell electrons only)
to represent the bonding in the molecule silicon hydride (SiH,). [1 mark]

Q2 a) Draw a dot-and-cross diagram of the ammonia molecule (NH,) showing the outer shell electrons only. [1 mark]

b) Draw a dot-and-cross diagram of the hydrogen chloride
molecule (HCI) showing the outer shell electrons only. [1 mark]

¢) Ammonia reacts with hydrogen chloride to form ammonium chloride.
Draw a dot-and-cross diagram to show the bonding in ammonium chloride. [2 marks]

Q3 a) Would you expect an N-N single bond to be shorter or longer than an N=N bond? Explain your answer. [3 marks]
b) Draw a dot-and-cross diagram to show the bonding a molecule of nitrogen gas (N,). [1 mark]

c) How would you expect the bond enthalpy of the bond(s) in a molecule of N, to compare to those in a)?
Explain your answer. [3 marks]

Dative covalent bonds — an act of charity on an atomic scale...

More pretty diagrams to learn. If you're asked to draw dot-and-cross diagrams in the exam, don’t panic. It’s a bit of trial
and error really. Just sort the outer electrons until every atom has a full outer shell (that’s 8 electrons for most atoms,
except hydrogen which only has 2 in its outer shell). Watch out for double, triple and dative covalent bonds too...

Toric 2 — BONDING AND STRUCTURE
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Shapes of Molecules

Chemistry would be heaps more simple if all molecules were flat. But they’re not.

Molecular Shape Depends on Electron Pairs Around the Central Atom

Molecules and molecular ions come in loads of different shapes.
The shape depends on the number of pairs of electrons in the outer shell of the central atom.

In ammonia, the outermost shell
of nitrogen has four pairs of electrons.
G m Lone pairs of electrons |

t shared.
Bonding pairs of electrons are shared ,/1 are no .

with another atom in a covalent bond..
A lone pear.

Electron Pairs Repel Each Other

1) Electrons are all negatively charged, so electron pairs will repel each other as much as they can.

2) This sounds straightforward, but the type of the electron pair affects how much it
repels other electron pairs. Lone pairs repel more than bonding pairs.

3) This means the greatest angles are between lone pairs of electrons, and bond angles between
bonding pairs are often reduced because they are pushed together by lone pair repulsion.

Lone pair/lone pair Lone pair/bonding pair Bonding pair/bonding pair
angles are the biggest. angles are the second biggest. bond angles are the smallest.

4) So the shape of the molecule depends on the type of electron
pairs surrounding the central atom as well as the number.

5) This way of predicting molecular shape is known as ‘electron pair repulsion theory’.

Here are some examples of the theory being used:
AN RN RN RN ERRNENARE

Learn the bond angles

for these three examples.
(ANRENRNRERRANNARERENENEN

The central atoms in these molecules all have four pairs of
electrons in their outer shells, but they’re all different shapes.

Al
INERNAN

The lone pair repels 2 lone pairs reduce the
H the bonding pairs bond angle even more GV,
| = To draw molecules in =
C o x = 3D, use solid wedges to E
\\\\\ \\ \\\\\ \ & O\< = show bonds pointing out =
109.5° 107°H 4)4 o = of the page towards you, =
H H H = and broken lines to show =
Methane — no lone pairs. Ammonia —-1 lone pair. Water — 2 lone pairs. = bonds pointing into the =
7

page away from you.
TRVARRNRRRRRRRVRNRYRRIA

All the bond angles are 109.5°.  All three bond angles are 107°. The bond angle is 104.5°.

/7

You Can Use Electron Pairs to Predict the Shapes of Molecules

To predict the shape of a molecule, you first have to know how many
bonding and non-bonding electron pairs are on the central atom. Here’s how:

1) Find the central atom (the one all the other atoms are bonded to).

2)  Work out the number of electrons in the outer shell of the central atom.
Use the periodic table to do this, or you could draw a dot-and-cross diagram.

3) The molecular formula tells you how many atoms the central atom is bonded to.
From this you can work out how many electrons are shared with the central atom.

4) Add up the electrons and divide by 2 to find the number of electron pairs ARNEAERRRRNRYRERNANNE
on the central atom. If you have an ion remember to account for its charge. 2)

5) Compare the number of electron pairs with the number of bonds to find the number of lone pairs.

VRSN RRR RN RN RN RNIRRARER N2
Bonding centres are the atoms

bonded to the central atom.
(AR RN RN RN RRNRRARRARE

AN RN IR R AR
If there's a double bond,
count it as two bonds.

NN

IVt

/

6) You can then use the number of electron pairs and the number
of lone pairs and bonding centres around the central atom to
work out the shape of the molecule (see next page).

ARREER

NURRNA!
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Shapes of Molecules

Practise Drawing these Molecules
Once you know how many electron pairs are on the central atom, you can use electron pair repulsion theory

to work out the shape of the molecule. These are the common shapes that you need to be able to draw:
3 ELECTRON PAIRS AROUND CENTRAL ATOM

2 ELECTRON PAIRS AROUND CENTRAL ATOM
\\\Illllllllllll//”,”/ cl al
BeCl, co, = Wt';eat double bonds = NS so, ¢
180° 180° - e sam ' =
S o e as single = BCI3 120° OOO
Cl—Be—Cl O=C=0 - nes (even though = l 119°
=C== = there might be slightly = Cl
= more repulsion from 5 = no lone pairs 1 lone pair
Linear molecules = double bond). = — trigonal planar — non-linear or ‘bent’
//HIHIIIIIIHI]II”\\‘
H 4 ELECTRON PAIRS AROUND CENTRAL ATOM 6 ELECTRON PAIRS AROUND CENTRAL ATOM
NH,* N\ PF, o g E
\\\\\“ DN . \\\\“' \ i H,O
109.5° 107° 1045 SF, [l bond angles 90°
H F .
no lone pairs 1 lone pair 2 lone pairs F
— tetrahedral — trigonal pyramidal — nonlinear or ‘bent’
no lone pairs — octahedral
5 ELECTRON PAIRS AROUND CENTRAL ATOM
F F XeF,
Fr ;
L‘9o F A7 | 8750 (i, XY
P —=Cl ) TCl—F - Xéy 90
102°/Sx ++ | N
F" F
Cl PCI, F | SF, F CIF,
) F two | ; one lone pair — two lone pairs —
no lone pairs — one lone pair — seesaw Wodi(;:cfrtizlr'ls’ square pyramidal square planar

trigonal bipyramidal

Practice Questions

Q1 What is a lone pair of electrons?
Q2 Write down the order of the strength of repulsion between different kinds of electron pair.

Q3 Explain why a water molecule is not linear.

Q4 Draw a tetrahedral molecule.

Exam Questions
Q1 a) Draw the shapes of the following molecules, showing the approximate values of the

bond angles on the diagrams and naming each shape.
i) NCI, ii) BF, [6 marks]
b) Explain why the shapes of NCIl, and BCl, are different. 0o on [3 marks]
Q2 The displayed formula of an organic compound is shown. o= é _é = CI_O_H
Use electron pair repulsion theory to predict the shape and /‘ I—II Ill '\
atom A atom B atom C [3 marks]

relevant bond angles of the bonds around atoms A, B and C.

These molecules ain’t square...
In the exam, those evil examiners might try to throw you by asking you for the shape of an unfamiliar molecule. Don’t
panic — you can use the steps on page 24 to work out the shape of any covalent molecule. It often helps to draw a
dot-and-cross diagram of the molecule you’re working out the shape of — it’ll help you see where all the electrons are.
Toric 2 — BONDING AND STRUCTURE
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Giant Covalent and Metallic Structures

Not all covalent structures are tiny molecules... some form vast structures (well... vast compared to simple molecules).

Some Covalently Bonded Substances Have Giant Structures

1) Covalent bonds form when atoms share electrons with other atoms. Very often, this leads
to the formation of small molecules, including CO,, N, and the others on page 22.

2) Butthey can also lead to huge great lattices too — containing billions and billions of atoms.

3) These giant structures have a huge network of covalently bonded atoms.
The electrostatic attractions holding the atoms together in these structures are much stronger than the
electrostatic attractions between simple covalent molecules.

4) Carbon and silicon can form these giant networks. This is because they can each form four strong, covalent bonds.

ViV

AN |

gy o

Silicon can &52
form Y‘e"WOVkS \

. ern.
this \(\Y\d of pat:tl\\\
Zp

TERUEA

7

Vv e,
A tetrahedron is a
triangular-based pyramid.
The structures on the left are
called tetrahedral because the
four atoms bonded to each
carbon or silicon atom form a

tetrahedron shape.
z
RN RR YRR AR RVARNRANARENRE

Silicon(IV) dioxide (SiO,) can form a ‘similar
but different’ lattice arrangement to diamond —
with oxygen atoms between each silicon atom.
(SIO, can also form other lattice structures.)

This is the structure of diamond.
Each carbon atom is bonded to its four
neighbours in a tetrahedral arrangement.

VErrrrvvvrrv iy,

TV

The Properties of Giant Structures Provide Evidence for Covalent Bonding

The forces holding individual particles together help determine a substance’s properties. All of these giant covalent
structures have some properties in common. Because of the strong covalent bonds in giant molecular structures, they:

1) Have very high melting points — you need to break a lot of very strong
bonds before the substance melts, which takes a lot of energy.

2) Are often extremely hard — again, this is because of the very strong bonds all through the lattice arrangement.
3) Are good thermal conductors — since vibrations travel easily through the stiff lattices.

4) Insoluble — the covalent bonds mean atoms are more attracted to their neighbours in the lattice than to solvent
molecules. The fact that they are all insoluble in polar solvents (like water) shows that they don’t contain ions.

5) Can’t conduct electricity — since there are (in most giant covalent lattice structures) no charged
ions or free electrons (all the bonding electrons are held in localised covalent bonds).

Graphite Can Conduct Electricity

An exception to the “can’t conduct electricity rule” above is graphite Carbon sheets. ..

(a form of carbon). Carbon atoms form sheets, with each carbon

atom sharing three of its outer shell electrons with three other The individual sheets ‘
carbon atoms. This leaves the fourth outer electron in each atom are held together by /
fairly free to move between the sheets, making graphite a conductor. relatively weak forces.

Graphene is One Layer of Graphite

Graphene is a sheet of carbon atoms joined together in hexagons.
The sheet is just one atom thick, making it a two-dimensional compound.

Each carbon atoms

Graphene’s structure gives it some pretty useful properties. hZS tZree C‘;"a'e”t
Like graphite, it can conduct electricity as the delocalised onds (and one

, delocalised electron).
electrons are free to move along the sheet. It’s also
incredibly strong, transparent, and really light.
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Giant Covalent and Metallic Structures

Metals have Giant Structures Too

Metal elements exist as giant metallic lattice structures.

1) In metallic lattices, the electrons in the outermost shell of
the metal atoms are delocalised — they're free to move.
This leaves a positive metal ion, e.g. Na*, Mg2*, A3+,

2) The positive metal ions are electrostatically attracted to the delocalised
negative electrons. They form a lattice of closely packed positive ions
in a sea of delocalised electrons — this is metallic bonding.

3) The overall lattice structure is made up of layers of
positive metal ions, separated by layers of electrons.

The metallic bonding model explains why metals do what they do —

1) The melting points of metals are generally high because of the strong metallic bonding,
with the number of delocalised electrons per atom affecting the melting point.
The more electrons there are, the stronger the bonding will be and the higher the melting point.
Mg?* has two delocalised electrons per atom, so it's got a higher melting point than Na*,
which only has one. The size of the metal ion and the lattice structure also affect the melting point.

2) As there are no bonds holding specific ions together, and the layers of positive metal
ions are separated by layers of electrons, metals are malleable (can be shaped) and are
ductile (can be drawn into a wire). The layers of metal ions can slide over each other
without disrupting the attraction between the positive ions and electrons.

3) The delocalised electrons can pass kinetic energy to each other, making metals good thermal conductors.

4) Metals are good electrical conductors because the delocalised electrons are free to move and can carry
a current. Any impurities can dramatically reduce electrical conductivity by reducing the number of
electrons that are free to move and carry charge — the electrons transfer to the impurities and form anions.

5) Metals are insoluble, except in liquid metals, because of the strength of the metallic bonds.

Practice Questions

Q1 Are the melting points of giant covalent lattices high or low? Explain why.

Q2 Why won't giant covalent structures dissolve?

Q3 Explain how the model of metallic bonding accounts for: i) the relatively high melting points of metals.

ii) a metal’s ability to conduct electricity.
Exam Questions

Ql a) Explain what is meant by metallic bonding. Draw a diagram to illustrate your explanation. [2 marks]
b) Explain why calcium has a higher melting point than potassium. [1 mark]

Q2 Silicon dioxide is a covalent compound that melts at 1610 °C.
Explain the high melting point of silicon in terms of its bonding. [2 marks]

Q3 Graphite is a giant covalent structure. However, unlike most giant covalent structures,
it is able to conduct electricity. Explain why graphite is able to conduct electricity. [2 marks]

Q4 Electrical grade copper must be 99.99% pure. If sulfur and oxygen impurities react with the copper ions,
its electrical conductivity is reduced. Use your knowledge of metallic and ionic bonding to explain this.  [3 marks]

Q5 Carborundum (silicon carbide) has the formula SiC and is almost as hard as diamond.

a) What sort of structure would you expect carborundum to have as a solid? [1 mark]

b) Apart from hardness, give two other physical properties you would expect carborundum to have. [2 marks]

Tetrahedron — sounds like that monster from Greek mythology...

Close the book and write down a list of the typical properties of a giant covalent lattice — then look back at the page
and see what you missed. Then do the same for the typical properties of giant metallic lattices. The fun never stops...

Toric 2 — BONDING AND STRUCTURE
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Electronegativity and Polarisation

I find electronegativity an incredibly attractive subject. It’s all to do with how strongly an atom attracts electrons.

Some Atoms Attract Bonding Electrons More than Other Atoms

The ability of an atom to attract the bonding electrons in a covalent bond is called electronegativity.

1) Electronegativity is usually measured using the Pauling scale. The higher the electronegativity value,
the more electronegative the element. Fluorine is the most electronegative element — it’s given a value
of 4.0 on the Pauling scale. Oxygen, chlorine and nitrogen are also very strongly electronegative.

2) The least electronegative elements have electronegativity values of around 0.7.

3) More electronegative elements have higher nuclear charges (there are more protons in the nucleus) and smaller
atomic radii. Therefore, electronegativity increases across periods and up the groups (ignoring the noble gases).

4) There'll be a copy of the periodic table showing the Pauling values of different elements in your exam data book.

Covalent Bonds may be Polarised by Differences in Electronegativity

1) In a covalent bond, the bonding electrons sit in orbitals between two nuclei. If both atoms have similar or identical
electronegativities, the electrons will sit roughly midway between the two nuclei and the bond will be non-polar.

2) The covalent bonds in homonuclear, diatomic gases (e.g. H,, Cl,) are non-polar because the H
atoms have equal electronegativities and so the electrons are equally attracted to both nuclei./’ x

3) Some elements, like carbon and hydrogen, also have pretty similar

electronegativities, so bonds between them are essentially non-polar. -
The chlorine atom drags the electrons
4) If the bond is between two atoms with different electronegativities, slightly towards itself — meaning it
the bonding electrons will be pulled towards the more has a small negative charge.
electronegative atom. This causes the electrons to be spread The arrow shows 5 5
unevenly, and so there will be a charge across the bond the bond is polar. .
It points from H % Cl

(each atom has a partial charge — one atom is slightly positive,
and the other slightly negative). The bond is said to be polar. ‘
) ) o to the negative sl
5) In a polar bond, the difference in electronegativity between the two atom.cj P
atoms causes a dipole. A dipole is a difference in charge between NSARRRRRRRNRERR RN R RRRARRRRERRELE
the two atoms caused by a shift in electron density in the bond. You use the symbol '8’ (delta) to show

6) So remember that the greater the difference in electronegativity, partial charges. ‘8" means ‘slightly’, so

the greater the shift in electron density, and the more polar the bond. Ty ,6|+, [Sans ,S,lllg\h,tl,y, f)?f',t',v,el', -

the positive atom

Ty

Vi,

\
/

N\

Use the Pauling Scale to work out the Percentage lonic Character

1) Only bonds between atoms of a single element, like diatomic gases, can be purely covalent. This is because
the electronegativity difference between the atoms is zero and so the bonding electrons are arranged
completely evenly within the bond. At the same time, very few compounds are completely ionic.

2) Really, most compounds come somewhere in between the two extremes
— meaning they’ve often got ionic and covalent properties.

3) You can use electronegativity to predict what type of bonding will occur between two atoms.
The higher the difference in electronegativity, the more ionic in character the bonding becomes.

4) In your data book, you'll be given a periodic table of all the Pauling values of the elements, and also see a table which
tells you how ionic a bond is, given the electronegativity difference between the atoms. A copy is shown below:

Electronegativity difference @ 03 05 o7 1.0 13 15 1.7 20 25 3.0
% ionic character 05 2 6 12 22 34 43 51 63 79 89

SNV R NN ER RNy
Bonds are polar
if the difference in
electronegativity values is

more than about O 4.
AR RNV ERRNRRURERT

/

\

Example:  Predict the % ionic character of a C-Cl bond, given that the Pauling
electronegativity values of carbon and chlorine are C = 2.5 and CI = 3.0.

iy,

The difference between the electronegativities of chlorine and carbon is:
3.0-25=0.5
So the bond will have a percentage ionic character of about 6%.

\

/

SNV
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Electronegativity and Polarisation

Polar Bonds Don’t Always Make Polar Molecules

Whether a molecule is polar or not depends on its shape and the polarity of its bonds.
A polar molecule has an overall dipole, which is just a dipole caused
by the presence of a permanent charge across the molecule.

Permanent polar bonding

1) In a simple molecule, such as hydrogen chloride, & o, & S
the polar bond gives the whole molecule a % Cl = You may see molli_clljll:sf :NI&”:‘ s
permanent dipole — it’s a polar molecule. +—> = overall dipole referred to a5 haji?} S
polar = ‘overall polarity’. They're both jus? =
:// ways of saying the molecule is polar. -
AR R N RV RRAR RIS
2) A more complicated molecule may have several No dipole overall.
polar bonds. If the polar bonds are arranged so S St 5—
they point in opposite directions, they’ll cancel O=—C=—=0

each other out — the molecule is non-polar overall.

\\\\l\\\llllllll\llI\l\ll//

3) If the polar bonds all point in l,_' ||_| = Be careful with examples =
roughly the same direction, then o+ | = like this — the tetrahedral =

. polar -

the molecule will be polar. S ¢ polar - C&L\\ K shape means the two -

sgl ‘ Cl H\\\ k F = dipoles don't cancel out, =

Cl 3~ = so the molecule is polar. =

o FB— YR NENARANATARERNANENAN

Practice Questions

Q1 What scale is electronegativity measured on?

Q2 What is the most electronegative element?

Q3 What is a dipole?

Q4 Why isn't CO, a polar molecule, even though it has polar bonds?

Exam Questions
Q1 Many covalent molecules have a permanent dipole, due to differences in electronegativities.

a) Define the term electronegativity. [1 mark]

b) What are the trends in electronegativity as you go
across a period and down a group in the periodic table? [1 mark]

¢) Which of the following molecules is polar?
A H0 B Br, C Cd, D SF, [1 mark]

Q2 a) Draw diagrams to show the shape of the covalently bonded molecules below.
Mark any partial charges on your diagrams.

i)  Boron trichloride (BCl,) [2 marks]
ii) Dichloromethane (CH,Cl,) [2 marks]
b) Explain whether or not the molecules in part a) have an overall dipole. [2 marks]

| got my tongue stuck on an ice cube last week — it was a polar bond...

It’s important to remember that just because a molecule has polar bonds, doesn’t mean it will have a permanent dipole
— you have to look carefully at the shape first to see if the polar bonds will cancel each other out or not. So if you're
feeling a bit hazy on how to work out the shape of a molecule, have a read of pages 24-25, and all will be revealed.
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Intermolecular Forces

Intermolecular forces hold molecules together. Theyre pretty important, cos we'd all be gassy clouds without them.

Intermolecular Forces are Very Weak

Intermolecular forces are forces between molecules. They’re much weaker than covalent,

ionic or metallic bonds. There are three types you need to know about: NNy
You might see intermolecular forces

called intermolecular bonds — don't

wortry, they're exactly the same thing.
ARV AR RN RN ANV R AR RN AR

1) London forces (instantaneous dipole-induced dipole bonds).
2) Permanent dipole-permanent dipole bonds.
3) Hydrogen bonding (this is the strongest type of intermolecular forces — see pages 32-33).

ITRERTR

RAENARY,

All Atoms and Molecules Form London Forces

London forces (also called instantaneous dipole-induced dipole bonds)
cause all atoms and molecules to be attracted to each other.

1) Electrons in charge clouds are always moving really quickly. At any particular
moment, the electrons in an atom are likely to be more to one side than the other.
At this moment, the atom would have a temporary (or instantaneous) dipole. )
charge

2) This dipole can induce another temporary dipole in the opposite direction cloud
on a neighbouring atom. The two dipoles are then attracted to each other.

3) The second dipole can induce yet another dipole in a third atom. nucleus
It's kind of like the domino effect.

4) Because the electrons are constantly moving, the dipoles are being
created and destroyed all the time. Even though the dipoles keep changing,
the overall effect is for the atoms to be attracted to each other.

London Forces Can Hold Molecules in a Lattice

London forces are responsible for holding iodine molecules together in a lattice.

1) lodine atoms are held together ‘
Cb & Cb & in pairs by strong covalent ‘\\II‘_'/IIIH/HHHII/
bonds to form molecules of ,. o 23°§3b?d< at pages
- or
% & % & <&=——=2) Butthe molecules are then ‘he|d covalent bl;n:(irien;,n
%&%& together in a molecular lattice ARVARERRERERENTIR
arrangement by weak London forces.
Cb & Cb & 3) This structure is known as a
simple molecular structure.

ZANNEREN

QYT

Stronger London Forces mean Higher Melting and Boiling Points

1) Not all London forces are the same strength — larger molecules
have larger electron clouds, meaning stronger London forces.

2) Molecules with greater surface areas also have stronger London forces
because they have a bigger exposed electron cloud (see next page).

3)  When you boil a liquid, you need to overcome the intermolecular forces,
so that the particles can escape from the liquid surface. It stands to reason
that you need more energy to overcome stronger intermolecular forces, g
so liquids with stronger London forces will have higher boiling points. London Forces.

4) Melting solids also involves overcoming intermolecular forces, so solids
with stronger London forces will have higher melting points too.

5) Alkanes demonstrate this nicely...
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Intermolecular Forces

Intermolecular Forces in Organic Molecules Depend on Their Shape

The shape of an organic compound’s molecules affects the strength of the intermolecular forces.

Take alkanes, for example...

1) Alkanes have covalent bonds inside the M Y C'ﬂH
H, M o H,H ho a
molecules. Between the molecules there are -y Ho T~
. W o Ny < HH o
London forces, which hold them all together. G L HH Y ¢ Wk H P i’
; . G-H HH, H c~_ %
2) The longer the carbon chain, the stronger the HT'.*/C\HQ/H ,l/c’\ \// L{H
1 H Ne § H" "H
London forces — because there’s more molecular 5! 5 H “H
surface contact and more electrons to interact.
h | | | . h Smaller molecular surface Greater molecular surface
3) So as the molecules get O.nger' it gets arder contact, so weaker contact, so stronger
to separate them because it takes more energy intermolecular forces. intermolecular forces.
to overcome the London forces.
4) Branched-chain alkanes can’t pack closely together and their molecular surface contact

is small compared to straight chain alkanes of similar molecular mass.

So fewer London forces can form. Look at these isomers of C,H

for example...

T

(ARRNEENENRNRRAN

4" "10/
Butane Methylpropane H
H LM
ili int = L/ ¢-H ili int = -G H
Boiling point = 273 K H, H Boiling point = 261 K HGQ
H/C\~ f & H
He C! H H H/ \C'
NIy e e A H H
= Molecules can = b (G = Close packing % R
C s can = i \C\/H = isn't possible IIVC\C,H
= pack closely. G H H C 4 -2 H o
- M

ARRRERENERERRTAY

Polar Molecules have Permanent Dipole-Permanent Dipole Bonds

The 8+ and & charges on polar molecules cause weak electrostatic forces of attraction between molecules.
These are known as permanent dipole-permanent dipole bonds. E.g., hydrogen chloride gas has polar molecules:

8+ 56— o+ -
H—Cl-+-H—Cl

o+ &
H—CI

Permanent dipole-permanent dipole bonds happen as well as (not instead of) London forces. So, molecules that can form
permanent dipole-permanent dipole bonds, in addition to their London forces, will generally have higher boiling and
melting points than those with similar London forces that can’t form permanent dipole-permanent dipole bonds.

Practice Questions

Q1 What's the strongest type of intermolecular force?

Q2 Explain what London forces are.

Q3 Explain what gives rise to permanent dipole-permanent dipole intermolecular forces.

Exam Questions

Q1 The molecules in the table on the right
all have the molecular formula C,H,,.

Explain the differences in the
boiling points of these molecules.

Q2 What intermolecular forces are present in chloroethane (CH,CH,Cl)?

Q3 N, and NO are both gases at room temperature.
Predict, with reasoning, which gas has a higher boiling point.

Molecule Boiling Point (°C)
Pentane 36.1
2-methylbutane 27.7
2,2-dimethylpropane 9.50 [3 marks]
[1 mark]
[2 marks]

London Forces — the irresistible pull of streets paved with gold...

You may well see London forces called instantaneous dipole-induced dipole bonds. But don’t panic, they’re the same
thing. It’s useful to remember both names though — especially since instantaneous dipole-induced dipole describes
what’s going on in this sort of intermolecular bonding. It’s all to do with the attraction between temporary dipoles.
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Hydrogen Bonding

Hydrogen bonds form between certain types of molecule. Water, alcohols, ammonia, hydrogen fluoride... Shall I go on?

Hydrogen Bonding is the Strongest Intermolecular Force

1) Hydrogen bonding only happens when hydrogen is covalently bonded to fluorine, nitrogen or oxygen.

2) Fluorine, nitrogen and oxygen are very electronegative, so NIRRT

. (ARNRNNENY
they draw the bonding electrons away from the hydrogen atom. = See page 28 for more about electrone‘g‘alt:vlit’yl I/f

. . . T -
3) The bond is so polarised, and hydrogen has such a high charge P s
density because it's so small, that the hydrogen atoms form weak bonds with
lone pairs of electrons on the fluorine, nitrogen or oxygen atoms of other molecules.

4) Water, ammonia and hydrogen fluoride all have hydrogen bonding:

NI R AVERANTS _
Water ., = TheO-H—=Oangle = Ammonia % , Hydrogen Fluoride
Fs = inwater is 180°. = - —
, N oS H 5 7| THe: o
- H Hi v 1 Hs -H
'O\ " J R 5 5J'H_Ns_ ; (S e N\ 86— s -H o
/ H“_:(I)h& \‘b&/H do S+ - F o, 5t F..’ \F..
H6+ /\ 5t e \ Hs: |_?+/N8_ H \H/
H5+ H ’ He \H5+
N LR R AR R RN AR RN AN AT i
A lone pair of electrons on the N RN AR R RN ARV AR R AR AR AR A

oxygen is attracted to the hydrogen.

= The dotted lines represent hydrogen bonds. =
PECCOV e

RN AR RN RNV RV AR RN R RN AR RN A

ARRYN!

Qb

5) Organic molecules that form hydrogen bonds often contain -OH or -NH groups, e.g. alcohols and amines.

6) So, if you're asked to predict whether a substance forms hydrogen bonds
or not, you need to watch out for these groups of atoms.

Hydrogen Bonds Affect How a Substance Behaves

Hydrogen bonds are the strongest type of intermolecular forces and have a huge effect on the
properties of substances. Substances that form hydrogen bonds have high melting and boiling
points because a lot of energy is required to overcome the intermolecular forces.

The graph on the right shows how the boiling points of Boiling Points of
Group 7 hydrides vary as you go down Group 7. X 3004HF  Group 7 Hydrides
* Molecules of hydrogen fluoride form hydrogen bonds with E

each other (see above). Hydrogen bonding is the strongest 2 |

. . L 250

intermolecular force, so the intermolecular bonding in HF 2 HI

is very strong. It requires a lot of energy to overcome these % HBr

bonds, so HF has a high boiling point. o 2007 HC|

e From HCl to HlI, although the permanent dipole-dipole interactions
decreases, the number of electrons in the molecule increases, so the strength of the
London forces also increases. This effect overrides the decrease in the strength of the
permanent dipole-permanent dipole interactions, so the boiling points increase from HCI to HI.

e  Water has some pretty weird properties. Despite the fact that it’s a pretty
small molecule, it has a fairly high boiling point (373 K, or 100 °C).

e If you look at the trend in boiling points of Group 6
hydrides, you'll see they follow a similar trend to the
boiling points of the Group 7 hydrides above.

e Water’s ability to form hydrogen bonds with itself gives it a
high boiling point, while the increase in the strength of the
London forces from H,S to H,Te overrides the decrease in the
strength of the permanent dipole-permanent dipole forces, 200+
causing the boiling point to increase from H,S to H,Te.

4001 4 0 Boiling Points of
*X Group 6 Hydrides

Boiling point / K
o
o
2

Substances that form hydrogen bonds are also soluble in water.
This is because they can form hydrogen bonds with the water molecules, allowing them to mix and dissolve.
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Hydrogen Bonding

Hydrogen Bonds Explains Why Ice Floats on Water

1) Ice is another example of a simple molecular structure.

3) As the ice melts, some of the hydrogen bonds are broken and the
lattice breaks down — allowing molecules to ‘fill’ the spaces.

Alcohols are Less Volatile than Similar Alkanes

1) All alcohols contain a polar hydroxyl group (-OH) that has a
8- charge on the oxygen atom and a &+ charge on the hydrogen

atom. This polar group helps alcohols to form hydrogen bonds.

2) Hydrogen bonding gives alcohols low volatilities (i.e. they have
high boiling points) compared to non-polar compounds,
e.g. alkanes, of similar sizes, with similar numbers of electrons.

e The strength of the London forces in both butan-1-ol and butane

This gives butan-1-ol a much higher boiling point.

Practice Questions

Q1 What atoms need to be present for hydrogen bonding to occur?

Q2 Name three substances that undergo hydrogen bonding.

Q3 Why is ice less dense than water?

Exam Questions

Your diagram should show at least 4 water molecules.

i) Ammonia (NH,) and methane (CH,).
ii) Water and hydrogen sulfide (H,S).

iii) Butane and propan-1-ol.

b) Explain your choices in part a).

Q3 An organic compound used as antifreeze is ethane-1,2-diol.
Its structure is shown on the right.

The boiling point of ethane-1,2-diol is 197 °C, whereas

zﬁ.,.«&H/ \H-a.i L
&ﬁ'.o-' "6“,% H5+
2) Inice, the water molecules are arranged so that there is the maximum number of H‘m ELM
hydrogen bonds — the lattice structure formed in this way ‘wastes’ lots of space. 3& .
./C-j\ 5+ /('%
5+ H .‘g H H5+
4) This effect means ice is much less dense than water — which is why ice floats. 5+H/ %H&
R = an alkyl group. “je g5
an alkyl group o
V /N
- : 05 H5+ R
——
H6+
R
\\Il|llllllllll/ll\|I||l|l|llllllllll\ll|//—
~ There's more about alcohols on pages 94-97. =
/Illllll\\lllllllHIllllllllll\lllllHHl\
e For example, butan-1-ol has a boiling point of 118 °C, while butane H H H H
boils at -1 °C. The only intermolecular forces present in butane | | | |
are London forces which are relatively weak — it doesn’t take much ~ H—C—C—C—C—H
energy to overcome these forces and for butane to evaporate. P|1 rlJI J{ F|4I butane
will be similar, but butan-1-ol can form hydrogen bonds in addition H H H H
to London forces. Hydrogen bonds are the strongest type of L
i g H—C—C—C—C—OH
intermolecular force and require much more energy to break. F T
H H H H butan-ol
Q1 a) Explain why water’s boiling point is higher than expected in comparison to other similar molecules.  [2 marks]
b) Draw a labelled diagram showing the intermolecular bonding that takes place in water.
[2 marks]
Q2 a) For each of the following pairs of compounds, state which will have the higher boiling point.
[1 mark]
[1 mark]
[1 mark]
[2 marks]
(I)H (I)H
H—C—C—H
H H [1 mark]

the boiling point of ethanol is 78 °C. Suggest a reason for this difference.

| never used to like Chemistry, but after this, | feel we've truly bonded...

There you have it, hydrogen bonding. The king of intermolecular bonding in my opinion. If you need to draw a picture
of hydrogen bonding in the exam, make sure you draw any lone pairs and all the partial charges (those are the 3— and &+
signs). And show any hydrogen bonds with a dotted line (unless you're told otherwise). Don’t go missing easy marks.
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Solubility

Ever wondered why that teaspoon of sugar dissolves in your afternoon cuppa’? Or why all the salt doesn't just fall out
of the sea onto the seabed? Well my friend, you're about to find out. It’s all to do with solubility...

Solubility is Affected by Bonding

1) For one substance to dissolve in another, all these things have to happen:

e bonds in the substance have to break,
e bonds in the solvent have to break, and
e new bonds have to form between the substance and the solvent.

2) Usually a substance will only dissolve if the strength of the new bonds formed
is about the same as, or greater than, the strength of the bonds that are broken.

There Are Polar and Non-Polar Solvents QUL A T,

You may see water referred to as an
aqueous solvent. Any solvent that isn't

water is known as a non-aqueous solvent.
RN AR RN AR RN R RN AR A RN RENARVARRYA

There are two main types of solvent:

NI
ZRRRREN

1) Polar solvents are made of polar molecules, such as water.
Water molecules bond to each other with hydrogen bonds.
But not all polar solvents can form hydrogen bonds. For example, propanone (often called acetone)
is a polar solvent but only forms London forces and permanent dipole-permanent dipole bonds.

2) Non-polar solvents such as hexane. QEVELU O I I

Hexane molecules bond to each other by London forces. = Look back at pages 28-29 for more on polarity,
= and pages 30-33 for lots on intermolecular forces.
/llll\’\,\\l\ll\l'||I|l’l|\(\l\\|\ll\‘llllll'\\

Vi

Many substances are soluble in one type of solvent but not the other
— and you'll be expected to understand why...

lonic Substances Dissolve in Polar Solvents such as Water

1)  Water is a polar solvent — water molecules have a slightly positively-charged end
(the 8+ hydrogens) and a slightly negatively-charged end (the 8- oxygen).

2) When an ionic substance is mixed with water, the ions in the ionic substance are
attracted to the oppositely charged ends of the water molecules.

3) The ions are pulled away from the ionic lattice by the water molecules, which surround the ions.
This process is called hydration.

H H

\/
H  © /H
H— O‘H
— O—
H O/o\ \ H
/O\ . H H .
ions in a lattice polar water molecules H H hydrated ions

4) Some ionic substances don’t dissolve because the bonding between their ions is too strong. For example,
aluminium oxide (Al,O,) is insoluble in water because the bonds between the ions are stronger than the bonds they'd
form with the water molecules. (AI** has a high charge density, so forms strong ionic bonds — see page 19.)

Alcohols also Dissolve in Polar Solvents such as Water

1) Alcohols are covalent but they dissolve in water... "
2) ... because the polar O-H bond in an alcohol is attracted to the o+ \O:'&
polar O-H bonds in water. Hydrogen bonds form between the ||_| ll_l e H
lone pairs on the 8- oxygen atoms and the 8+ hydrogen atoms. H—C— C—'(')’i/
3) The carbon chain part of the alcohol isn’t attracted to water, so the | | \H H3*
more carbon atoms there are, the less soluble the alcohol will be. H H 5+\\;.O/6_
D H8+
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Solubility

Not All Molecules with Polar Bonds Dissolve in Water

MV Ty,
See page 32 for what's needed
to form hydrogen bonds.
R N ARV ARNRNERNRNES

1) Halogenoalkanes (see page 90) contain polar bonds but their dipoles
aren’t strong enough to form hydrogen bonds with water.

2) The hydrogen bonding between water molecules is stronger than the bonds
that would be formed with halogenoalkanes, so halogenoalkanes don't dissolve.

NIRAREV;
Frrv

Example:
When the halogenoalkane  chlorobutane
chlorobutane is added to layer
water, they don’t mix, but - = '
separate into two layers. water s i
\ =L layer Henry couldn't understand why the

champagne wouldn't dissolve.

3) But, halogenoalkanes can form permanent dipole-permanent dipole bonds. They happily dissolve
in polar solvents that also form permanent dipole-permanent dipole bonds (not hydrogen bonds).

Non-Polar Substances Dissolve Best in Non-Polar Solvents

1) Non-polar substances such as ethene have London forces between their molecules.
They form similar bonds with non-polar solvents such as hexane — so they tend to dissolve in them.

2) Water molecules are attracted to each other more strongly than they are to non-polar
molecules such as iodine — so non-polar substances don’t tend to dissolve easily in water.

Like dissolves like (usually) — substances usually dissolve best in solvents with similar intermolecular forces.

Practice Questions
Q1 Which type of solvent, polar or a non-polar, would you choose to dissolve: i) sodium chloride? ii) ethane?
Q2 Why do most ionic substances dissolve in water?

Q3 What is meant by ‘hydration’?

Q4 Some ionic substances don't dissolve in water. Why not?

Q5 What type of bonding occurs between an alcohol and water?

Q6 Why are most non-polar substances insoluble in water?

Exam Questions

Q1 Hydrogen bonds are present between molecules of water.
a) 1) Explain why alcohols often dissolve in water while halogenoalkanes do not. [4 marks]
ii) Draw a diagram to show the bonds that form when propan-1-ol dissolves in water. [2 marks]

b) Explain the process by which potassium iodide dissolves in water to form hydrated ions.
Include a diagram of the hydrated ions. [5 marks]

Q2 a) Anunknown substance, X is suspected to be a non-polar simple covalent molecule.
Describe how you could confirm this by testing with two different solvents.
Name the solvents chosen and give the expected results. [3 marks]

b) Explain these results in terms of the intermolecular bonding within X and the solvents. [4 marks]

When the ice-caps melt, where will all the polar solvents live?

I reckon it’s logical enough, this business of what dissolves what. Remember, water is a polar molecule — so other polar
molecules, as well as ions, are attracted to its &+ and 8- ends. If that attraction’s stronger than the existing bonds (which
have to break), the substance will dissolve. It’s worth remembering that rule of thumb about ‘like dissolves like’

Toric 2 — BONDING AND STRUCTURE
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Predicting Structures and Properties

By looking at certain properties that a substance has, such as its melting/boiling points, its solubility and whether it
conducts electricity, you can predict what sort of bonding it has. If this doesn’t excite you, then | don’t know what will.

The Physical Properties of a Solid Depend on the Nature of its Particles

Here are a just a few examples of the ways in which the particles that make up a substance affect it properties:

1) The melting and boiling points of a substance are determined by the strength

of the attraction between its particles (the intermolecular forces).
2) A substance will only conduct electricity if it contains charged particles that are free to move.
3) How soluble a substance is in water depends on the type of particles that it contains.

Water is able to form hydrogen bonds, so substances that are also able to form hydrogen bonds,
or are charged (i.e. ions) will dissolve in it well, whereas non-polar or uncharged substances won't.

Learn the Properties of the Main Substance Types

Make sure you know this stuff like the back of your hand:

' Melting and Typical state at | Does solid | Does liquid Is it soluble in
Bonding Examples = : room temperature | conduct conduct
boiling points ot - water?
and pressure electricity? | electricity?
No
. Yes
NaCl
lonic a High Solid (ions are (ions are free Yes
place)
Low .
. CO, (involves breaking ng be solid Depend‘s on
Simple covalent | . lecul (like 1,) but N N whether it can
(molecular) 2 Intermolecular usually liquid or © © form hydrogen
H,O forces but not
gas bonds
covalent bonds)
Diamond No (except (subl—imes
Giant covalent | Graphite High Solid cep h No
SO graphite) rather than
> melting)
Fe Yes Yes
Metallic Mg High Solid (delocalised | (delocalised No
Al electrons) electrons)

You Can Use the Properties of a Material to Predict its Structure

You need to be able to predict the type of structure from a list of its properties. Here’s a quick example.

Example:

Substance X has a melting point of 1045 K. When solid,

it is an insulator, but once melted it conducts electricity.
Identify the type of structure present in substance X.

1) Substance X doesn’t conduct electricity when it’s solid, but does
conduct electricity once melted. So it looks like it's ionic

— that would fit with the fact that it has a high melting point too.
2) You can also tell that it definitely isn’t simple covalent because it

has a high melting point, it definitely isn’t metallic because it
doesn’t conduct electricity when it’s solid, and it definitely
isn’t giant covalent because it does conduct electricity when melted.

So substance X must be ionic.

Toric 2 — BONDING AND STRUCTURE
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Predicting Structures and Properties

You can make Predictions about a Substance’s Properties from its Bonding

1) You can also predict how a substance will behave depending on the bonding it has.

2) If you're dealing with metallic, ionic or giant covalent substances, you just
need to consider the strong ionic or covalent bonds between the atoms.

3) If you're dealing with simple molecular compounds, you need to think about the intermolecular
forces between the molecules, rather than the covalent bonds between the atoms.

Example: Aminomethane (CH,NH,) has a simple molecular structure. Predict the properties of aminomethane,
including its solubility in water, its electrical conductivity, and its physical state at room temperature.

* Aminomethane contains an -NH, group, so is likely to form hydrogen bonds with water.
This would make aminomethane soluble in water.

* Aminomethane has a simple molecular structure. In this type of structure, there are
no free particles that can carry a charge, so aminomethane doesn’t conduct electricity.

e To melt or boil a simple covalent compound you only have to overcome the intermolecular forces
that hold the molecules together. You don’t need to break the much stronger covalent bonds
that hold the atoms together in the molecules. Aminomethane would have weak London forces
between its molecules as well as stronger hydrogen bonds. However you would still expect
aminomethane to have low boiling and melting points, and so be a gas at room temperature.

Practice Questions

Q1 If a substance has a low melting point, what type of structure is it most likely to have?

Q2 Out of the four main types of structure (ionic, simple covalent, giant covalent and metallic),
which will conduct electricity when they are liquids?

Q3 Would you expect a substance with a giant covalent structure to be soluble or insoluble in water?

Exam Questions

Q1 The table below describes the properties of four compounds, A, B, C and D.

Substance o et Electrical coqductlvny Electrical <?onf1uct1V1ty Splublhty
of solid of liquid in water
high poor good soluble
low poor poor insoluble
high good good insoluble
D very high poor (compound sublimes insoluble
rather than melting)

Identify the type of structure present in each substance. [4 marks]

Q2 Iodine, 1,, and graphite are both solid at r.t.p.. At 500 K, iodine exists as a gas, while graphite remains solid.
Explain this difference in the properties of iodine and graphite in terms of their structures. [4 marks]

Q3 A substance, X, has a melting point of 650 °C and a boiling point of 1107 °C. It conducts electricity in
both the solid and liquid states, but is insoluble in water. Which of the follow substances could be substance X?

A Carbon dioxide B Magnesium C Caesium chloride D Silicon dioxide [1 mark]

Mystic Molecular Meg — predicting fortunes and properties since 1995...

You need to learn the info in the table on page 36. With a quick glance in my crystal ball, I can almost guarantee you’ll
need a bit of it in your exam... let me look closer and tell you which bit.... hmm.... No, it’s clouded over. You’ll have to

learn the lot. Sorry. Tell you what — close the book and see how much of the table you can scribble out from memory.

Toric 2 — BONDING AND STRUCTURE
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Oxidation Numbers

”

This double page has more occurrences of “oxidation” than the Beatles’” “All You Need is Love” features the word “love

Oxidation Numbers Tell You About the Movement of Electrons

When atoms react with or bond to other atoms, they can lose or gain electrons. The oxidation number (or oxidation
state) tells you how many electrons an atom has donated or accepted to form an ion, or to form part of a compound.
There are certain rules you need to remember to help you assign oxidation numbers. Here they are...

All uncombined elements have an oxidation number of 0. This means they haven’t accepted or donated

any electrons. Elements that are bonded to identical atoms will also have an oxidation number of 0.

© & Q@

Uncombined elements. Elements bonded to identical elements.
Oxidation number = O Oxidation number = O

1)

SR g,
= Metals generally form ions with
a charge that's equal to their
Group number. Non-metals

\

2) The oxidation number of a simple, monatomic ion (that’s an
ion consisting of just one atom) is the same as its charge.
form ions with charges equal to

Oxidation number = +1 ﬁay a Oxidation number = +2 !
W/V\/ 3 their Group number minus 8.

/’Hlllllll|l|Illlllllllllll\

NERARENRNE
ANERRVERERE

For molecular ions (ions that are made up of a group of atoms with an overall charge), the sum of the oxidation

3)
numbers is the same as the overall charge of the ion. Each of the constituent atoms will have an oxidation
number of its own, and the sum of their oxidation numbers equals the overall charge.
Combined oxygen has an oxidation 2= .
number of =2 (apart from in O, O ¥~ Overall charge is ~2.
and peroxides — see below).
There are 4 oxygen atoms in SO,* S o o
so the total charge from oxygens is So the oxidation number of
4x_)=_§ sulfur is +6, as =8 + 6 = —2.
4) For a neutral compound, the overall charge is 0, and each atom in the compound
will have its own oxidation number. The sum of these oxidation numbers is 0.
\\'\Hllllllllllll//
Chlorine forms ions with a g ~r The oxidation number of = MQC'Z acj_cua”)’ =
charge of 1. So, the oxidation the magnesium ion is +2. = forms an ionic =
gb ; : h ,hl e is 1 92+ = lattice of loads of =
numoer ot each chiorine 15 —1. The overall charge on MgCl, is = MgCl, units. =
+2+(2x-1)=0. /Illllllllllllll\\\
5) Hydrogen always has an oxidation number of +1, except in metal hydrides
(MH_, where M = metal) where it's -1 and in molecular hydrogen (H,) where it’s 0.
Hy_ddrotgen usualbly hafstn In metal hydrides, eg. CaH,.. T erddletiion
oxldation humper o
_ . N ™ ber of hyd
e.g. in hydrogen chloride:  Cl [ H (H c™( H H H numinerl—;) isyorogen
oxidation no. H = +1 V} 2 ’
oxidation no. Cl = —1 ..H has an oxidation number of —1. <IN v gL
- CaH2 has a giant =
- lattice structure. =
6) Oxygen nearly always has an oxidation number of -2, except in ATV s
peroxides (O,*) where it's -1, and molecular oxygen (O,) where it's 0.
The oxidation

Oxygen usually has an oxidation
number of =2, e.g. in water:

oxidation no. O = =2

oxidation no. H = +1

H H

A

In peroxides,
number of oxygen

‘O’O ‘\iﬂoziso‘

Overall charge

is —2.

each oxygen has .
an oxidation ’ 4\
o O
number of —1.
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Oxidation Numbers

Roman Numerals tell you the Oxidation Number

1) If an element can have multiple oxidation numbers, or isn’t in its ‘normal’ oxidation number, its
oxidation number can be shown by using Roman numerals, e.g. (I) = +1, (Il) = +2, (Ill) = +3 and so on.
The Roman numerals are written after the name of the element they correspond to.

Example: In copper(l) oxide, copper has an oxidation number of +1. Formula = Cu,O
In copper(ll) sulfate, copper has an oxidation number of +2. Formula = CuSO,

2) lons with names ending in -ate (e.g. sulfate, nitrate, chlorate, carbonate) contain oxygen and another element.
For example, sulfates contain sulfur and oxygen, nitrates contain nitrogen and oxygen... and so on.

3) Sometimes the ‘other’ element in the ion can exist with different oxidation numbers, and so form different ‘-ate
ions’. In these cases, the oxidation number is attached as a Roman numeral after the name of the -ate compound.
The Roman numerals correspond to the non-oxygen element in the -ate compound. KA RARNR AR AR RARNANEY

= If there are no oxidation
numbers shown, assume
nitrate = NO,™ and

sulfate=SO42’.
ANRERRERRNARRENEVANEY

Example: In sulfate(VI) ions, the sulfur has oxidation number +6 — this is the SO,*~ ion.
In nitrate(lll), nitrogen has an oxidation number of +3 — this is the NO,™ ion.

ARRRERRTAN

RYARRERY
/

You can use Oxidation Numbers to Write Chemical Formulae

1) You might need to use oxidation numbers to work out the chemical formula of a certain compound.
2) Unless you're told otherwise, you can assume the overall charge on a compound is 0.

3) To work out the chemical formula, you've just got to work out what ratio of anions
(negatively charged ions) and cations (positively charged ions) gives an overall charge of 0.

Example: What is the formula of barium(ll) nitrate?

From the systematic name, you can tell barium has an oxidation number of +2.
The formula of the nitrate ion is NO,™ and it has an overall charge of -1. . g ']
The overall charge of the compound is 0, so you need to find al ( e
a ratio of Ba*:NO," that will make the overall charge 0. i t |
(#2) +(-1x2)=2+-2=0  The ratio of Ba>*:NO, is 1:2. Hands up if you like
. Roman numerals..
So the formula is Ba(NO,),.

Practice Questions

Q1 What is the oxidation number of H in H,?
Q2 What is the usual oxidation number for oxygen when it's combined with another element?

Exam Questions

Q1 Sulfur can exist in a variety of oxidation states.

Work out the oxidation state of sulfur in the following compounds:

a) S, b) SO, ¢)H,SO,, d)H.S. [4 marks]
Q2 Hydrogen peroxide (H,0,) is a commonly used component of bleach.

a) In hydrogen peroxide, what is the oxidation number of: i) hydrogen? ii) oxygen? [2 marks]

b) Hydrogen peroxide reacts with sodium sulfite (Na,SO,) to produce sodium sulfate and water.
What is the oxidation number of sulfur in the sodium sulfite compound? [1 mark]

Sockidation number — a measure of how many odd socks are in my drawers...

There isn’t any tricky maths involved with oxidation numbers, just a bit of adding, some subtracting... maybe a bit of
multiplying if you’re unlucky. The real trick is to learn all the rules about predicting oxidation numbers. So get cracking.

Toric 3 — Repox |
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Redox Reactions

Oxidation numbers are great. They're darn useful for showing where electrons move from and to during redox reactions.

If Electrons are Transferred, it’'s a Redox Reaction

1) Aloss of electrons is called oxidation. . . .
) ! Example: the formation of sodium chloride

2) A gain in electrons is called reduction. from sodium and chlorine is a redox reaction:

3) Reduction and oxidation happen simultaneously % e
— her?CfE .the term “redox” reaction. Nt O Na is oxidised
4) An oxidising agent accepts electrons and gets reduced. 22 e Clis reduced

5) A reducing agent donates electrons and gets oxidised.

Oxidation Numbers go Up or Down as Electrons are Lost or Gained

1) The oxidation number for an atom will increase by 1 for each electron lost.
2) The oxidation number will decrease by 1 for each electron gained.

3) To work out whether something has been oxidised or reduced, you need to assign
each element an oxidation number before the reaction, and after the reaction.

4) If the oxidation number has increased, then the element has lost electrons and been oxidised.

5) If the oxidation number has decreased, then the element has gained electrons and been reduced.
NI AN RN R NN
Check back at the
rules for assigning
oxidation numbers
on page 38 if you're
—unsure about this.
AR R RN AREENAREEA

N

Example: Identify the oxidising and reducing agents in this reaction: 4Fe + 30, — 2Fe,O,

Iron has gone from having an oxidation number of 0 to having an oxidation number of +3.
It's lost electrons and has been oxidised. This makes it the reducing agent in this reaction.

Vb vy

AYRRRNERVAT!

Oxygen has gone from having an oxidation number of 0 to having an oxidation number of -2.
It's gained electrons and has been reduced. This means it’s the oxidising agent in this reaction.

6) When metals form compounds, they generally donate electrons to form positive ions
and their oxidation numbers increase (they usually have positive oxidation numbers).

7)  When non-metals form compounds, they generally gain electrons to form negative ions
and their oxidation numbers decrease (they usually have negative oxidation numbers).

8) A disproportionation reaction is a special redox reaction. During a disproportionation reaction, an element
in a single species is simultaneously oxidised and reduced. Oxidation numbers can show this happening.

Example: Cl, + 20H - ClO" + CI- + H,0
Chlorine and its ions undergo Oxidation Number of Cl: 0 +1 -1

disproportionation reactions: I oxidation 4 T duct
reauction

You can Write Half-Equations and Combine them into Redox Equations

1) lonic half-equations show oxidation or reduction. N
GO /

2) You show the electrons that are being lost or gained in a half-equation. = Here's the electron

For example, this is the half-equation for the oxidation of sodium: Na — Na* + e<@&== that the sodium

3) You can combine half-equations for different oxidising or reducing agents - la\t’O\rY\l Iha\s\ llofjlt'l O

together to make full equations for redox reactions.

ZARREREN

\W T

Example: Magnesium burns in oxygen to form magnesium oxide.

Oxygen is reduced to O*: O, + 4e- — 20* Magnesium is oxidised to Mg**: Mg — Mg”* + 2e-

You need both equations to contain the same number
of electrons. So double everything in the second half-equation: 2Mg — 2Mg** + 4e-

The electrons aren't included in the full equation.
You end up with four on each side — so they cancel.

Combining the half-equations makes: 2Mg + O, — 2MgO
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Redox Reactions

Use e, H" and H,0 to Balance Half-Equations

1)  For some redox equations, you’ll find that you can’t balance the equation by just
multiplying up the reactants and products and adding a few electrons.

2) You might have to add some H* ions and H,O to your half-equations to make them balance.

Example:  Acidified manganate(VIl) ions (MnO,") can be reduced to Mn?** by Fe?* ions.
Write the full redox equation for this reaction.

Iron is being oxidised. The half-equation for this is: Fe** = — Fe’*  +e
) (aq)

The second half-equation is a little bit trickier...

1) Manganate is being reduced. Start by writing this down:  MnO,"  — Mn*"_
2) To balance the oxygens, you need to add MnO - Mn?
' + 4+ 4H
water to the right-hand side of the equation: MO, g + > Mg +4H,0,

3) Now you need to add some H* ions to the MnO -+ 8H* Mn2  +4H.0
left-hand side to balance the hydrogens: e @ > M g =)

aq) ) (aq

N\

N AR AR RN AR RN AN AN R RN RN P
There's an overall charge of +2

on each side of the equation.
AN RN AR RVARVARNRRANERAY

4) Finally, balance the charges MO,

+ 8H*  +5e — Mn**_ +4H. O
by adding some electrons: g © € N g 20

Il

aq)

IERRN

/

Now you have to make sure the number of
electrons produced in the iron half-equation , 3

. Fe’* —~— Fe’*
equal the number of electrons used up in the (aq) (aq
manganate half-equation.

fe =2 SFer . — 5Fe*  + 5e”

) q)

Now combine both half-equations

to give a full redox equation. MnO

- + 2+ 2+ 3+
fag T 8H g T 5Fe g = Mn @ T 5Fe @ T 4HZO“)

Practice Questions

Q1 What is a reducing agent?
Q2 What happens to the oxidation number of an element that loses electrons?
Q3 What happens during a disproportionation reaction?

Exam Questions

Q1 Lithium oxide forms when lithium is burned in air. Combustion is a redox reaction.
The equation for the combustion of lithium is: 4Li(s) + 0y 2L1,0,,

a) Define oxidation in terms of the movement of electrons. [1 mark]

b) State which reactant in this reaction is reduced. Write a half-equation for this reduction reaction. [2 marks]
Q2 The half-equation for chlorine acting as an oxidising agent is: Cl, +2e” — 2CI-

a) Define the term oxidising agent in terms of electron movement. [1 mark]

b) Given that indium reacts with chlorine to form indium(III) ions,
form a balanced equation for the reaction of indium with chlorine. [2 marks]

Q3 The following reaction is a disproportionation reaction: 2H,0, — 2H,0 + O,,.
By using oxidation numbers, show why this reaction can be classified as a disproportionation reaction. [3 marks]

Q4 Vanadyl(IV) ions (VO?*) react with tin(Il) ions. During this reaction, the vanadyl(IV) ions are reduced
to vanadium(III) ions, and tin is oxidised to tin(IV). Write a full redox equation for this reaction. [3 marks]

Oxidising agent SALE NOW ON — everything’s reduced... OIL RIG

Half-equations look evil, with all those electrons flying about. And while we're on the redox page, — Oxidation Is Loss
But they’re not too bad really. Just make sure you get lots of I suppose you ought to learn the most - Ke(‘“fml'o': Is Q)a'“
practice using them. (Oh, look, there are some handy questions up there.) famous memory aid thingy in the world... ot electrons
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12 Toric 4 — INORGANIC CHEMISTRY AND THE PERIODIC TABLE

Get ready to learn about the elements magnesium, calcium, strontium and barium. Theyre lovely.

lonisation Energy Decreases Down the Group

1) Each element down Group 2 has an extra electron shell
compared to the one above. e _ :

2) The extra inner shells shield the outer electrons from SEos =
the attraction of the nucleus Mr Kelly has one final attempt at explaining
: electron shielding to his students..

3) Also, the extra shell means that the outer electrons are further away from the

nucleus, which greatly reduces the electrostatic attraction between the nucleus and the outer electrons.
NI AR RN AN A RN RN AR RN RV

Both of these factors make it easier to remove = The positive charge of the nucleus does increase as you
go down a group (due to the extra protons), but this

outer electrons, meaning the ionisation =
energy decreases as you go down Group 2. = effect is overridden by the effect of the extra shells.
//IIII|||l\\|[\HlI|HIIIIIIIH\\II\H\IHIIIlll\

AEENRNAN

This can explain the trend in reactivity of the Group 2 elements — most of these elements react by losing their
two outer electrons (see below). So, the higher their first and second ionisation energies, the less likely they
are to lose these electrons and the less reactive they will be. So, reactivity increases down the group.

\Illlll\\lllllllllll

Group 2 Elements React with Water, Oxygen and Chlorine = Here, M stands for
- any Group 2 metal,

When Group 2 elements react, they form ions with a charge of 2+. NN VA RN RNN R
P ey 5 N M - M? 4 2e-

This is because Group 2 atoms contain 2 electrons in their outer shell.
They lose both of these electrons when they react. E.g. Ca - Ca** + 2e”

They react with WATER to produce HYDROXIDES.
Be doesn't react

[RRREEN

/

The Group 2 metals react with water to give a metal hydroxide and hydrogen. Mg VERY slowly
My +2H,0, — M(OH), ., +H, Ca stfaadily.
Sr fairly quickly

eg.  Cay+2H,0, — CalOH), .. +H, Ba rapidly

They burn in OXYGEN to form OXIDES.

When Group 2 metals burn in oxygen, you get solid white oxides.

M, + 0,y — 2MO
e.g. 2Ca, + O, — 2Ca0

They react with CHLORINE to form CHLORIDES.

When Group 2 metals react with chlorine, you get solid white chlorides.

AR ARRERRTIRRE

If you add water to so'rrl1; Ib/alri'u'r,n”
In a test tube, lots of bubbles are
produced, showing barium reacts
really easily. If you add water to
Some magnesium in a test tube,

h
| You won't see much happening.
RNV P RN RRER A AR

NPT g
N

N

7
IRV RRRRERVERRE

My +Cl, g = MCl,
e.g. Ca,+Cl,, — CaCl,

The Oxides and Hydroxides are Bases...

1) The oxides of the Group 2 metals react readily with water to form metal hydroxides, which dissolve.
The hydroxide ions, OH-, make these solutions strongly alkaline.
Beryllium oxide is an exception — it doesn’t react with water, and beryllium hydroxide is insoluble.

3) Magnesium oxide is another exception — it only reacts slowly and the hydroxide isn’t very soluble.

4) The oxides form more strongly alkaline solutions as you go down the group,
because the hydroxides get more soluble.

5) Because they're bases, both the oxides and hydroxides will neutralise dilute acids, forming
solutions of the corresponding salts. See the next page for examples of these reactions.

Toric 4 — INORGANIC CHEMISTRY AND THE PERIODIC TABLE
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Reaction with Water Reaction with Dilute Acid
Oxides MO, + H,0,, = M(OH), MO, +2HCl = MCl, .+ H,0,
. +H O
Hydroxides M(OH), ——2"5 M(OH), - M(OH), ,,, + 2HCI = MCl, |+ 2H,0,,

Solubility Trends Depend on the Compound Anion

1) Generally, compounds of Group 2 elements that contain singly charged
negative ions (e.g. OH") increase in solubility down the group...

2) ...whereas compounds that contain doubly charged negative ions
(e.g. SO,* and CO,*) decrease in solubility down the group.

3) You need to know the solubility trends for the Group 2 hydroxides and the sulfates.

Group 2 element hydroxide (OH") sulfate (SO,”)

magnesium least soluble most soluble
calcium
strontium

barium most soluble least soluble

4)  Most sulfates are soluble in water, but barium sulfate is insoluble.
5) Compounds like magnesium hydroxide that have very low solubilities are said to be sparingly soluble.

Practice Questions

Q1 Which is the least reactive metal in Group 2?

Q2 Why does reactivity with water increase down Group 2?

Q3 Describe two reactions of a Group 2 oxide that show it to be a base.
Q4 Which is less soluble, barium hydroxide or magnesium hydroxide?
Q5 Which is more soluble, strontium sulfate or calcium sulfate?

Exam Questions
Q1 Barium and calcium are both Group 2 elements.
a) Which of the following would be more soluble than calcium hydroxide?

A magnesium hydroxide only B strontium hydroxide and barium hydroxide

C strontium hydroxide only D magnesium hydroxide and barium hydroxide [1 mark]

b) Which, out of barium and calcium, has the highest, combined first and second ionisation energy?

Explain your answer. [4 marks]

¢) Calcium can be burned in chlorine gas. Write an equation, including state symbols, for the reaction.  [1 mark]

Q2 a) Write a balanced equation for the reaction of magnesium hydroxide with dilute hydrochloric acid. [2 marks]

b) Write a balanced equation for the reaction of calcium oxide with water. [2 marks]

I’m not gonna make it. You've qotta get me out of here, Doc...

We're deep in the dense jungle of Inorganic Chemistry now. Those carefree days of atomic structure are well behind us.
It’s now an endurance test and you've just got to keep going. It’s tough, but you've got to stay awake and keep learning.

Toric 4 — INORGANIC CHEMISTRY AND THE PERIODIC TABLE
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Group 1 and 2 Compounds

These pages are about Group 1 and 2 compounds, starting with the thermal stability of their carbonates and nitrates.
So — quick, get your vest and long johns on before you topple over — we haven’t even started yet.

Thermal Stability of Carbonates and Nitrates Changes Down the Group

Thermal decomposition is when a substance breaks down (decomposes) when heated.
The more thermally stable a substance is, the more heat it will take to break it down.

Thermal stability increases down a group
The carbonate and nitrate ions are large negative ions (anions) and can
be made unstable by the presence of a positively charged ion (a cation).
The cation polarises the anion, distorting it. The greater the distortion,

the less stable the compound.

Large cations cause less distortion than small cations as they have a Magnesium ions polarise carbonate ions
lower charge density — the charge on the ion is spread out over a larger area. ~ more than barium ions do, meaning
So the further down the group, the larger the cations, the lower the charge magnesium carbonate is less stable.
density so the less distortion caused and the more stable the carbonate/nitrate compound.

Group 2 compounds are less thermally stable than Group 1 compounds

The greater the charge on the cation, the greater the distortion and the less stable the
carbonate/nitrate compound becomes. Group 2 cations have a +2 charge, compared to a +1 charge
for Group 1 cations. So Group 2 carbonates and nitrates are less stable than those of Group 1.

Group 1 Group 2
Group 1 carbonates* are thermally stable Group 2 carbonates decompose to form the
— you can’t heat them enough with a Bunsen oxide and carbon dioxide.
to make them dgcompose (though they do MCO; , > MO, + CO,
decompose at higher temperatures). s s 8
*except Li,CO, which decomposes to Li,O and CO, €.g. CaCO3 © Cao(s) + Coz @
(there's always one...). calcium calcium
carbonate oxide
Group 1 nitrates** decompose to Group 2 nitrates decompose to form the oxide,
form the nitrite and oxygen. nitrogen dioxide and oxygen.
2MNO, ;= 2MNO, , + O, 2M(NO,), , = 2MO +4NO, | + O,
e.g. 2KNO, ;= 2KNO,  +0O, e.g. 2Ca(NO,), , —2CaO, +4NO,  + O,
potassium potassium calcium calcium nitrogen
nitrate nitrite nitrate oxide dioxide
**except LINO, which decomposes to form Li,O, NO, and O,

Here’s How to Test the Thermal Stability of Nitrates and Carbonates

How easily nitrates decompose can be tested by measuring...

* how long it takes until a certain amount of oxygen is produced
(i.e. enough to relight a glowing splint).

* how long it takes until an amount of brown gas (NO,) is produced.
This needs to be done in a fume cupboard because NO, is toxic.

Daisy the cow

How easily carbonates decompose can be tested by measuring... A LA AR R RN RS

N o

' -. = You can collect gas usinga =

¢ how long it takes for an amount of carbon dioxide to be produced. I gassyringe or a test tube =
You test for carbon dioxide using lime water — which is a saturated E/ upturned in a beaker of water. =

N

solution of calcium hydroxide. This turns cloudy with carbon dioxide. ~ ~/''!''/viviiiiviriviiviiiin
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Group 1 and 2 Compounds

Group 1 and 2 Compounds Burn with Distinctive Flame Colours

...not all of them, but quite a few. For compounds containing the ions below, flame tests can help identify them.

Flame colours of Group 1 and 2 metals Here’s how to do a flame test: o
i nds Y\
and their compo 1) Mix a small amount of the compound you’re
Li red testing with a few drops of hydrochloric acid.
Na orange/yellow 2) Heat a piece of platinum or nichrome wire in a
K lilac Ca brick-red hot Bunsen flame to clean it.
Rb red Sr crimson 3) Dip the wire into the compound/acid mixture.
Ba green Hold it in a very hot flame and
Cs blue note the colour produced.

R RN A NN RN AN AR RN NSNNERNRY,
The movement of electrons between

energy levels is called electron transition.
ARV AR RN RN RN RV RNV ARRRRARRVARE

The explanation:

iy,
[WEERN

A\

The energy absorbed from the flame causes electrons to move to higher
energy levels. The colours are seen as the electrons fall back down to
lower energy levels, releasing energy in the form of light. The difference J\!!'PVI b,
. . . The principle is the same as for
in energy between the higher and lower levels determines the wavelength A L

¢ . . . the formation of atomic emission
of the light released — which determines the colour of the light.

spectra (see page 12).
AN RN RN NN RN AR RRRNERNL

71

VAR

SYARNRY

Practice Questions

Q1 What is the trend in the thermal stability of the nitrates of Group 1 elements?

Q2 Write a general equation for the thermal decomposition of a Group 2 carbonate.
Use M to represent the Group 2 metal.

Q3 Describe two ways that you could test how easily the nitrates of Group 2 decompose.
Q4 Which Group 1 or 2 metal ions are indicated by the following flame colours?
a) lilac b) brick-red c) orange/yellow

Exam Questions
Q1 Barium and calcium are both Group 2 elements. They both form carbonates.

a) Write a balanced equation for the thermal decomposition
of calcium carbonate, including state symbols. [2 marks]

b) State whether barium carbonate or calcium carbonate is more thermally stable. Explain your answer. [3 marks]
Q2 a) Write a balanced equation, including state symbols, for the thermal decomposition of sodium nitrate. [1 mark]
b) How could you test for the gas produced in the thermal decomposition? [1 mark]

c) Place the following in order of ease of thermal decomposition (easiest first).
magnesium nitrate potassium nitrate sodium nitrate
Explain your answer. [3 marks]

Q3 a) When a substance is heated, what changes occur within the atom that give rise to a coloured flame? [2 marks]

b) A compound gives a blue colour in a flame test.
What s-block metal ions might this compound contain? [1 mark]

Bored of Group 2? Me too. Let’s play noughts and crosses...

X g Noughts and crosses is pretty rubbish really, isn't it?
)5 0 X It’s always a draw. Ho hum. Back to Chemistry then, | guess...

Toric 4 — INORGANIC CHEMISTRY AND THE PERIODIC TABLE
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Halogens

Hold on to your hats... here come the halogens...

Halogens are the Highly Reactive Non-Metals of Group 7

1) The table below gives some of the main properties of the first 4 halogens.

halogen | formula colour ?:ty:(l)f)?':)stt::fp ) electronic structure electronegativity
fluorine F, pale yellow | gas 1s? 2s? 2p° increases
chlorine | Cl, green gas 1s? 2s? 2p°® 3s? 3p° up
bromine | Br, red-brown  [RHeUIL! 1s? 2s? 2p® 3s? 3p® 3d'° 4s? 4p° the
iodine 1, solid 1s2 2s? 2p® 3s? 3p° 3d' 4s? 4p° 4d'° 552 5p° | 8MOUP

2) Halogens in their natural state exist as covalent diatomic molecules (e.g. Br,, CL,).
Because they’re non-polar, they have low solubility in water.

colour in water colour in hexane

3) Butthey do dissolve easily in organic compounds chlorine | virtually colourless | virtually colourless

like hexane. Some of these resulting solutions have :fp.“b .
S . . romine | yellow/orange
distinctive colours that can be used to identify them.

iodine

Halogens get Less Reactive Down the Group

1) Halogen atoms usually react by gaining an electron in their outer p subshell X+e =X

— this means they're reduced. As they're reduced, they oxidise another ox.state: 0 =1
substance (it's a redox reaction) — so they’re oxidising agents.

2) As you go down the group, the atoms become larger, so their outer electrons are further from the nucleus.
The outer electrons are also shielded more from the attraction of the positive nucleus, because there are
more inner electrons. This makes it harder for larger atoms to attract the electron needed to form an ion.
So larger atoms are less reactive and reactivity decreases down the group.

3) This also explains the trend in electronegativity. Electronegativity is a measure of how well an atom attracts
electrons in a covalent bond (see page 28). Electronegativity decreases down Group 7 due to the increase in the
number of inner electron shells and the increase in distance between the nucleus and the bonding electrons.

Melting and Boiling Points Increase Down the Group

Melting | Boiling

1) As you go down Group 7, there’s an increase in electron shells ;
Point/ °C | Point/ °C

(and therefore electrons). This means the London forces
(see pages 30-31) between the halogen molecules get stronger.

-220 -188
2) The increase in London forces makes it harder to overcome the
. . o . . -102 -34
intermolecular forces, and so melting and boiling points also increase.
3) The chemistry of fluorine and astatine is hard to study. Fluorine is a toxic gas -7 59
and astatine is highly radioactive and decays quickly. But, you can predict how 114 184

they will behave by looking at the trends in the behaviour of the other halogens.
Generally, they fit with the trends seen down the other elements in Group 7.

Halogens can Displace Halide lons from Solution

1) A displacement reaction is a type of reaction where one element replaces another element in a compound.

. . s\Ebvrrervrrtvvvvrvbovdy,
For example, if you add aqueous chlorine to = This is the full equation =
a potassium bromide solution, the chlorine Clyg + 2KBry,, = 2KCl, ) + Bry = — the ionic equation =
kicks the bromine out and takes its place: = is on the next page. =
\

IR NN AN
2) The halogens’ relative oxidising strengths can be seen in their displacement reactions with halide ions.

3) In a displacement reaction, a more reactive halogen will replace a less reactive halide in a solution:
\\\I‘II\IIIII\IlllllllII\lllllII/
o Chlorine (Cl) will displace both bromide (Br-) and iodide (I) ions. = Halogen' should be used when

describing the at X
e Bromine (Br,) will displace iodide (I) but not chloride (CI) ions. molecule (Xf), buta‘;;id(e’ ?Soned

* lodine (I,) will not displace chloride (CI) or bromide (Br-) ions. E// to describe the negative ion (X").
|||l|||\|lllll||ll\||||lllll\\

[RENENNERN

/

Toric 4 — INORGANIC CHEMISTRY AND THE PERIODIC TABLE



Halogens

QT i,
= lonic half-equations

= only show the reacting
= species. See page 58
=

Halogen-Halide Reactions are Redox Reactions

ey

1) A displacement reaction between halogens and halides is a redox reaction.
The thing that is displaced is oxidised, and the thing that does the displacing is reduced.
\\lllll\llllHlllllllll//
The half-equations
for other halogen
displacement reactions

follow the same pattern.
[ARVRERNRYRARNANERENAN

for more. R
frvrtrbrNrrvrb by erny
Here are the half-equations for the reaction of chlorine with potassium bromide:

Cl, + 2e- — 2CI-  Chlorine displaces bromine and is reduced.
2Br- — Br, + 2e  Bromine is displaced by chlorine and gets oxidised.

ATARRNAREA

\\HHHJH/

2) This table shows the ionic equations for the reactions that happen if you add aqueous halogen solutions
to solutions containing halide ions. (Remember, halogens only displace halides that are below them in the periodic table.)

Potassium chloride Potassium bromide Potassium iodide
solution KCl(aq) (colourless) solution KBr(aq) (colourless) solution Kl(aq) (colourless)
Chlorine water .
no reaction Cl,, . +2Br-_ —2Cl~_ +Br cl, +2F  —2Cl__ +]I
C|2(aq) (colourless) 2 (aq) (ag) (aq) 2 (aq) 2 (aq) (aq) (aq) 2 (aq)
Bromine water . .
no reaction no reaction Br + 217, —2Br-_ +1
BrZ(aq) (orange) 2 (aq) (aq) (aq) 2 (aq)
lodine solution . . .
no reaction no reaction no reaction
|2(a (brown)
q)
3) If areaction takes place, you will see a colour change: = & 5
 If bromide is displaced and bromine (Br,) is formed,
the reaction mixture will turn orange. g o
o Lo . romine iodine
e Ifiodide is dlsplaced ar.1d iodine (1,) is formed, formed formed
the reaction mixture will turn brown.
4) You can make these changes easier to see by shaking . .
the reaction mixture with an organic solvent like hexane. —=p»
The halogen that’s present will dissolve in the organic solvent, bromine iodine
which settles out as a distinct layer above the aqueous solution. — formed

Practice Questions

Q1 What colour is a solution of bromine in water? And in hexane?
Q2 Going down the group, the halogens become less reactive. Explain why.
Q3 Write an ionic equation for the reaction that occurs when potassium iodide is added to bromine water.

Exam Questions
Q1 The halogens can be found in Group 7 of the periodic table.
a) Write an ionic equation for the reaction between chlorine solution and sodium bromide (NaBr). [1 mark]
b) Describe and explain the trend in the boiling points of the halogens. [3 marks]

Q2 A student has a sample of an aqueous potassium halide solution. She knows it contains either chloride, bromide
or iodide ions. The student adds a few drops of aqueous bromine solution to the test tube and a reaction takes place.

a) Which halide ion is present in the potassium halide solution? [1 mark]

b) What colour will the aqueous solution in the test tube be after the reaction has finished? [1 mark]

Bromine molecules — Chemistry’s greatest Bromance...

This looks like a lot of tricky stuff, but really it all boils down to just spending a bit of time learning it. Make sure you can
remember the Group 7 trends, and that you're able to explain them too. But it’s not all bad — you get a periodic table
in the exam, so you don’t have to remember what order the halogens come in. Sounds like you're being spoilt, to me...

Toric 4 — INORGANIC CHEMISTRY AND THE PERIODIC TABLE
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Reactions of Halogens

Here comes another page jam-packed with golden nuggets of halogen fun. Oh yes, I kid you not.

NULEVEEE g,
Halogens are toxic, so
make sure you carry out
any reactions with them

In a fume cupboard,
AR AR RVERERTENNNEN

7

This page is the roller coaster of Chemistry... white-knuckle excitement all the way...

Halogens Can React with Group 1 and Group 2 Metals

Remember, when halogens react they're reduced — and they oxidise other substances.
For example, they oxidise Group 1 and Group 2 metals in reactions that produce halide salts.

Group 1 Metals...

E.g. 2Li(s) + F, ®

ANNNRREETAN

NUARARRRNAY

— 2LiF

Lithium is oxidised: Li — Li* + e

ox. state of Li: 0 - +1 oxidation
ox. state of F: 0 - -1 reduction Fluorine is reduced: F, + 2e- — 2F
Group 2 Metals...
E.g. Mg, + Clz(g) - MgCl,
ox. state of Mg: 0 - 42 oxidation Magnesium is oxidised: Mg — Mg?* + 2e
ox. state of Cl: 0o - -1 reduction Chlorine is reduced: Cl, + 2e- - 2CI-

Halogens Undergo Disproportionation with Cold Alkalis

The halogens will react with cold dilute alkali solutions.
In these reactions, the halogen is simultaneously oxidised and reduced (called disproportionation)...

ERRRANEARRANYS

X2 + 2NaOH — NaOX + NaX + H20

X represents =

N
lonic equation: X, + 20H - OX + X +H,0 :; any halogen. =
Oxidation number of X: 0 +1 .| SIREARRERRVARAA
Example: l, + 2NaOH — NaOl +Nal +H,0
sodium QYU
iodate(l) = Fluorine can't foflfml l‘:‘l“ li(l),,l]sl //i
= — its oxidati o=
The halogens (except fluorine) can exist in a wide range of oxidation states. = always e,-th:rnonuon:bjr =
For example: OV S
Oxidation state -1 0 +1 +1 +3 +5 +7
lon cr cl clo- BrO- BrO," 10, 0,
Name chloride chlorine chlorate(l) bromate(l) | bromate(lll) | iodate(V) iodate(VII)

Chlorine and Sodium Hydroxide make Bleach

If you mix chlorine gas with cold, dilute aqueous sodium hydroxide, the above reaction takes
place and you get sodium chlorate(l) solution, NaClO,,,, which just happens to be bleach.

2NaOH,, +Cl, , — NaClO_ +NaCl  +H,0,

Oxidation number of Cl: 0 +1 -1

The oxidation number of Cl goes up and down so,

you guessed it, it's disproportionation. Hurray.

The sodium chlorite(l) solution (bleach) has loads of uses — it’s used in water treatment,
to bleach paper and textiles... and it’s good for cleaning toilets, too. Handy...
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Reactions of Halogens

Halogens Also Undergo Disproportionation with Hot Alkalis

In reactions with hot alkalis, halogens are also simultaneously oxidised and reduced (disproportionation).

3X, + 6NaOH — NaXO, + 5NaX + 3H,0

lonic equation: 3, + 60H — XO,” + 5X= +3H,0

QEvervvrprrrrvern vl

L = You can use other =
Oxidation number of X: 0 +5 =1l = alkalis too, eg. KOH. =
Example: 3Cl, + 6NaOH — NaClO, + 5NaCl + 3H,0 EAARURNRERRNRRARTRRR
sodium .
chlorate(V) IR RS RN

/

Reactions using chlorine need
to be carried out In a fume

. :
cupboard pecause it's toxic. .
//llll\ll\lll\\\\llllllllll

\\l‘\\\'
70N

Chlorine is used to Kill Bacteria in Water

When you mix chlorine with water, it undergoes disproportionation.
You end up with a mixture of hydrochloric acid and hypochlorous acid.

Clz(g)+HZO(|) = HCI(aq) aF HCIO(aq)

Bromine and iodine also
Oxidation number of Cl: | 0 -1

+1 undergo disproportionation
hydrochloric acid hypochlorous acid e Gab3er] v RS

Hypochlorous acid ionises to

make chlorate(l) ions (also HCIO(aq) + H,0, = CIO‘(
called hypochlorite ions).

aq)

.
+ H,O aq)

Chlorate(l) ions kill bacteria.

Crystal and Shane

. . . were thrilled to hear

So, adding chlorine (or a compound containing that the water was
hypochlorite ions) to water can make it safe to drink or swim in. safe to swim in.

Practice Questions

Q1 What is formed when a halogen reacts with a Group 1 metal?
Q2 How is common household bleach formed?

Q3 Write the equation for the reaction of chlorine with water. State underneath the oxidation numbers of the chlorine.

Exam Question

Q1 Ifliquid bromine is mixed with cold, dilute potassium hydroxide, potassium bromate(I) is formed.

a) Give the ionic equation for the reaction. [1 mark]
b) What type of reaction is this? [1 mark]

If liquid bromine is reacted with hot, dilute potassium hydroxide, a reaction, different to that outlined in a), occurs.

c) Write the equation for the reaction that occurs when liquid bromine

is mixed with hot, dilute potassium hydroxide [2 marks]

Remain seated until the page comes to a halt. Please exit to the right...

Oooh, what a lovely page, if | do say so myself. | bet the question of how bleach is made and how chlorine reacts
with sodium hydroxide has plagued your mind since childhood. Well now you know. And remember... anything that
chlorine can do, bromine and iodine can generally do as well. Eeee... it’s just fun, fun, fun all the way.
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Reactions of Halides

Ah, halides. Personally, I can never get enough of them.

The Reducing Power of Halides Increases Down the Group...

A halide ion can act as a reducing agent by losing an electron from its outer shell (see the reaction
with halogens on page 47). How easy this is depends on the attraction between the halide’s
nucleus and the outer electrons. As you go down the group, the attraction gets weaker because...
1) ... the ions get bigger, so the electrons are further away from the positive nucleus,

2) ... there are extra inner electron shells, so there’s a greater shielding effect.

...which Explains their Reactions with Sulfuric Acid

All the halides react with concentrated sulfuric acid to give a hydrogen halide as a product to start with.
But what happens next depends on which halide you've got. Here are the reactions of the Group 1 halides.

Reaction of KF or KCI with H,SO,

1) Hydrogen fluoride (HF) or hydrogen chloride gas (HCI) is formed.

KF, +H,SO,, — KHSO,  + HF(g) You'll see misty fumes as the gas comes into contact with moisture in the air.
2) But fluoride ions (F7) and chloride ions (CI7) aren't strong enough reducing
KCl, +H,50,, — KHSO,, + HCl(g) agents to reduce the sulfuric acid, so the reaction stops there.

3) Its not a redox reaction — the oxidation numbers of
the halide and sulfur stay the same (-1 and +6).

Reaction of KBr with H,SO,
1) The first reaction gives misty fumes

, +H,80,, —» KHSO,  + HBr / of hydrogen bromide gas (HBr).
s g

2) But bromide ions (Br) are a stronger
reducing agent than chloride ions (CI7) and

S,

KBr(

2HBr, +H, S0, — Bry, +50,, +2H,0, react with the H,SO, in a redox reaction.
ox. state of S: +6 — +4 reduction ~ 3) The reaction produces choking
L. fumes of sulfur dioxide (SO.) and
ox. state of Br: -1 - 0 oxidation . 2
orange fumes of bromine (Br,).
Reaction of KI with H,SO,
1) Same initial reaction giving hydrogen iodide
Kl, +H,50,, = KHSO,, +HI, <= (HI) gas.
/2) lodide ions (1) then reduce HZSO4 as above.
2Hl(g) s H2SO4(I) = I2(s) i SOZ(g) s 2HZO(I) 3) But |7 (being well ‘ard as far as reducing
agents go) keeps going and reduces the SO,
ox. state of S: +6 - +4 reduction to H,S.
ox. state of I: -1 -0 oxidation

AR AR AR RN R RN AR NANAVER RN ENANRRRAR T

6H|(g) + SOZ(g) - HZS(g) + 3'2(5) + 2Hzo(|) = H,S gas is toxic and smells of b.ad eggs. =

. = Abit like my mate Andy at times.. =

OX.StateOfS: +4 — -2 redUCtlon ZENRRNERR RN RR AR RV ERRRVERNRRRERRNE N
ox. state of I: 1 - 0 oxidation

Hydrogen Halides are Acidic Gases

The hydrogen halides are colourless gases, but you can’t forget about them just cos you can’t see ‘em.

1) The hydrogen halides can dissolve in water .
(and moisture in the air) to produce misty fumes of acidic gas. E.g. HCI(g) - H @ T CI_(aq)

(They’ll happily turn damp, blue litmus paper red.) HCl, + H,0 —» H,0* . + CF

2) Hydrogen chloride forms hydrochloric acid, hydrogen bromide

forms hydrobromic acid and hydrogen iodide gives hydroiodic acid. E.g. NH,, +HCl, — NH,CI,
°5° 3(g g) 47°(s)

3) The hydrogen halides also react with ammonia gas to give white fumes. (Its an acid-base reaction.)

E.g. hydrogen chloride gives ammonium chloride.
Toric 4 — INORGANIC CHEMISTRY AND THE PERIODIC TABLE



Reactions of Halides

NN RRNENARRY
Silver nitrate solution s

Silver lons React with Halide lons to Form a Precipitate

]

corrosive, so be carefyl

when handling it.
PUVEVELT 0y g s

Ny

AEAN

This can be used as a test for halides. First you add dilute nitric acid
to remove ions which might interfere with the reaction.
Then you just add silver nitrate solution (AgNO,_ ). Agr,  + X
A precipitate of the silver halide is formed. il

7

/

— AgX,, ..where X is Cl, Bror|

(aq)

For example, if you add silver nitrate to sodium chloride: Ag' . + Cl = AgCl
The colour of the precipitate identifies the dd
. . . . . a
halide present in the original solution. AGNO,
Halide Precipitate formed
Fluoride, F- no precipitate (AgF is soluble)
Chloride, CI- white precipitate
Bromide, Br- cream precipitate }
white cream yellow
lodide, I- yellow precipitate precipitate precipitate precipitate
of AgCl of AgBr of Agl

These precipitates can look quite similar, so it can be difficult to identify a halide based on just this test.
Thankfully, you can tell them apart by watching what happens when you add some ammonia solution.

Original Precipitate Observation
AgCl precipitate dissolves in dilute ammonia solution to give a colourless solution
AgBr pregipitate 'remains unchanged if dilute ammonia .solution is added, bu.t will
dissolve in concentrated ammonia solution to give a colourless solution
Agl precipitate does not dissolve, even in concentrated ammonia solution

Practice Questions
Q1 Give two reasons why a bromide ion is a more powerful reducing agent than a chloride ion.

Q2 Name the gaseous products formed when potassium bromide reacts with concentrated sulfuric acid.
Q3 What type of substance is formed when a hydrogen halide is passed through water?

Q4 What would you see if you mixed hydrogen iodide with ammonia?

Q5 What colour precipitate forms during the reaction between silver ions and bromide ions?

Exam Questions
Q1 What colour precipitate would be produced from the reaction of sodium iodide with silver ions?
A yellow B white C blue D cream [1 mark]

Q2 A student carried out chemical tests using concentrated sulfuric acid in order
to distinguish between solid samples of sodium chloride and sodium bromide.
For each test, state what she would have observed and write an equation for the reaction which occurred.  [6 marks]

Q3 Potassium iodide and potassium bromide both react with sulfuric acid.
Compare the reactions of these two potassium halides with sulfuric acid.

You should include suitable chemical equations in your answer. [6 marks]

Get your umbrella — there’s silver halide precipitation heading this way...
Having to learn the reactions of the halides with silver nitrate can be a bore, but they’re on the specification so you
really do need to know ‘em. You can’t ignore the reactions of the halides with sulfuric acid either, or the reactions of
hydrogen halides with ammonia and water. Sorry. Best thing for it is to just crack on I guess. Get yourself a cuppa first.

Toric 4 — INORGANIC CHEMISTRY AND THE PERIODIC TABLE
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Tests for lons

If you’ve got some unknown ions, there are some nifty little experiments you can do to identify them. There are
tests for both positive ions and for negative ions. And that’s what the next couple of pages are all about.

Hydrochloric Acid Can Help Detect Carbonates

The first of the negative ion tests is for carbonate ions (CO,*) and hydrogencarbonate (HCO,") ions:

With dilute hydrochloric acid, carbonates will fizz because they give off carbon dioxide.

CO32*(5) + 2H+(aq) — CO, @t H,0,

With dilute hydrochloric acid, hydrogencarbonates will also fizz because they give off carbon dioxide.

HCO, , + HY,, = CO,, +H,0,

aq)

You can test for carbon dioxide using limewater.

Carbon dioxide turns limewater cloudy — just bubble the gas through a test tube of limewater and watch
what happens. If the water goes cloudy you've identified a carbonate ion or a hydrogencarbonate.

CO, gas
— |
Acid

—Limewater

Carbonate/Hydrogencarbonate

Test for Sulfates with Hydrochloric Acid and Barium Chloride

Toidentifyasulfateion(5042‘),adddiluteHCl, \\“”“’“"|IIIIII\l\IIIHHI!IHIIIIII\HIIIHI
s

followed by barium chloride solution, BaC]z(aq)‘ The hydroc'hloric acid is added to get rid of any traces of
carbonate ions before you do the test. These would also

/ ,p:'oduceapreapltate, so they'd confuse the results,
R R A R R R R RN RN RN AN VAR T A RN E RN AT

IARERWA

RYARRART

2+ 2-
Ba**,, + 50,7, — BaSO,

If a white precipitate of barium sulfate forms, it means the original compound contained a sulfate.

add dilute add
HCI BaCl
solution
Metal sulfate solution, white
e.g. magnesium sulfate precipitate
solution of BaSO,
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Tests for lons

Use Litmus Paper and NaOH to Test for Ammonium Compounds

1) Ammonia gas (NH,) is alkaline, so you can check for it using a damp piece of red litmus paper.
If there’s ammonia present, it'll dissolve in the water on the damp litmus paper, turning it blue.
You can use this to test whether a substance contains ammonium ions (NH,*). Add some sodium hydroxide

2)
to your mystery substance in a test tube and gently heat the mixture. If there’s ammonia given off this means
\”H'HH/””/HIHI/

You.should do this
EXperiment in 3 fyme
cupboard a5 jt produces

o Irritant gas,
PR G T

N

there are ammonium ions in your mystery substance.

\Ill|/||,//

NH, .o + OH‘(aq) - NH3(g) + H,0,

4 (aq

\

-
AYRRRVEIR

Example:  NH,Cl .+ NaOH_ — NH, + H,0, + NaCl_,

add sodium
hydroxide .
test with damp

" litmus paper
H
i

GENTLE
HEAT

Geoff's iron test had gone well.

VRV g,
. 7
The litmus paper needs to be damp =

so the ammonia gas can dissolve =

— and make the colour change.
N AN R RN AN RN RRNER TN

\

N

Vv

IRy

Practice Questions

Q1 What substance do you need to add to a sample to test for hydrogencarbonate ions?
Why is dilute HCI added to a compound as the first step in a test for sulfates?

Q2 a)
b) Name the second substance you need to add to a sample to test for sulfates.
Q3 a) In which ion test would you use damp red litmus paper?
b) Why does the litmus paper need to be damp?
Exam Questions
[2 marks]

Q1 Describe a test that can be used to test for carbonates in a solution.
Q2 a) What colour precipitate would be produced from the reaction of calcium sulfate and barium chloride solution?

A yellow C white
B brick red D pale blue [1 mark]
b) Write an ionic equation to show the formation of the precipitate in the reaction between
[2 marks]

magnesium sulfate and barium chloride solution, including state symbols.

Q3 A student is given a solution of ammonium bromide.
Describe how the student could prove that the solution contains ammonium ions. [2 marks]

I've got my ion you...
Remember, you know some other ways to identify ions too. You learnt about flame tests on p.45, which help to identify
Group 1 and 2 metals. You also learnt about identifying halide ions using the colour of the precipitate formed when
silver nitrate solution is added (p.51). Armed with this handful of tests, you’re ready to do some fine detective work.

Toric 4 — INORGANIC CHEMISTRY AND THE PERIODIC TABLE
lvww.ebook3000.con)



http://www.ebook3000.org

54 Toric 5 — FORMULAE, EQUATIONS & AMOUNTS OF SUBSTANCES

The Mole

It’d be handy to be able to count out atoms — but theyre way too tiny. You'd never be able to pick them up with
tweezers to count them. But never mind — by using the idea of relative mass, you can figure out how many you’ve got.

A Mole is Just a (Very Large) Certain Number of Particles

Chemists often talk about ‘amount of substance’. Basically, all they mean is ‘number of particles’.
1) Amount of substance is measured using a unit called the mole (or mol). The number of moles is given the symbol n.

2) The number of particles in one mole is 6.02 x 102. This number is the Avogadro constant, L.
It's given to you in your data booklet in the exam, so don’t worry about learning its value, just what it means.

3) It doesn’t matter what the particles are.
They can be atoms, molecules, penguins — anything.

Number of moles = Number of particles you have
4) Here’s a nice simple formula for finding the number LU S S e s e particles in a mole
of moles from the number of atoms or molecules:

Example: | have 1.50 x 10?* carbon atoms. How many moles of carbon is this?

1.50 x10%*

i =~ 2.49 moles
o X

Number of moles =

SV T,
That's why the mole is such a ridiculous
number of particles (6.02 x 10%) — it's the
number of particles for which the weight in g

is the same as the relative molecular mass.
RN AR R AN AN R AR RN AR RN R AR RANAN NN

Molar Mass is the Mass of One Mole

Molar mass, M, is the mass per mole of something. Just remember:

IRNN\RERAREY

ARV ARRRNA

Molar mass is just the same as the relative molecular mass, M..

&.

The only difference is it has units of ‘grams per mole’, so you stick a ‘g mol" on the end.

Example: Find the molar mass of CaCO,.

Relative formula mass, M, of CaCO, = 40.1 + 12.0 + (3 x 16.0) = 100.1
So the molar mass, M, is 100.1 g mol~'. —i.e. 1 mole of CaCO, weighs 100.1 g.

/ mass of substance
Here’s another formula. Number of moles =

This one’s really important — you need it all the time: molar mass

Example: How many moles of aluminium oxide are present in 5.1 g of AL,O,?

Molar mass, M, of Al,O, = (2 x 27.0) + (3 x 16.0) = 102.0 g mol" Arvrrvnereene e,

—You can re-arrange this equation

Z  using this formula triangle:
NumberofmolesofAIZO3=%=0.050m0les —/,l,,‘,\g,u,‘ll,”,,,,,?,,

Example: How many moles of chlorine molecules are present in 71.0 g of chlorine gas?

We're talking chlorine molecules (not chlorine atoms), so it’s Cl, we're interested in.
— — — frrrvrrrrrrvrr e v rvrerr e vy v b b v
Molar mass, M, of Cl, = (2 x 35.5) = 71.0 g mol™ 2 . .

But note that it would be 2 moles of chlorine atoms,

since chlorine atoms have a molar mass of 35.5 g mol™.
IHII\\IIIH|I|l|lll|llll||\l|l\lllll|HIIIHH[\\

7z

SYARRRN]

Number of moles of Cl, = % = 1.00 mole

You Need to be Able to Work Out the Number of Atoms in Something

Example: How many atoms are in 8.5 g of H,S? QLTI

= Multiplying moles by //:

Molar mass, M, of F,S = 1.0 + 1.0+ 32.1 = 34.1 g mol- the Avogadro constant =
s = gives you the number =

Number of moles of H,S = 347 = 0-249... moles // of molecules/particles. =
Number of molecules of H,S = 0.249... x 6.02 x 102 = 1.50... x 10 B

There are 3 atoms in 1 molecule of H,S so, total no. atoms = 1.50... x 10 x 3 = 4.5 x 10%* (2 s.f)
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The Mole

The Concentration of a Solution Can be Measured in mol dm3...

NYAN

This one can go in
a handy formula

55

[ARRERRNANARRY

JARVEREA

triangle too:

LTy

1) The concentration of a solution is how many moles are dissolved N
per 1 dm? (that’s 1 litre) of solution. The units are mol dm=. =
2) Here’s the formula to find the number of moles: :,/
Number of moles = Concentration (mol dm=3) x Volume (dm?) /
3) Watch out for the units — you might be given the volume in cm? rather than dm?.
If that’s the case, you'll have to convert it to dm? first.
Example: What mass of sodium hydroxide (NaOH) needs to be dissolved in water
to give 50.0 cm? of a solution with a concentration of 2.00 mol dm=?
v I |
Volume of solution in dm? = 50 + 1000 = 0.05 dm? Y d 21000 e =
Number of moles NaOH = 2.00 x 0.0500 = 0.100 mol = Sf; to con;eﬁm =
_ _ 1 — cm’to dm’ you need —
Molar mass, M, of NaOH =23.0 + 16.0 + 1.0 = 40.0 g mol = to divide by 1000 =
Mass = number of moles x M = 0.100 x 40.0 = 4.00 g 2
...0rin g dm3

The concentration of a solution can also be measured by how many grams
of a substance are dissolved per 1 dm? of the solution. The units are g dm=.

Here’s the formula to find the mass of the
substance dissolved in a given volume of solution:/;

” Mass of substance = Concentration (g dm=) x Volume (dm?)

Example: What is the concentration, in g dm=3, of a solution of sodium chloride
(NaCl) that was made by dissolving 0.0210 mol NaCl in 16.0 cm? of water?
Volume of solution in dm?® = 16.0 + 1000 = 0.0160 dm?
Molar mass, M, of NaCl = 23.0 + 35.5 = 58.5 g mol™!
Mass of NaCl=0.0210 mol x 58.5 =1.2285 g

Mass of substance _ 1.2285 _

Concentration = Volume - 0.016

76.8 g dm= (3 s.f.)

Practice Questions

Q1 How many particles are there in one mole?

Q2 What are the units of molar mass?

Q3 What formula links the concentration in mol dm= to the number of moles and the volume of a solution?

Exam Questions

Ql
Q2
Q3
Q4
Q5

How many moles of calcium sulfate are there in 34.05 g of CaSO,?

Calculate the mass of 0.360 moles of ethanoic acid (CH,COOH).

Calculate the concentration, in g dm™, of 0.100 moles of HCI dissolved in 100 cm?® of water.
What mass of H,SO, is needed to produce 60.0 cm? of 0.250 mol dm™* solution?

A 0.500 g sample of sterling silver is dissolved in 15.0 cm? concentrated nitric acid, and then an excess of
potassium iodide is added. All the silver in the solution precipitates out as solid silver iodide (AgI(S)).

The total mass of the dry silver iodide precipitate formed is 1.01 g. What was the concentration,

in mol dm=, of the silver ions in the solution before the addition of potassium iodide?

[1 mark]
[1 mark]
[2 marks]

[2 marks]

[2 marks]

Put your back teeth on the scale and find out your molar mass...

You need this stuff for loads of the calculation questions you might get, so learn it inside out. Before you start plugging
numbers into formulae, make sure they’re in the right units. If theyre not, you need to know how to convert them or
you'll be tossing marks out the window. Learn all the definitions and formulae, then have a bash at the questions.

Toric 5 — FORMUILAE, EQUATIONS & AMOUNTS OF SUBSTANCES
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Empirical and Molecular Formula

Here’s another page piled high with numbers — it’s all just glorified maths really.

Empirical and Molecular Formulae are Ratios

You have to know what’s what with empirical and molecular formulae, so here goes...

e

1) The empirical formula gives the smallest whole number ratio of atoms of each element in a compound.

2) The molecular formula gives the actual numbers of atoms of each type of element in a molecu
3) The molecular formula is made up of a whole number of empirical units.

le.

Example: A molecule has an empirical formula of C,H,0,, and a molecular mass of 166 g mol™'.

YARRRNA

1 mole of H,O contains 2 moles of hydrogen atoms (H), so
you must have started with 0.20 moles of hydrogen atoms.

Ratio C:H =0.10:0.20 . Now you divide both numbers by the smallest — here it’s 0.10.

So, the ratio C:H = 1:2. So the empirical formula must be CH,. fr

\\\IIHHI\II\H/

only place the carbon
in the carbon dioxide

and the hydrogen in the
water could have come

om is the hydrocarbon.

ARRYARENARNANERNNAREA

You also need to know how to work out empirical formulae from the percentages of the different elements.

Example: A compound is found to have percentage composition 56.5% potassium,
8.70% carbon and 34.8% oxygen by mass. Calculate its empirical formula.

dintintnng In 100 g of compound there are:

mass = 56.5 _ 8.70 _ 34.8 _
L::) 397 1.45 moles of K —]2_0—0.725mo|esofC —16.0_2.18molesof

1S Divide each number of moles by the smallest number — in this case it's 0.725.

Usen =

[ARRERY

N\

. 1.45 _ .0.725 _ .2.18 _
K: 0.725 =2.00 C: 0.725 = 1.00 O: 0725 = 3.01

NNy,
= These answers
= are rounded to
3 significant

figures.

e

INARN

The ratio of K:C:O = 2:1:3. So you know the empirical formula’s got to be K,CO..

The calculation above involves using percentage compositions. Sometimes you may have to calculate the

percentage composition yourself, by working out the proportions of different elements in a given
total mass of element in compound
total mass of compound

You use the formula: percentage composition of element X =

. .. . 0 (4 X 1 O) _ o,
Example: The percentage composition of H in CH, is 01 @x10) X 100 = 25%.

Toric 5 — FORMULAE, EQUATIONS & AMOUNTS OF SUBSTANCES

compound.

x100%

Work out its molecular formula. SRR RN R TR
= Empirical i,
First find the empirical mass: (4 x 12.0) + 3 x 1.0) + 2 x 16.0) = the ,roélr;:?vemfjffnljlim ke =
= mass.. =
IR RRNAARAARZS =48.0 + 3.0 + 32.0 = 83.0 g mol™' = (if that helps at all..;ss =
= Comparethe =g ihe molecular mass is 166 g mol™ SRR UTMTIIITITN
- empirica\ and = 166 !
= molecular masses: = so there are 330 = 2 empirical units in the molecule.
AN TRRRRNARRARE :
The molecular formula must be the empirical formula x 2,
so the molecular formula = C,H O,.
Empirical Formulae are Calculated from Experiments
You need to be able to work out empirical formulae from experimental results.
Example:  When a hydrocarbon is burnt in excess oxygen, 4.4 g of carbon dioxide and 1.8 g of water are made.
What is the empirical formula of the hydrocarbon?
Prrvrvervrv e rvrverl,
First work out how many = _ mass _ 4.4 4.4
moles of the products you have. = No. of moles of CO; = M T 12.0+2x16.0) 44.0 0.10moles
ARNRER RNV A RN AR RN E N
1 mole of CO, contains 1 mole of carbon atoms, so you must have started with 0.10 moles of carbon atoms.
No. of moles of H,O = 1.8 =18 _0.10moles STy
(2x1.0)+16.0 18.0 This works because the

RNV REE

//

ARRERUEE
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Empirical and Molecular Formulae

Molecular Formulae are Calculated from Experimental Data Too

Once you know the empirical formula, you just need a bit more info and you can work out the molecular formula too.

Example: y
YA
When 4.6 g of an alcohol, with molar mass 46 g mol™, is burnt in excess oxygen, = ;C; Ic;l,slclolnltl e
it produces 8.8 g of carbon dioxide and 5.4 g of water. = G H ang Oa’” -
7 -3

Calculate the empirical formula for the alcohol and then its molecular formula. SR RRRRE VAR

SV,
= The carbon in the CO,
and the hydrogen in the

H,O must have come

from the alcohol — =¥ Number of moles H,O = M55 = 24 _ 9 30 moles
work out the number of M 18

/Ir,“\olle\sl “)‘T lef‘ldl‘ lof\tlhlelsf'l & T mole of H,O contains 2 moles of H. So, 0.30 moles of H,O contains 0.60 moles of H.

_mass _ 8.8 _
Number of moles of CO, = NS g 0.20 moles
1 mole of CO, contains 1 mole of C. So, 0.20 moles of CO, contains 0.20 moles of C.

[NERRRNA

\\III\1|HII||

JARRN}

Mass of C = no.of molesx M =0.20x12.0=2.4g
Mass of H = no. of moles x M =0.60x1.0=0.60 g

Massof O =4.6 -(2.4+0.60)=1.6¢

_mass _ 1.6 _
Number of moles O = M 160" 0.10 moles

AR A R AN RN A RN AR AR N AN N AR R RN AWARWANRARNDY
Now work out the mass of carbon and hydrogen in the
alcohol. The rest of the mass of the alcohol must be oxygen
— so work out that too. Once you know the mass of O,

you can work out how many moles there are of it.
RN RRN AR R AV RN RRRVARRNARRERNAVERRRNRVARRARRRARY

7
\

ﬁlll

CZAVERRRRN

oVt

Molar Ratio=C:H:0 =0.20:0.60:0.10=2:6:1
Empirical formula = C,H.O
Mass of empirical formula = (2 x 12.0) + (6 x 1.0) + 16.0 =46.0 g

In this example, the mass of the empirical formula equals the
L o o
Qe \hl L \‘rli\ca‘\l\ = molecular mass, so the empirical and molecular formulae are the same.
= Compare the emp!

= and molecular masses.
7|Ill\lllll\l\l\ll||l\\

[N

Molecular formula = C,H.O

-1

Practice Questions

Q1 What's the difference between a molecular formula and an empirical formula?
Q2 What's the formula to work out the percentage composition of an element in a substance?

Exam Questions

Q1 In an experiment to determine the formula of an oxide of copper, 2.80 g of the oxide was heated
in a stream of hydrogen gas until there was no further mass change. 2.50 g of copper remained.

Calculate the empirical formula of the oxide. [4 (Cu) = 63.5, 4 (0) =16.0] [4 marks]

Q2 Hydrocarbon X has a molecular mass of 78.0 g. It is found to have 92.3% carbon and 7.70%
hydrogen by mass. Calculate the empirical and molecular formulae of X. [3 marks]

Q3 When 1.20 g of magnesium ribbon is heated in air, it burns to form a white powder
which has a mass of 2.00 g. What is the empirical formula of the powder? [2 marks]

Q4 When 19.8 g of an organic acid, A, is burnt in excess oxygen,
33.0 g of carbon dioxide and 10.8 g of water are produced.
Calculate the empirical formula for A and hence its molecular formula, if M (A) = 132. [4 marks]

ANENEETR

—

The Empirical Strikes Back...

With this stuff, you can’t just learn some facts parrot-fashion to regurgitate in the exam — you’ve gotta know how to use
them. The only way to do that is to practise. Go through the examples on these two pages again, this time working the
answers out for yourself. Then test yourself on the practice exam questions. It'll help you sleep at night — honest.
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Chemical Equations

Balancing equations might cause you a few palpitations — as soon as you make one bit right, the rest goes pear-shaped.

Balanced Equations Have Equal Numbers of Each Atom on Both Sides

1) Balanced equations have the same number of each atom on both sides. They're... well... you know... balanced.

2) You can only add more atoms by adding whole reactants or products. You do this by putting a number
in front of a substance or changing one that’s already there. You can’t mess with formulae — ever.

Example: Balance the equation: C,H, + O, — CO, + H,O. R

Nope, still

NERARREY

GHg+ 0, =CO, + H,O  First work out how many of each atom you have on each side. / l”‘?tl Ibf‘lla\”‘cfld‘ ,\E
C=2 C=1
H=6 H=2 C,H +0O, —»2CO, +3H,0
0=2 ‘ 0=3 The right side needs 2 C’s, so try 2CO,. é_ 5 2 2C _, 2
It also needs 6 H’s, so try 3H,0. H-6 Heo
0=2 0=7

C,H, + 320, - 2CO, + 3H,0

C=2 C
H=6 H
O=7 o

PVELTIV VN D g
You can balance diatomic

molecules in equations using 's.
PURLLL g

) The left side needs 7 O’s, so try 3120,
6 This balances the equation.
7

TR
M,

LErpy

A\

1

lonic Equations Only Show the Reacting Particles

1) You can also write an ionic equation for any reaction involving ions that happens in solution.
2) In an ionic equation, only the reacting particles (and the products they form) are included.

Example: Here is the full balanced equation for the reaction of nitric acid with sodium hydroxide:
HNO,, + NaOH_ — NaNO,  +H,0

N AR RN RN R R RN R RNV

N
@‘ﬂﬂese little symbols tell you

The ionic substances in this equation will dissolve, breaking up into ions in solution. = \hat state each substance is
You can rewrite the equation to show all the ions that are in the reaction mixture: = in (see the next page).

)e

ax — + = + _ ANNERRRNERRERN RN RN RN RRA!
H* .y + NOy7, + Na*  + OH"  — Na*_ + NO, (aq)+HZO([)<<\

VERTTRN v bbb v b e v
To get from this to the ionic equation, just cross out any ions Leave anything that isn't an ion in =

that appear on both sides of the equation — in this case, solution (like the H,O) as itis. =
that's the sodium ions (Na*) and the nitrate ions (NO,"). N A

. . . PV v vy v ey rivrrrrivly,
So the ionic equation for this reaction is: An ion that's present in the reaction
H*,, + OH, > H,0

mixture, but doesn't get involved in
(aq) (aq)

- the reaction is called a spectator ion.
RN RNV AR RN RV AR RV ARRRARNAVAN

3) When you've written an ionic equation, check that the charges are balanced,
as well as the atoms — if the charges don’t balance, the equation isn’t right.

IRNAREN

L

Vv

[ARVERRA

In the example above, the net charge on the left hand side is (+1 +-1) = 0
and the net charge on the right hand side is 0 — so the charges balance.

Balanced Equations Can Be Used to Work out Masses

Balanced equations show the reaction stoichiometry. The reaction stoichiometry tells you the ratios of
reactants to products, i.e. how many moles of product are formed from a certain number of moles of reactants.

Example: Calculate the mass of iron oxide produced if 28 g of iron is burnt in air.  2Fe + %Oz - Fe,O,

The molar mass, M, of Fe = 55.8 g mol™', so the number of moles in 28 g of Fe = m/slss = % = 0.50 moles.

From the equation: 2 moles of Fe produces 1 mole of Fe,O,, so 0.50 moles of Fe produce 0.25 moles of Fe,O,.
KU RN R N R RN AN R RARRRARNRAY): _ _ 1
2 Onee yous b the mmber of moles = M 0f Fe,0, = (2 x 55.8) + (3 x 16.0) = 159.6 g mol
Mass of Fe,O, = no. of moles x M = 0.25 x 159.6 = 40 g (2 s.f.)

and the molar mass (M) of Fe,O

23
it's easy to work out the mass.
ANV T
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Chemical Equations

State Symbols Give a bit More Information about the Substances

State symbols are put after each reactant or product in an equation. They tell you what state of matter things are in.

. .. To show you what | mean, here’s an example —
s = solid I = liquid Y P

g = gas aq = aqueous CaCog(S) + 2HCI(aq — CadCl + HZO(I) + CO

au ¢ ) 2(aq)
(solution in water) . -
solid aqueous aqueous liquid gas

2(g)

You can use state symbols and chemical equations to show what’s going on during a reaction...

In Displacement Reactions, One Element Replaces Another 2 Have & ok s LI,
= Have a peek at pages 46-47

for more on the displacement

reactions of halogens.

1) In displacement reactions, a more reactive element reacts
to take the place of a less reactive element in a compound. a2

"'llll\lllllllll/l I
2) For example, chlorine reacts with potassium bromide to form bromine and potassium chloride. Z}

ARAN
T

Full equation: Cl,  +2KBr_, —Br, , +2KCl  lonic Equation: Cl,  +2Br . — Br,  +2CI<

In Reactions of Acids, a Salt and Water are Produced

Nrvbrrrvtrrrnv v e rvv vyl
. . Z When acids react with bases,
When bases react with acids, a salt and water are always produced. = it's a neutralisation reaction.

Sometimes, other compounds such as carbon dioxide gas are also formed. SV AR RR RN RN RVARCRRRANER

[RRRAEN

7

Example: Sulfuric acid reacts with sodium hydroxide Example: Nitric acid and sodium carbonate react to form

to form sodium sulfate and water: sodium nitrate, water and carbon dioxide.
H,50,,, + 2NaOH_,, — Na,50,,, + 2H,0 2HNQO,,, + Na,CO,,, = 2NaNO, ,  + H,0, + CO,,
lonic equation: 2H*  +20H"  —2H,0, lonic equation: 2H*_  + CO32*(aq) — H,0, + CO,,

NI R RN A R AR RRTAREE AN
= This state symbol shows that BaSO,

In Precipitation Reactions, a Solid is Formed

[REERN

= has formed as a solid precipitate.

If two aqueous compounds react together and one of the products A IR R R AT A=
forms as a solid, then a precipitation reaction has taken place. BaCl,,, +K,50,,, — 2KCl  + BaSO,Y
. . . aq 4(aq aq 4(s
E.g. barium chloride and potassium sulfate react to form lonic Equation: Ba2*, + SO, — BaSO,
° aq, 4 (aq 4(s

potassium chloride and a precipitate of barium sulfate.

Practice Questions

Q1 What is the difference between a full balanced equation and an ionic equation?
Q2 What is the state symbol for a solution of hydrochloric acid?

Exam Questions

Q1 Balance this equation: KI(aq) +Pb(NO,), @ Pbl, ®F KNO, @9 [1 mark]
Q2 Ethene (C,H,) reacts with hydrochloric acid (HCI) to produce chloroethane (C,H,CI).

Calculate the mass of ethene required to produce 258 g of chloroethane. [4 marks]
Q3 A solution of magnesium chloride (MgCl,) is mixed with a solution of silver nitrate (AgNO,), resulting

in a precipitation reaction to form silver chloride (AgCl) and a solution of magnesium nitrate (Mg(NO,),).

Write a balanced ionic equation for this reaction, including state symbols. [2 marks]

Don'’t get in a state about equations...

Balancing equations is a really, really important skill in Chemistry, so make sure you can do it. You will ONLY be able
to calculate reacting masses if you’ve got a balanced equation to work from. ['ve said it once, and I’ll say it again —
practise, practise, practise... It’s the only road to salvation. (By the way, exactly where is salvation anyway?)

Toric 5 — FORMULAE, EQUATIONS & AMOUNTS OF SUBSTANCES
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Calculations with Gases

You may think this page is full of hot air, but there are some important equations for calculating amounts of gases coming up.

All Gases Take Up the Same Volume under the Same Conditions

1) The space that one mole of a gas occupies at a certain temperature and pressure
is known as the molar gas volume. It has units of dm3 mol-'.

2) If temperature and pressure stay the same, one mole of any gas always has the same volume.
At room temperature and pressure (r.t.p.), this happens to be 24 dm3mol (r.t.p. is 293 K (20 °C) and 101.3 kPa).
Meanwhile, at standard temperature and pressure (s.t.p.), it's 22.4 dm?® mol~ (s.t.p. is 273 K (0 °C) and 101.3 kPa).

3) Here’s the formula for working out the Volume in dm?

. . Numberofmoles= u 1 \\\lllll\HIll'\lllllll'llllllll//

number of moles in a volume of gas: Molar gas volume | = At rtp. just substitute -
&= 24dm’ mol™ into this equation =

= as the molar gas volume. At =
. ; 3 ) - : -

Example: How many moles are there in 6.0 dm?* of oxygen gas at r.t.p.? = stp, substitute 224 dm? mol. =

6.0 AR RN RN RN RN AN AR RNAVERRRNRN

Number of moles = 57" =0.25 moles of oxygen molecules

You Can Measure the Molar Volume of a Gas

collected gas

You can find the volume of gas evolved . measuring cylinder

in a reaction by collecting the gas that is delivery ) filled with water

produced in a gas syringe or by displacing tube ﬁ o X and upturned in a
collecte

. . reaction
water from a measuring cylinder. 9as beaker of water

\\ gas syr”qge miXtUre \

Example:  Explain how you could measure the molar volume of carbon dioxide, in dm?, at room
temperature using this reaction: Na,CO, _ +2HCl ~— NaCl +H, O, +CO, Mg,
p 8 2 3 (aq) (aq) (aq) 2 2 (g - 1dm3 = 1000 N /:
. _— . R RRVAVANRNENA S
1) Measure out a set volume of hydrochloric acid into a conical flask connected to a gas syringe. A

You can use experiments to work out the  reaction
molar volume of a gas. mixture

2) Add a known mass of sodium carbonate to the conical flask,

replace the bung and allow the reaction to go to completion. ~g 120.0
B c o B O
3) Record the volume of carbon dioxide gas collected in the gas syringe. S 80.0
4) Repeat the experiment, varying the mass of sodium carbonate each time. E
S 40.0
>

5) Use your results to draw a graph with the mass of sodium carbonate
on the x-axis and the volume of gas produced on the y-axis. ¥

6) Read off the volume of gas produced for a sensible mass of sodium carbonate
(e.g. 0.20 g of sodium carbonate produces 45 cm? of carbon dioxide).

OI T T T T 1
0 0.1 02 03 04 05
mass Na,CO; / g

iy
7) From the reaction equation, 1T mole of Na,CO, reacts to form 1 mole of CO,. S Ma':elsll,:l’le\}‘/gl: ’l,:S'e,[l?;lfalr':C‘e(lj,//:
M Na,CO, = 106, so 0.20 g of Na,CO, contain 0.20 + 106 = 0.00188... moles. = equations for all these =
Therefore, 1 mole of Na,CO, will produce 0.045 + 0.00188... = 23.85 dm® of CO,. = calculations (see page 58 for =
So the molar volume of a gas under the conditions of this reaction is 24 dm?. = more on balancing equations). =

ANRRRN N AN NN ANENNENNNERRTI A

You Can Work Out Gas Volumes Using Molar Calculations...

It's handy to be able to work out how much gas a reaction will produce, so that you can use large enough apparatus.

Example: How much gas is produced when 15 g of sodium is reacted with excess water at r.t.p.?
2Na(s)+2HZO(l)_>2NaOH +H QUirrprrrvevrvvvrv vyt

(aq) 2(g) [~
= Excess water means you know

\

RN

Mof Na = 23.0 g mol, so number of moles in 15 g of Na = 2= = 0.652... moles = all the sodium will react.
30 RAVARRRRN AR RRRRRRAVERYANAY
From the equation, 2 moles of Na produce 1 mole of H,, Qlinnua IS
so you know 0.652... moles Na produces % =0.326... moles H,. = The reaction happens at room =
= temperature and pressure, so you =

So the volume of H, = 0.326... x 24 = 7.8 dm* (2 s.f.) ‘/ know 1 mole takes up 24 dm?.
& / AR RN RN RN RN RN AR AN RN A NAN
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Calculations with Gases

...0r Using Volume Calculations

If you have a reaction involving gases, you can use the volumes of reactant gases, along
with the reaction equation, to work out the volume of gaseous products that will be produced.

Example: Calculate the total volume of gas produced when 8.25 dm? of dinitrogen pentoxide decomposes:
2N,O; = O, + 4NO,

From the equation, 2 moles N,O, produces 1 mole O, and 4 moles NO,, which is 5 moles of gas in total.

2/
\\\IIII\II\I\IH\Il\\|l\|lll\ll\|\|H\Il\\ll/

S0 8.25 dm? N,O, decomposes to produce %x 8.25 = 20.6 dm® gas. = If you're given the volumes of gas that react

= and are produced, you can use the ratio of these

volumes to work out the reaction equation.
R R R R RN AR VARV R AR RN AR R AN

AVERVREA

=

Ideal Gas Equation — pV = nRT

The ideal gas equation lets you find the number of moles in a certain volume at any temperature and pressure.

pV = nRT Where: p = pressure (Pa) V = volume (m?) n = number of moles
AARNARN AN R R R RN R RN R _ 1 1 _ ANARRARERNERNERYA
= Ris the gas constant. == = Gl J I el I’ = temperature (K.L Z K=°C+273 =
AR RRRRRN RN RRRATAY EERAVRRRRANA RN
Example: At a temperature of 60 °C and a pressure of 250 kPa, a gaseous :3“ 1’ 'k'P'a' ! ;Cl)l s
hydrocarbon occupied a volume of 1100 cm’ and had a mass of 71111, ICI)IOI IPla \E
1.60 g. Find the molecular formula of the hydrocarbon. .
_ SN RN AN R RN ERNANRRRY,
_ PV _(250x10%)x(1.1x107) _ = 1100 cm® = 11 x 103 i =
n=pF= 837x333 =0.0993... moles _//Hl//lmm}uxm||m,\\:
If 0.0993... moles is 1.60 g, then 1 mole = % =16.1... g. So the molar mass (M) is 16 g mol-" (2 s.f.)

Hydrocarbons contain only carbon and hydrogen atoms.
The only hydrocarbon with a molecular mass of 16 g mol™ is methane, CH,.

ST g,

Volatile liquids

evaporate easily,
VRN NN NI EY

You can use the ideal gas equation to work out the molar mass of an unknown, volatile liquid:

e Put a known mass of the liquid in a flask, then attach it to a sealed gas syringe. =
Gently warm the apparatus in a water bath, until the liquid completely evaporates. K

RVAR

* Record the volume of gas in the syringe and the temperature of the water bath.

*  Use the ideal gas equation to work out how many moles of the liquid were in your sample,
and the equation molar mass = mass + moles to calculate the molar mass.

Practice Questions

Q1 What volume does 1 mole of gas occupy at r.t.p.?

Q2 Describe two methods you could use to measure the amount of gas produced over the course of a reaction.
Q3 State the ideal gas equation.

Exam Questions
Q1 At what temperature will 1.28 g of chlorine gas occupy 98.6 dm?, at a pressure of 175 Pa? [2 marks]
Q2 What volume will be occupied by 88 g of propane gas (C,H,) at r.t.p.? [2 marks]

Q3 What volume of oxygen is required, at room temperature and pressure
for the complete combustion of 3.50 x 102 mol of butane (C,H,)? [2 marks]

Q4 Magnesium carbonate (MgCO,) thermally decomposes to produce magnesium oxide (MgO) and carbon dioxide.
What mass of magnesium carbonate is needed to produce 6.00 dm? of carbon dioxide at r.t.p.? [2 marks]

| can’t carry on — I've run out of gas...

The ideal gas equation is really important, so make sure you know it. To make life a bit easier, the gas constant is in
your exam data booklet along with the molar gas volumes at r.t.p. and s.t.p. and conversions between m?, dm? and cm’.

Toric 5 — FORMULAE, EQUATIONS & AMOUNTS OF SUBSTANCES
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Acid-Base Titrations

Titrations are used to find out the concentrations of acid or alkali solutions.

Experiments Involve Risks and Hazards

1) A hazard is anything that has the potential to cause harm or damage. The risk associated with that hazard is the
probability of someone (or something) being harmed if they are exposed to the hazard.

2) Many chemistry experiments have risks associated with them. These can include risks associated with the
equipment you're using (e.g. the risk of burning from an electric heater) as well as risks associated with chemicals.

3) When you plan an experiment, you need to identify all the hazards and what the risk is from each hazard.
This includes working out how likely it is that something could go wrong, and how serious it would be if it did.
You then need to think of ways to reduce these risks. This procedure is called a risk assessment.

Example: A student is going to find the concentration of a solution of sodium hydroxide by titrating it with
hydrochloric acid. Identify any hazards in this experiment, and suggest how you could reduce the risk.

Sodium hydroxide and hydrochloric acid are irritants at low concentrations and corrosive at high concentrations.
Irritants cause inflammation, and corrosive substances cause chemical burns if they come into contact with
your skin or eyes. To reduce the risks posed by these hazards, the student should try to use low concentrations
of the substances if possible, and wear gloves, a lab coat and goggles when handling the chemicals.

A Standard Solution Has a Known Concentration

Before you start a titration, you have to make up a standard solution. A standard solution is any solution that you
know the concentration of. Making a standard solution needs careful measuring and a hint of maths:

Example: Make 250 cm’ of a solution of benzoic acid (C,H,COOH) with a concentration of about 0.200 mol dm=.
\|l||l‘|llll\|llllll/
The solute is the
substance being
dissolved into the
solution — here it's

the solid benzoic acid.
ARRVARERRENERNRRRAT Y

1) First work out roughly how many moles of solute you need by using the formula:

concentration x volume (cm ) 0.200x 250 — 0.0500 mol

moles = 7000 7000

IIlI|I\l|II\\

NIREARRRRAREY>

2) Now work out roughly how many grams of solute is needed using the formula
mass = moles x molar mass = 0.0500 mol x 122.0=6.10 g

3) Carefully weigh out this mass of solute using a balance %/@\

with a precision of at least 2 d.p. — first weigh the [16.68 ] grams | \ [24.78 ] grams |
weighing vessel, note the weight, then add the correct mass. /’ ) & )

\lIHIII\\IIIHIHIH//
4) Add the solid acid to a beaker containing about 100 cm? of
< 8

release a lot of heat.
To stay safe, always add

. . the acid to the water.
4) Reweigh the weighing vessel, and use this value along with the combined mass of ~ “/tiiiiiir v

the vessel and the acid to calculate the exact mass of acid that has been added to the beaker.
Use this exact mass to calculate what the concentration of your standard solution will be:

Mass of acid added to beaker: 24.78 — 18.72 = 6.06 g
Moles of acid added to beaker = 6.06 = 122.0 = 0.0496... moles
Exact concentration of standard solution = (0.0496... x 1000) ~ 250 = 0.199 mol dm

Dissolving an acid can
distilled water and stir until all the solute has dissolved.

NARRARRNEVY

MIRRRRRENE

5) Tip the solution into a volumetric flask — make sure it’s the right size for \ | @
the volume you’re making. Use a funnel to make sure it all goes in.

6) Rinse the beaker and stirring rod with distilled water and add that to the
flask too. This makes sure there’s no solute clinging to the beaker or rod.

7)  Now top the flask up to the correct volume (250 cm?) with more distilled water. Make sure
the bottom of the meniscus reaches the line — when you get close to the line use a pipette to

add water drop by drop. If you go over the line you’ll have to start all over again. Volumetric

flask
8) Stopper the bottle and turn it upside down a few times to make sure it’s all mixed.

Toric 5 — FORMULAE, EQUATIONS & AMOUNTS OF SUBSTANCES



Acid-Base Titrations

Titrations Need to Be Done Accurately

1) Titrations allow you to find out exactly how much

acid is needed to neutralise a quantity of alkali. Burjtifiiasure
2) You measure out some alkali of unknown concentration ‘ Pipette: different volumes
(the analyte), e.g. NaOH using a pipette and put it in a Pipettes measure only one and let you add the
flask, along with some indicator, e.g. phenolphthalein. | volume of solution. Fill the solution drop by drop.
) pipette to just above the line,
3) Rinse the burette with some of your standard solution then take the pipette out of
of acid. Then fill it with your standard solution. the solution (or the water
4) First of all, do a rough titration to get an idea pressure will hold up the *7
where the end point is (the point where the alkali is level). Now drop the level
exactly neutralised and the indicator changes colour). dovn carefully to the line [ ]
To do this, take an initial reading to see how much

acid is in the burette to start off with. Then, add the acid to the alkali —
giving the flask a regular swirl. Stop when your indicator shows a permanent
colour change (the end point). Record the final reading from your burette.
5) Now do an accurate titration. Run the acidinto /iy \ / \ alkali and
within 2 cm? of the end point, then add the acid = You can also do titrations
dropwise. If you don't notice exactly when the the other way “’“”d‘d‘
solution changed colour you've overshot and - ,"’:O'\d\‘??l‘?‘rftlltlol T
your result won't be accurate.

6) Work out the amount of acid used to neutralise the alkali. This is just the
final reading minus the initial reading. This volume is known as the titre.

indicator

AR

IZZRRNREEN

7) It's best to repeat the titration a few times, until you get answers that are concordant (similar) — your readings
should be within 0.1 cm? of each other. Then calculate a mean titre (see page 246), using only your concordant
results. Also, remember to wash out the conical flask between each titration to remove any acid or alkali left in it.

Indicators Show You When the Reaction’s Just Finished QYL
= Universal indicator is no -

Indicators change colour, as if by magic. In titrations, indicators that change colour quickly = gi]Od here — its colour =
. = change is too gradual. =

over a very small pH range are used so you know exactly when the reaction has ended. NI

The main two indicators for acid/alkali reactions are —

methyl orange — turns yellow to red when adding acid to alkali.
phenolphthalein — turns red to colourless when adding acid to alkali.

It's best to place the flask containing the indicator and the acid or alkali

. . . Car indicators are no good
solution on a white surface, so the colour change is easy to see. g

here — they're not always right
(because sometimes they're left).

Practice Questions

Q1 Describe the steps needed to make a standard solution from a solid.
Q2 Describe the procedure for doing a titration.

Exam Questions

Q1 Calculate the mass of sulfamic acid (H,NSO,) needed to
make 200 cm? of 0.500 mol dm sulfamic acid solution. [2 marks]

Q2* Describe how indicators are used and explain the importance of selecting
an appropriate indicator when carrying out a titration. Include examples of
indicators that would and would not be suitable for use in titrations. [6 marks]

Burettes and pipettes — big glass things, just waiting to be dropped...

Titrations work best if the concentration of the standard solution is similar to what you think the concentration of the
solution that you're titrating it against is. If the standard solution is too dilute it’ll take ages to reach the end point of
the titration. If it’s too concentrated then tiny amounts will cause large pH changes and your results may be inaccurate.

* The quality of your extended response
will e assessed for this question Toric 5 — FORMULAE, EQUATIONS & AMOUNTS OF SUBSTANCES
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Titration Calculations

There’s far more to a titration than just simply carrying it out. There are a whole load of calculations to carry out... Gulp.

You can Calculate Concentrations from Titrations

NYARERRARRRRENARE NV

Example: 25.0 cm?® of 0.500 mol dm= HCI was used to neutralise 35.0 cm?® of NaOH solution. ~ The method for =
Calculate the concentration of the sodium hydroxide solution. g carrying out this g
First write a balanced equation and decide what you know and what you need to know: = bitration Wasggown -
= on page 63. -
RRENRNRENRERTATAS
HCI 3+ NaOH3 — NaCl + H,0

25.0 cm 35.0 cm QUL vy,

0.500 moldm= 2 = Its just the formula from =

= page 55, but with volume in =

Now work out how many moles of HCI you have: / cm’ rather than dm’. =

AR RN NANRRRRRARRNA
__concentration x volume (cm®) _ 0.500 x 25.0 _
Number of moles HCl = 1000 =000 = 00125 moles
NUARARRRANRRRRRRNRRY VS

If you're asked for the
concentration in g dm=,
you need to multiply
the concentration by
the molar mass.

From the equation, you know 1 mole of HCI neutralises 1 mole of NaOH.
So 0.0125 moles of HCI must neutralise 0.0125 moles of NaOH.

NNARRNERRN Y]

Ziivrvirennn

Now it’s a doddle to work out the concentration of NaOH.

AERRRNEVERRRRRRN I RN
Concentration Of NaOH(aq) — mOIeS Of NaOH ><31 000 — 0.0125 x 1000 =0.360 m0| dm—SJ
volume (cm’) 35.0

\

You Can Also Use Titrations to Find the Concentration of an Acid

If you carry out a titration like the one on page 63, but use a standard solution of a base and an
acid of unknown concentration, then your results can be used to find the concentration of the acid.

Example: A student carried out an experiment to find the concentration of a solution of hydrochloric acid (HCI).
He first dissolved 0.987 g of sodium hydroxide (NaOH) in 250 cm? of distilled water to make a
standard solution. He then titrated this standard solution against 15.0 cm? of the hydrochloric acid
solution of unknown concentration. Given that the mean titre of NaOH required to neutralise this
volume of HCI solution was 21.7 cm?, calculate the concentration of the solution of HCI.

\l\lIHIIIHIIIlIH//

There's more about
th i

Moles of NaOH dissolved = 0.987 + 40.0 = 0.024675 moles m ek-t“hmques for

aking a standard

Concentration of standard solution = (0.024675 x 1000) = 250 = 0.0987 mol dm= = solution on page 62.

-
LARRNRRRRRRYENVENIES

First calculate the concentration of the standard solution of NaOH:

Iy,

[RRRNRRARN

/

Now write out a balanced equation showing what

you do know, and what you're trying to find out. HCl + NaOH — NaCl + H,0

15.0cm?® 21.7 cm?
? 0.0987 mol dm3

So, you can use the concentration of the standard solution (that you
worked out above) to calculate the concentration of the HCI solution:

_ concentration x volume (cm® _ 0.0987 x 21.7 _
Number of moles NaOH = 1000 = 1000 =0.00214...moles

Since the reaction equation shows that T mole of NaOH neutralises T mole of
HCI, 0.00214... moles of NaOH will neutralise 0.00214... moles of HCI. So...

moles of HCl x 13000 —0.00214...x1000 _ 143 mol dm=
volume (cm?) 15.0

Concentration of HCl =
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Titration Calculations

You use a Pretty Similar Method to Calculate Volumes for Reactions

This is usually used for planning experiments.
You need to use your trusty old concentration = moles + volumeiﬁ%volume (cm?) = noles x1000

again, but this time you need to rearrange it to find the volume. concentration

Example: 20.4 cm® of a 0.500 moldm= solution of sodium carbonate reacts with 1.50 moldm= nitric acid.
Calculate the volume of nitric acid required to neutralise the sodium carbonate.
\\\H/llll'l‘\lllllllllllllll
~ Writing a balanced equa’éi!)l]li';rle;llll "
Important because not all reactions ha yen
as 1:1 molar reactions. This reaction Ta

Na,CO, + 2HNO, — 2NaNO, + H,0 + CO, 1.2 ratio of N oy - Eoch
2 3 3

s
20.4 cm? ? R AR YRR AR AR RN RS

0.500 moldm=3 1.50 moldm™3

Like before, first write a balanced equation for the reaction and
decide what you know and what you want to know:

NV
AN RNNNAY

Now work out how many moles of Na,CO, you've got:

_ concentration x volume (cm?®) _ 0.500 x 20.4 _
No. of moles of Na,CO, = 1000 = =500 = 0.01(\)\2’ Inrf)'lle'sl T

If you're given a
concentration in g dm=,

you should first divide by

1 mole of Na,CO, neutralises 2 moles of HNO,,
s0 0.0102 moles of Na,CO, neutralises 0.0204 moles of HNO,.
the molar mass, M, to

Now you know the number of moles of HNO, and the concentration, : s
o convert it to mol am™.
you can work out the volume: e T

NRRRRNREREEY

Zrrtvtrprrry

_ number of moles x 1000 _ 0.0204 x 1000 _ {3 ¢ cm?

Volume of HNO, e 1.5

You might also be asked to calculate the volume of a solution required to neutralise a known mass of a substance.
The calculation is very similar to the one above, except that you start by working out the number of moles of the
substance using your old friend ‘moles = mass + molar mass’.

Practice Questions

Q1 What equation links the number of moles, concentration and volume (in cm?)?
Q2 What equation links the number of moles, the mass of a substance and its molar mass, M?

Exam Questions

QI Calculate the concentration (in mol dm) of a solution of ethanoic acid, CH,COOH,
if 25.4 cm?® of it is neutralised by 14.6 cm?® of 0.500 mol dm™ sodium hydroxide solution.
CH,COOH + NaOH — CH,COONa + H,0 [3 marks]

Q2 You are supplied with 0.750 g of calcium carbonate and a solution of 0.250 mol dm™ sulfuric acid.
What volume of acid will be needed to neutralise the calcium carbonate?

CaCO, + H,S0, — CaSO, + H,0 + CO, [4 marks]
Q3 In a titration, 17.1 cm? of 0.250 mol dm™ hydrochloric acid neutralises 25.0 cm? calcium hydroxide solution.

a) Write out a balanced equation for this reaction. [1 mark]

b) Work out the concentration of the calcium hydroxide solution. [3 marks]

DJs can'’t do titrations — they just keep on dropping the base...

This just looks like a horrible load of calculations, but it’s not that bad. Just remember the equation linking volume,
concentration and moles and the one that links moles, mass and molar mass, and you’ll be able to work out pretty
much everything. They’re the only tools you need to become a whizz at titration calculations. And that’s the dream.
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Uncertainty and Errors

Even if you’re a super duper Chemistry whizz, you're not error free. Time to meet errors and... errrmmm... uncertainty?

Uncertainty is the Amount of Error Your Measurements Might Have

1) Any measurements you make will have uncertainty in them
due to the limits to the sensitivity of the equipment you used.

2) The uncertainty in your measurements varies for different equipment.
For example, the scale on a 50 cm? burette has marks every 0.1 cm?.
You should be able to tell which mark the level’s closest to, so any
reading you take won’t be more than 0.05 cm? out (as long as you
don’t make a daft mistake). The uncertainty of a reading from the
burette is the maximum error you could have — so that’s +0.05 cm?.

SIS ERRARRARRNRRRARARARAR DD
The level in this burette is between =
the 449 cm? and 45.0 cm® marks. =
It's closer to 450 — so the level =
is between 4495 and 45.0. Soa =

reading of 45.0 ¢cm® can't have an =

error of more than O.05 cm’.
. . . RN ANV R AN AR R VAN
5) Equipment will also have an error based on how accurately it has been made. The manufacturers

should give you these uncertainty values — often they’ll be written on the equipment somewhere.

3) The = sign tells you the range in which the true value could lie.
This range can also be called the margin of error.

4) For any piece of equipment you use, the uncertainty will be half the
smallest increment the equipment can measure, in either direction.

SIRERRRARRR RNV
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6) If you're combining measurements that have the same units, you’ll need to combine their uncertainties.

Example: A student is using a set of electronic scales that measures to the nearest 0.05 g. He zeros the
scales and measures out 1.35 g of solid. Calculate the total uncertainty of the measurement.

There are two readings here — the initial reading is 0.00 g and the final reading is 1.35 g
The uncertainty of each reading is 0.05 + 2 = 0.025 g, so the total uncertainty is 0.025 + 0.025 = 0.05 g.

The Percentage Uncertainty in a Result Should be Calculated LI

- ou mig also see .

You can calculate the percentage uncertainty uncertainty = percentage uncertainty =

of a measurement using this equation: =—=gpm. percentage uncertainty = W x 100 :// Cua”efj ‘loercentc?ge error".\ s
rrrryverer vy

Example: A 250 cm? volumetric flask has a manufacturer’s error of £0.25 cm3.\\\; AR ENRE AR RARARRRINRRNRRIARY.
Calculate the percentage uncertainty of the volumetric flask. The percentage error of a combined
total uncertainty
difference in readings
So the uncertainty of the mass reading

005 o
abOVe IS m x 100 4/0

AN NN RN RN AR AR NN R RN AR AN

/

The standard volume of the volumetric flask has an uncertainty of 0.25 cm?,

o)
o

IARNRRRNNERENAN

uncertainty is

so the percentage uncertainty is 3528 x100 = 0.1%

NEREARRRRENERY
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You Can Minimise the Percentage Uncertainty

1) One obvious way to reduce errors in your measurements is to use the most precise equipment you can.

2) Planning can also improve your results. If you measure out 5 cm? of liquid in a measuring cylinder that has
increments of 0.1 cm? then the percentage uncertainty is (0.05 + 5) x 100 = 1%. But if you measure 10 cm? of
liquid in the same measuring cylinder the percentage uncertainty is (0.05 + 10) x 100 = 0.5% — you’ve halved
the percentage uncertainty. So the percentage uncertainty can be S

reduced by planning an experiment so you use a larger volume of liquid. = " general, the smaller the measurement,
the larger the percentage uncertainty.

rrovrrrvbpprrrvvpvrvr ey rrv vy
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Errors Can Be Systematic or Random

1) Systematic errors are the same every time you repeat the experiment. They may be caused
by the set-up or equipment you used. For example, if the 10.00 cm? pipette you used to
measure out a sample for titration actually only measured 9.95 cm?, your sample would
have been about 0.05 cm? too small every time you repeated the experiment.

2) Random errors vary — they’re what make the results a bit different each time you repeat an experiment.
The errors when you make a reading from a burette are random. You have to estimate or round the level when
it's between two marks — so sometimes your figure will be above the real one, and sometimes it will be below.

3) Repeating an experiment and finding the mean of your results helps to deal with random errors.
The results that are a bit high will be cancelled out by the ones that are a bit low. But repeating
your results won't get rid of any systematic errors, so your results won’t get more accurate.
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Uncertainty and Errors

The Total Uncertainty in a Result Should be Calculated

In titrations, here’s how you find the total uncertainty in the final result:
* Find the percentage uncertainty for each bit of equipment.
* Add the individual percentage uncertainties together. This gives the percentage uncertainty in the final result.
* Use this to work out the actual total uncertainty in the final result.

Example: 10.00 cm?® of KOH solution is neutralised by 27.30 cm?® of HCI of known concentration.
The volume of KOH has an uncertainty of 0.060 cm?.
The volume of HCI has an uncertainty of 0.10 cm?.
The concentration of the KOH is calculated to be 1.365 mol dm™.
What is the uncertainty in this concentration?

First work out the percentage uncertainty for each volume measurement:

The KOH volume of 10.00 cm? has The HCI volume of 27.3 cm? has
an uncertainty of 0.060 cm?: an uncertainty of 0.1 cm?:
percentage uncertainty = % x 100 = 0.60% percentage uncertainty = % x 100 = 0.36...%

Find the percentage uncertainty in the final result:
Total percentage uncertainty = 0.60% + 0.36...% = 0.96...%

RYARR R R AN AR RN R RN AN RNV
= So the actual concentration may

. = beOOI3 mol dm™ bi
Uncertainty in the final answer is 0.96...% of 1.365 mol dm= = 0.013 mol dm™® = Sina”er th:;o@g; m;?gder;g‘r

RN AR RN NN ARRERRRERNANAN

You're not done yet — you still have to calculate the uncertainty in the final result.

ANRYERR

Practice Questions

Q1 If the uncertainty of a reading from a burette is 0.05 cm?, why is the uncertainty of a titre quoted as being 0.1 cm??
Q2 Write down the equation for the percentage uncertainty of a measurement.

Q3 Other than using more precise equipment, describe one way in which you could minimise the percentage
uncertainty of a measurement using a mass balance that reads to the nearest 0.05 g.

Exam Questions

Q1 The table shows the data recorded from a titration experiment.

a) Each reading recorded in the experiment has N . :
. 3 Initial volume | Final volume | Titre
an uncertainty of +0.05 cm’. Calculate the Run 5 3 3
percentage uncertainty in the titre in Run 1. [2 marks] () (em’) (em’)
Rough 1.1 5.2 4.1
b) Explain how you could reduce the percentage 1 12 43 31
error in these titre values by changing the
concentration of the solution in the burette. [2 marks]

Q2 The concentration of a solution of NaOH is measured by titration against 0.100 mol dm= HCIL. 25.00 cm?
of NaOH solution requires 19.25 cm? of HCI for neutralisation, so the concentration of NaOH is 0.0770 mol dm=.
The volume of NaOH was measured using a pipette with an uncertainty of 0.06 cm?.
The titre reading from the burette has an uncertainty of 0.1 cm?.

By combining percentage uncertainties calculate the uncertainty in the concentration of the NaOH. [4 marks]

Random error is human, systematic, divine...

Working out errors and uncertainty is important in every experiment you do. So important, in fact, that this topic is
covered again in the Practical Skills section on page 248. Remember — if a question asks for the uncertainty of a result,
find the uncertainty in the same units as the result. If you work out the total percentage uncertainty, you’ll miss out.
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Atom Economy and Percentage Yield

How to make a subject like Chemistry even more exciting — introduce the word ‘economy ..

The Theoretical Yield of a Product is the Maximum You Could Get
1) The theoretical yield is the mass of product that should be made in a reaction if no chemicals are ‘lost’ in the process.
You can use the masses of reactants and a balanced equation to calculate the theoretical yield for a reaction.

2) The actual mass of product (the actual yield) is always less than the theoretical yield. Some chemicals are always
‘lost’, e.g. some solution gets left on filter paper, or is lost during transfers between containers.

3) The percentage yield is the actual amount of product you .
. . . . actual yield
collect, written as a percentage of the theoretical yield. percentage yield= ———~——x100%

You can work out the percentage yield with this formula: theoretical yield

NARRRNAREREENY]

Example: Ethanol can be oxidised to form ethanal: C,H.,OH + [O] — CH,CHO + H,O [O] s just th
9.2 g of ethanol was reacted with an oxidising agent in excess and 2.1 g symbolj?osr an;

of ethanal was produced. Calculate the theoretical yield and the percentage yield. = oxidising agent
///|ll/]IIlI]I|I'\\

i,
TRRREES

/

Number of moles = mass of substance + molar mass

Moles of C,H.OH =9.2 + [(2 x 12.0) + (5 x 1.0) + 16.0 + 1.0] = 9.2 + 46.0 = 0.20 moles

1 mole of C,H.OH produces 1 mole of CH,CHO, so 0.2 moles of C,H.OH will produce 0.20 moles of CH,CHO.
M of CH,CHO=(2x12.00+ (4 x1.0)+16.0=44.0¢g mol-!

Theoretical yield (mass of CH,CHO) = number of moles x M = 0.20 x 44.0=8.8 g

So, if the actual yield was 2.1 g, the percentage yield = el yield x 100% = 21 x 100% = 24%

theoretical yield 8

Atom Economy is a Measure of the Efficiency of a Reaction

1) The percentage yield tells you how wasteful the process is — it's based on how much of the product is lost
because of things like reactions not completing or losses during collection and purification.

2) But percentage yield doesn’t measure how wasteful the reaction itself is. A reaction that has a 100% yield could
still be very wasteful if a lot of the atoms from the reactants wind up in by-products rather than the desired product.

3) Atom economy is a measure of the proportion of reactant atoms that become part of the desired product
(rather than by-products) in the balanced chemical equation. It’s calculated using this formula:

molar mass of desired product

x 100%
sum of molar masses of all products ’

% atom economy =

4) In an addition reaction, the reactants combine to form a single product.
The atom economy for addition reactions is always 100% since no atoms are wasted.

E.g. ethene (C,H,) and hydrogen react to form ethane (C,H,) in an addition reaction: C,H, + H, — CH,
The only product is ethane (the desired product). No reactant atoms are wasted so the atom economy is 100%.

5) In an ideal world, all reactions would have an atom economy of 100%. Unfortunately, this isn’t
the case, and reactions often have unwanted by-products which lead to a lower atom economy.

Example: Aluminium oxide is formed by heating aluminium hydroxide until it decomposes.
Calculate the atom economy of the reaction.

2AlOH), - ALO, + 3H,0

molar mass of desired product

0, — 0,
7o atom economy = sum of molar masses of all products x100%
_ M(AI203) o
= MALOY 1 3x M(H,0) < 100%
_ 2%27.0)+(3x16.0) o 102 o _ 0
= Ox27.0)+ Bx16.001+3x[Cx 1.0 £16.0] * 100% = 757 57 X 100% = 65.4%

Toric 5 — FORMULAE, EQUATIONS & AMOUNTS OF SUBSTANCES



Atom Economy and Percentage Yield

Reactions Can Have High Percentage Yields and Low Atom Economies

A substitution reaction is one where some atoms from one reactant are swapped with atoms from another reactant.
This type of reaction always results in at least two products — the desired product and at least one by-product.

Example: 0.475 g of CH,Br reacts with an excess of NaOH in this reaction: CH,Br + NaOH — CH,OH + NaBr.
0.153 g of CH,OH is produced.
a) Calculate the atom economy of this reaction.

molar mass of desired product
sum of molar masses of all products

% atom economy = x 100% MUTTVEEU vy g

Always make sure you're

_ M (CH30H) = using a balanced equation. —
- /\/I(CH3OH)3+M(NaBr) X 1007 UL
12.0+(3x1.0)0+16.0+1.0 % 100%

“[12.0+(3x1.00+16.0+1.0]+[23.0 + 79.9]

— 32.0 —
=3350+1029 x100% = 23.7%

b) Calculate the percentage yield of this reaction.

Number of moles = mass of substance + molar mass
Moles of CH3Br =0.475+(12.0+ (3 x1.0) + 79.9) = 0.475 + 94.9 = 0.0050... moles
The reactant: product ratio is 1:1, so the maximum number of moles of CH,OH is 0.00500....

Theoretical yield = 0.00500... x M(CH,OH)
=0.00500... x (12.0 + 3 x 1.0) + 16.0 + 1.0) = 0.00500... x 32 = 0.160... g

actual yield 0.153 ST
A Y 100% = 01593 100% = 95.5% = So this reaction has a ver
theoretical yield 0.160... = high percentage yily bug’

- the atom economy is low.
S N VRN R AR RN
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percentage yield =

ARNENER

Practice Questions

Q1 Give the equation for calculating the % atom economy of a reaction.
Q2 How many products are there in an addition reaction?

Exam Questions

Q1 Reactions 1 and 2 below show two possible ways of preparing the compound chloroethane (C,H.Cl):
1 CHOH + PCl, — C,H,CI + POCI, + HCI
2 CH, + HCl —» C,H,CI
a) Which of these is an addition reaction? [1 mark]

b) Calculate the atom economy for reaction 1. [2 marks]

¢) Reaction 2 has an atom economy of 100%. Explain why this is, in terms of the products of the reaction. [1 mark]
Q2 Phosphorus trichloride (PCl,) reacts with chlorine to give phosphorus pentachloride (PCIL):

PCl, + Cl, — PCI,
a) 0.275 g of PCI, reacts with an excess of chlorine. What is the theoretical yield of PCI,? [2 marks]

b) When this reaction is performed 0.198 g of PCl is collected. Calculate the percentage yield. [1 mark]

¢) Changing conditions such as temperature and pressure will alter the percentage yield of this reaction.
Will changing these conditions affect the atom economy? Explain your answer. [2 marks]

| knew a Tommy Conomy once — strange bloke...

These pages shouldn’t be too much trouble — you’ve survived worse already. Make sure that you get plenty of
practice using the percentage yield and atom economy formulae. And whatever you do, don't get mixed up between
percentage yield (which is to do with the process) and atom economy (which is to do with the reaction).
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70 Toric 6 — ORGANIC CHEMISTRY |

The Basics

This topic’s all about organic chemistry... carbon compounds, in other words. Read on...

There are Loads of Ways of Representing Organic Compounds

Type of formula What it shows you Formula for Butan-1-ol

An algebraic formula that can describe

General formula .
any member of a family of compounds. " "2t

C H., .OH (for all alcohols)

The simplest whole number ratio of atoms
of each element in a compound

with the attached hydrogens and functional groups.

Shows the bonds of the carbon skeleton only,
with any functional groups. The hydrogen and

Empirical formula (cancel the numbers down if possible). CaHi0

(So ethane, C,H,, has the empirical formula CH,)
Molecular formula | The actual number of atoms of each element in a molecule. C,H,,O
Structural formula Shows the arrangement of atoms carbon by carbon, o CH,CH,CH,CH,0H

\\I\HIlI(rl\lllllHIII\\IIIII!H\IHIII

= This could also be written as CH,(CH,),OH.
YRR RN RN AR NN R R RN AR RN RN RN AR

keletal formul . .
Skeletal formula carbon atoms aren’t shown. This is handy for drawing /\/\OH
large complicated structures, like cyclic hydrocarbons.
. Shows how all the atoms are arranged, R
Displayed formula H—C—C—C—C—O—H
and all the bonds between them. AN

Nomenclature is a Fancy Word for the Naming of Organic Compounds

Organic compounds used to be given whatever names people fancied, but
these names led to confusion between different countries.

The IUPAC system for naming organic compounds was invented as an international language for chemistry.

It can be used to give any organic compound a systematic name using these rules of nomenclature...
1) Count the carbon atoms in the longest continuous chain — this gives you the stem.

No. of Carbons 1 2 3 4 5 6 7 8 9 10
Stem meth- | eth- | prop- | but- | pent- | hex- | hept- | oct- | non- [ dec-
2) The main functional group of the molecule usually tells you what homologous series the
molecule is in, and so gives you the prefix or suffix — see the table on the next page.
3) Number the longest carbon chain so that the main functional group has the lowest possible number.
If there’s more than one longest chain, pick the one with the most side-chains.
4) Any side-chains or less important functional groups are added as prefixes at the start of the name.
Put them in alphabetical order, after the number of the carbon atom each is attached to.
5) If there’s more than one identical side-chain or functional group, use di- (2), tri- (3) or tetra- (4)
before that part of the name — but ignore this when working out the alphabetical order.
Example: ~ CH,CH(CH,)CH(CH,CH,)C(CH,),OH
1) The longest chain is 5 carbons. H—E—H
So the stem is pent-. H H H, |, H
2) The main functional group is -OH. H-C—C—C—C—C—H Longest chain with
So the name will be based on ‘pentanol’. H Hy | OH H most side-chains
3) Numbering the longest carbon chain so that H‘é,—CiH
-OH has the lowest possible number (and H | 5
you have most side chains) puts -OH on H-gg—H
carbon 2, so it's some sort of pentan-2-ol. H

4) The side chains are an ethyl group on carbon-3, and methyl groups on carbon-2 and
carbon-4, so the systematic name for this molecule is: 3-ethyl-2,4-dimethylpentan-2-ol.

Toric 6 — ORGANIC CHEMISTRY |

~

/101



The Basics

Members of Homologous Series Have the Same General Formulae

1) Organic chemistry is more about groups of similar NV T T,
chemicals than individual compounds. A functional eroulf’l's a Ed“’ul_f’blof
. . . atoms in a molecule responsiple
2) These.groups are called homologous series. A homologous series is a bunch of = (0 (- b tions of
organic cpmpounds that have the same fun.ctlor?al group and general formula. that compound.
Consecutive members of a homologous series differ by —CH,-.

NYRRRARRY
ZARRYNENE
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Example:

1) The simplest homologous series is the alkanes. They're straight chain molecules that contain
only carbon and hydrogen atoms. There’s a lot more about the alkanes on pages 76-77.

2) The general formula for alkanes is CH, ., So the first alkane in the series is C]H(2 e CH,

(you don’t need to write the 1 in C)), the second is CZH(2 e C,H,, the seventeenth is

C;Hp 1742 = C;H,, and so on...
3) Here are the homologous series you need to know about:
HoMOLOGOUS SERIES PREFIX OR SUFFIX EXAMPLE
alkanes —-ane propane — CH,CH,CH,
branched alkanes alkyl— (=yl) methylpropane — CH,CH(CH,)CH,
alkenes —ene propene — CH,CH=CH,
halogenoalkanes chloro—/bromo-/iodo- chloroethane — CH,CH,ClI S
alcohols ol ethanol — CH,CH,OH = Don't worry if you dor't =
aldehydes —al ethanal — CH,CHO E yerfc—o—gr;;Z’I‘Ia”mtreisihS:r:e:ll ;
ketones -one propanone — CH,COCH, = by the end of the topic. =
cycloalkanes cyclo- ... —ane cyclohexane C.H,, A L
carboxylic acids —oic acid ethanoic acid — CH,COOH

Practice Questions

Q1 Explain the difference between molecular formulae and structural formulae.
Q2 In what order should prefixes be listed in the name of an organic compound?
Q3 What is a homologous series? Give four examples of homologous series.

Exam Questions

Q1 1-bromobutane is prepared from butan-1-ol in this reaction: C,H,OH + NaBr + H,SO, — C,H,Br + NaHSO, + H,0
a) Draw the displayed formulae for butan-1-ol and 1-bromobutane. [2 marks]

b) What does the ‘1’ in the name butan-1-ol tell you, and why is it necessary to include it in the name? [2 marks]

Q2 a) Name the following molecules.

S o w B

H—C—H H—C—H H—(|3—|C—|C=Cig

I|{ II-I I|{ H H Br
e C—(—(C— —C—C—c=c—H
H |C (|: |C H ! (|: (|: |C C\H HINT: The double bond is the most

H H Cl H H H important functional group, so give it~ [3 marks]

the lowest number.
b) i) Write down the molecular formula for 3-ethylpentane. [1 mark]
ii) Write down the structural formula for this molecule. [1 mark]

It's as easy as 1,2,3-trichloropentan-2-ol...

The best thing to do now is find some organic compounds and work out their names. Then have a go at it the other
way around — use the name to draw the compound. It might seem boring, but come the exam, you’ll be thanking me.
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Organic Reactions

This page is chock-full of really good words, like ‘radical substitution” And ‘electrophilic addition’ It’s well worth a read.

You Can Classify Reactions by Reaction Type...

There are lots of different reaction types that organic compounds can take part in.
Here’s a run down of the ones that you’ll meet in Topic 6:

\

Addition — joining two or more molecules together to form a larger molecule. VT,
Polymerisation — joining together lots of simple molecules to form a giant molecule. = / species '5;” i”‘tom'

o e . an 1on, a radical or a
Elimination — when a small group of atoms breaks away from a larger molecule.

molecule.
Substitution — when one species is replaced by another. ORI
Hydrolysis — splitting a molecule into two new molecules by adding H* and OH- derived from water.

\NRRRRNI
Z100ny

Oxidation — any reaction in which a species loses electrons.
Reduction — any reaction in which a species gains electrons.

A Mechanism Breaks Down a Reaction into Individual Stages

1) It’s all very well knowing the outcome of a reaction, but it can also be useful to know how a reaction happens.

2) Mechanisms are diagrams that break reactions down into individual stages to show how substances react together.
Some mechanisms use curly arrows to show how electron pairs move around when bonds are made or broken.

Curly Arrows Show How Electron Pairs Move Around

In order to make or break a bond in a reaction, electrons have to move around.
A curly arrow shows where a pair of electrons goes during a reaction. They look like this:

The arrow starts at the bond or lone pair where /—\ The arrow points to where the new bond is formed at the

the electrons are at the beginning of the reaction. end of the reaction, or to the atom where the electrons go.

Example: Draw a reaction mechanism to show how chloromethane reacts with S There a1 e

aqueous potassium hydroxide to form methanol and potassium chloride. = ming up in thf ;Cham'sms/’—
= Iital Is Top; =
Reaction: H H Sp Weems bit ranplz so if E
| | - . Orty. Bef, /Ong /’70\’/\/, Z

H—C—H + NaOH —>» H—C—H + NaCl 111y, 2 curly apy, “9oull =

\ Prryyy Y Wizard S

\\

|
Cl OH
Electrons move from the hydroxide lone
pair to the carbon to form a new bond.
" % " QT I vy,
«cI- = Na* doesn't get involved in the =

The overall charge of the

Mechanism: .
echants reaction stays the same.

The carbon-chlorine |
bond breaks, and the H—C=H -  » H—C—H =+

electrons move onto C\ :OH~ = reaction, so you don't need to =
the chlorine atom, =% ~+Cl OH = include it in the mechanism. =
RNV RRVEEE RN RN EEEEY

There are Different Types of Mechanisms Too

1) Some reaction types can happen by more than one mechanism. Take addition, for example —
you can get nucleophilic addition, electrophilic addition and radical addition.

2) There are some mechanisms coming up in this Topic that you're expected to remember:

¢ radical substitution of halogens in alkanes, to make halogenoalkanes — see pages 76-77.
e electrophilic addition of halogens and hydrogen halides to
alkenes, to make halogenoalkanes — see pages 86-87.

e nucleophilic substitution of primary halogenoalkanes with aqueous potassium
hydroxide to make alcohols and with ammonia to make amines — see pages 92-93.
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Organic Reactions

Classifying Reagents Helps to Predict What Reactions Will Happen

Knowing the type of reagent that you have helps you predict which
chemicals will react together and what products you're likely to end up with.

1) Nucleophiles are electron pair donors. They're often negatively charged
ions (e.g. halide ions) or species that contain a lone pair of electrons (e.g. the
oxygen atoms in water). They're electron rich, so they're attracted to places
that are electron poor. So they like to react vyith positive ions. Molecules with Frank put safety first when
polar bonds are often attacked by nucleophiles too, as they have 8+ areas. he tested his nuclear file..

PV T i v i g
Remember that '0+ and '0—" show

partial charges — see page 28.
ZUOA TV T

Nucleophiles are attracted to the C** atom in a polar carbon-halogen bond.
The carbon-halogen bond breaks and the nucleophile takes the halogen’s
place — and that’s nucleophilic substitution (see page 92).

AR>S

L
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2) Electrophiles are electron pair acceptors. They're often positively charged ions (e.g. H*), or 8+ areas (e.g. H* in
a hydrogen halide H-X bond). They're electron poor, so they’re attracted to places that are electron rich.
They like to react with negative ions, atoms with lone pairs and the electron-rich area around a C=C bond.
Alkene molecules undergo electrophilic addition. In a molecule with a H._ fe'/ef—{tmn rch area
polar bond, like HBr, the H** acts as an electrophile and is strongly attracted C=C
to the C=C double bond (which polarises the H-Br bond even more, until it H
finally breaks). There’s more about this reaction on page 87. 'Elg'rg—\electrophile

3) Radicals have an unpaired electron, e.g. the chlorine atoms produced when UV light== 3 UV

splits a Cl, molecule. Because they have unpaired electrons, they're very, very reactive. Cl—Cl — 2CJ-
Unlike electrophiles and nucleophiles, they’ll react with anything, positive, negative or neutral.

\\\II\II|HIIIIl/\l||ll\ll\l||l|///
Radicals will even attack stable non-polar bonds, like C-C and = Because a radical will react with =
C—H (so they’re one of the few things that will react with alkanes). = anything in sight, you'll probably end =
There’s loads about the reactions of radicals with alkanes on pages 76-77. = 4P vith a mixture of products. So =
— radical reactions aren't much use if =
z you're after a pure product. =
/llH|II|IIII\II\Illll\IHIIIH\\\

Practice Questions

Q1 What is a hydrolysis reaction?
Q2 What do curly arrows show?
Q3 What type of reagent accepts a pair of electrons during a reaction?

Exam Questions
Q1 Which of the following species would you expect to act as a nucleophile?
A Bromine radicals, Bre. B The non-polar alkane, methane, CH,.

C Hydroxide ions, OH . D The C* atom in the polar C-OH bond in ethanol, CH,CH,OH. [1 mark]

Q2 Classify each of the following reactions according to its type:
a) A reaction in which lots of ethene molecules join together to form one long molecule, polyethene. [1 mark]

b) The reaction between chloroethane and water, in which a water molecule
breaks chloroethane into ethanol and hydrogen chloride. [1 mark]

c) The reaction between chlorine radicals and ethane, in which a hydrogen atom
in ethane is replaced by chlorine to form chloroethane. [1 mark]

My brother says I’'m rubbish at archery, but | blame the curly arrows...

Scientists do love to classify everything, and have it neatly in order. | knew one who liked to alphabetise his socks. But
that’s a different issue. Just learn the definitions for the types of reactions and reagents — and what types of reagent
undergo what types of reaction. Then you’ll have this page sorted. Without having to alphabetise anything.
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Isomerism is great fun. It’s all about how many ways there are of making different molecules from
the same molecular formula. They can be a bit sneaky, though, so best be on your guard...

Isomers Have the Same Molecular Formula

1) Two molecules are isomers of one another if they have the same
molecular formula but the atoms are arranged differently.

2) There are two types of isomers you need to know about — structural isomers and stereoisomers.
Structural isomers are coming right up, and you’ll meet stereoisomers on pages 83-85.

Structural Isomers Have Different Structural Arrangements of Atoms

In structural isomers, the atoms are connected in different ways.
So although the molecular formula is the same, the structural formula is different.
There are three different types of structural isomer:

1. Chain Isomers Butane <— CH,, =>» Methylpropane
The carbon skeleton can be arranged CH,CH,CH,CH, CH,CH(CH,)CH,
differently — for example, as a straight H H H H H

- L [ |
chain, or branched in different ways. H—C—C—C—C—H H—C—H
. . . . | | | |
These isomers have s!mllar f:hemlcal H MM ||4 ‘ Wl
properties — but their physical e C— C—C—H
properties, like boiling point, will be /\/ TR
different because of the change in H H H
shape of the molecule. )\

2. Positional Isomers Butan-1-ol <= CH,;O =>» Butan-2-0l
The skeleton and the CH,CH,CH,CH,OH CH,CH,CHOHCH,
functional group could be H H H H H HH H
the same, only with the O R [
functional group attached H—C—C—C—C—0O—H H=C—C—C—C—H

. [ R [ T
to a different carbon atom. H H H H H H O H
These also have different Fll
physical properties, and /\/\OH
the chemical properties
might be different too. OH

3. Functional Group Isomers Butanoic acid <«— C,H,0, —p»  Methyl propanoate
The same atoms can be CH,(CH,),COOH CH,CH,COOCH,
arranged into different .
functional groups. Iﬁ l|4 'ﬁ (|]) l|_I ||_| (||) l|_I
These have very H— $_|C_(|j_C_O_H H—C—C—C—0O—C—H
different physical and H H H ||4 ||4 ||4
chemical properties.

o O
OH ©
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Don’t be Fooled — What Looks Like an Isomer Might Not Be

Atoms can rotate as much as they like around single C—C bonds.
Remember this when you work out structural isomers — sometimes what looks like an isomer, isn't.

® ! )
-C- -C-H
ARG PRE " .
1 1
HEEEE egEeR oSEm iR
HHH H H Br H H H Br
For example, 1-bromopropane 1-bromopropane .. and again .. and again
there are no chain again... 1-bromopropane 1-bromopropane
isomers and only
two positional
isomers of C,H,Br.
ks w Y
]
H—(IZ—(IZ-(II—H H—(II—(II— Br
H Br H H H
2-bromopropane 2-bromopropane again...
Practice Questions
Q1 What are isomers?
Q2 Name the three types of structural isomerism.
Q3 Draw the skeletal formulae of two isomers that both have the molecular formula C,H, .
Exam Questions
Q1 a) How many structural isomers are there of the alkane C.H,?
A4 B5 C6 D7 [1 mark]
b) Explain what is meant by the term ‘structural isomerism’. [1 mark]
Q2 Pentane has the structural formula CH,CH,CH,CH,CH,.
a) Draw the skeletal formula of a structural isomer of pentane. [1 mark]
b) Draw the displayed formula of an isomer of pentane that is not the molecule you drew in part a). [1 mark]
Q3 Two structural isomers, A and B, have the molecular formula C,H,O. They both contain a C=O double bond.
a) Draw the skeletal formulae of molecules A and B. [2 marks]
b) Give the structural formulae of isomers A and B. [2 marks]
Q4 Which of the following compounds is not an isomer of 1-buten-4-ol, CH,CHCH,CH,OH?
A YOH B - N"Non Y D HON_~_~ [1 mark]

Human structural isomers... y
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Alkanes are your basic hydrocarbons — like it says on the tin, they’ve got hydrogen and they’ve got carbon

Alkanes are Saturated Hydrocarbons
They’ve only got carbon and hydrogen atoms, so they’re hydrocarbons.

1) Alkanes have the general formula C H,_,.
2) Every carbon atom in an alkane has four single bonds with other atoms.

3) Alkanes are saturated — all the carbon-carbon bonds are single bonds.
Cyclohexane (C6H]Z)

\\\IIIIIIlllllllIllI/

Cyclohexane has the

Here are a few examples of alkanes:

Methane Ethane Propane R Cycloalkanes have g skeletal formulg: =
Il_l ll-l ll-l ll—l ||—| ||_| N / C/H two fewer hydrogens = =
H— C—H H— C—C—H H—C— C—C—H 0 \ /> h 'than alkanes. - =
| [ [T H/C\_ ey Their general formula Z, =

H H H H H H H H is CH,, SALNRNRRRRERTN

There are Two Types of Bond Fission — Homolytic and Heterolytic

Breaking a covalent bond is called bond fission. A single covalent bond is a shared
pair of electrons between two atoms. It can break in two ways:

Homolytic Fission:
In homolytic fission, the bond breaks evenly and
each bonding atom receives one electron from
the bonded pair. Two electrically uncharged
‘radicals’ are formed. Radicals are particles that
have an unpaired electron. They are shown in

Heterolytic Fission:
In heterolytic fission the bond breaks
unevenly with one of the bonded atoms
receiving both electrons from the bonded
pair. Two different substances can be

formed — e.g. a positively charged cation
(X*), and a negatively charged anion (Y°). mechanisms by a big dot next to the molecular ‘
[} formula (the dot represents the unpaired electron.) Carl loved fissi
X—Y - X'+ Y arl loved fission
i . s . X—Y = X + Yo at the weekends.
(‘hetero' means 'different’) . .
Because of the unpaired electron, radicals are
Nbvv v rrv e rrvv v e v e by e ey v v t.
= A curly arrows shows the movement of an electron pair. = very reactive.
NN NN RN AR R R RN R RN AR NN RN RN AR RRRRRNN

Halogens React with Alkanes, Forming Halogenoalkanes

Halogens react with alkanes in photochemical reactions. Photochemical reactions are started by light —

1)
this reaction requires ultraviolet light to get going.
2) A hydrogen atom is substituted (replaced) by chlorine or bromine. This is a radical substitution reaction

Example: Chlorine and methane react with a bit of a bang to form chloromethane: CH, + Cl,*> CH,Cl + HCI
ATV EE v v e v b vy

The reaction between bromine
and methane works the same way.

CH, + Br, ™ CH,Br + HBr
FErrvrrrrbvrrrbrvrvrrvrr vy

The reaction mechanism has three stages: initiation, propagation and termination.

MIRNEAREAN

\\\lllllll/

Radicals are Produced by Initiation Reactions

In initiation reactions, radicals are produced.
1) Sunlight provides enough energy to break the CI-Cl bond — this is photodissociation:

2) The bond splits equally and each atom gets to keep one electron — homolytic fission.
The atom becomes a highly reactive radical, Cle, because of its unpaired electron.

ClL %5 2Cle

Radicals are Used Up and Created in Propagation Reactions

During propagation reactions, radicals are used up and created in a chain reaction.

1) Cle attacks a methane molecule: ~ Cls + CH, — *CH, + HCI

2) The new methyl radical, *CH,, can attack another Cl, molecule:
3) The new Cle can attack another CH, molecule, and so on, until all the Cl, or CH, molecules are wiped out

*CH, + Cl, —» CH,Cl + Cl-
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Radicals are Destroyed in Termination Reactions

In termination reactions, radicals are mopped up by reacting together to form stable molecules.
1) If two free radicals join together, they make a stable molecule.
2) There are heaps of possible termination reactions. Here are a couple of them to give you the idea:

Cls + «CH, — CH,CI “CH, + *CH, — C,H, «<=Some products formed will be trace

impurities in the final sample.

The Problem is — You End Up With a Mixture of Products

1) The big problem with radical substitution if you’re trying to make a particular
product is that you don’t only get the product you're after, but a mixture of products.

2) For example, if you're trying to make chloromethane and there’s too much Cle + CH.Cl — CH.Cl + HCI
chlorine in the reaction mixture, some of the remaining hydrogen atoms on ’ 2
the chloromethane molecule will be swapped for chlorine atoms. *CH,Cl + Cl, - CH/CI, + Cl-
The propagation reactions happen again, this time to make dichloromethane. dichloromethane
3) It doesn’t stop there. Cle + CH,Cl, — *CHCI, + HCI

Another substitution
reaction can take place to *CHCl, + Cl, — CHCl, + Cl-

form trichloromethane. — > trichloromethane

4) Tetrachloromethane (CCl,) is formed in the last possible substitution.

There are no more hydrogens attached to the carbon atom, so the substitution process has to stop.

5) So the end product is a mixture of CH,Cl, CH,Cl,, CHCI, and CCl,. This is a nuisance,
because you have to separate the chloromethane from the other three unwanted by-products.

6) The best way of reducing the chance of these by-products forming is to have an
excess of methane. This means there’s a greater chance of a chlorine radical
colliding only with a methane molecule and not a chloromethane molecule.

7) Another problem with radical substitution is that it can take place at any point along the
carbon chain. So a mixture of structural isomers can be formed. For example, reacting
propane with chlorine will produce a mixture of 1-chloropropane and 2-chloropropane.

Practice Questions
Q1 What's the general formula for alkanes?

Q2 What's homolytic fission?

Q3 What's a radical?

Q4 Write down the chemical equation for the radical substitution reaction between methane and chlorine.

Exam Question

Q1 When irradiated with UV light, methane gas will react with bromine to form a mixture of several organic compounds.

a) Name the type of mechanism involved in this reaction. [1 mark]
b) Write an overall equation to show the formation of bromomethane from methane and bromine. [1 mark]
¢) Write down the two equations in the propagation step for the formation of CH,Br. [2 marks]

d) i) Explain why a tiny amount of ethane is found in the product mixture.
You should include the equation for the formation of this ethane in your answer. [2 marks]

ii) Name the mechanistic step that leads to the formation of ethane. [1 mark]

e) Name the major product formed when a large excess of bromine
reacts with methane in the presence of UV light. [1 mark]

This page is like... totally radical, man...

Mechanisms can be a pain in the bum to learn, but unfortunately reactions are what Chemistry’s all about. There’s no
easy trick — you’ve just got to sit down and learn the stuff. Keep hacking away at it, till you know it all off by heart.
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Crude Oil

Crude oil is a big mixture of hydrocarbons. Some parts of the mixture are useful, like the hydrocarbons that make up
petrol and diesel, but some aren’t. Luckily, it’s possible to convert the less useful parts into more usable compounds.

Crude Oil is Mainly Alkanes

1) Petroleum is just a fancy word for crude oil — the sticky black stuff they get out of the ground with oil wells.

2) Petroleum is a mixture of hydrocarbons. It's mostly made up of alkanes.
They range from small alkanes, like pentane, to massive alkanes of more than 50 carbons.

3) Crude oil isn't very useful as it is, but you can separate it out into useful bits (fractions) by fractional distillation.

Here’s how fractional distillation works — don’t try this at home. \\‘”\',' PVRVEIV U g,
. i . = Tou might do fractions] =

1) First, the crude oil is vaporised at about 350 °C. = distillation in the [ap, pyt =
2) The vaporised crude oil goes into a fractionating column and rises up through = iFyou do you'l use a safer =
= crude oil substitute instead, =

the trays. The largest hydrocarbons don't vaporise at all, because their boiling =,/ L
| H"l/ll\]]\\

points are too high — they just run to the bottom and form a gooey residue. d
3) As the crude oil vapour goes up the fractionating column, it gets cooler.

Because the alkane molecules have different chain lengths, they have different boiling points, so each
fraction condenses at a different temperature. The fractions are drawn off at different levels in the column.

4) The hydrocarbons with the lowest boiling points don’t condense.

They’re drawn off as gases at the top of the column.
Number of

Fraction Carbons Uses

fractionating Gases 1-4 liquefied petroleum gas (LPQ),
column\ camping gas

= S SLLI0C L potrol (gasoline) 5-12 petrol
— gl LAY Naphtha 7-14 processed to make petrochemicals
Eray —> . 50 Cs Kerosene (paraffin) 11-15 jet fuel, petrochemicals, central heating fuel
Heater | 22075, Gas Ol (diesel) 15-19 diesel fuel, central heating fuel
o [ 1 o
Bore | ROd0Cy Mineral Oil (lubricating) 20 - 30 lubricating oll
crude
lglv Fuel Ol 30 - 40 ships, power stations
== Residue< Wax, grease 40 - 50 candles, lubrication
Bitumen 50+ roofing, road surfacing

Heavy Fractions can be ‘Cracked’to Make Smaller Molecules

1) People want loads of the light fractions of crude oil, like petrol and naphtha. They don’t want so much of the
heavier stuff like bitumen though. Stuff that’s in high demand is much more valuable than the stuff that isn’t.

2) To meet this demand, the less popular heavier fractions are cracked. Cracking is breaking long-chain alkanes
into smaller hydrocarbons (which can include alkenes). It involves breaking the C-C bonds.

For example, decane VT iy,
/ Where the chain breaks is random, so =
could crack like this: CTOHZZ - C2H4 h C8H18

you'll get a different mixture of products
decane ethene  octane every time you crack a hydrocarbon.
AR RN AN N RN AN AYNRRARRAY

Here are two types of cracking — thermal cracking and catalytic cracking.

/

NEARERE
ARRNEN

Thermal Cracking Produces Lots of Alkenes

1) Thermal cracking takes place at high temperature (up to 1000 °C) and high pressure (up to 70 atm).

2) It produces a lot of alkenes.

3) These alkenes are used to make heaps of valuable products, like polymers
(plastics). A good example is poly(ethene), which is made from ethene.
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Crude Oil

Catalytic Cracking Produces Lots of Aromatic Compounds

QMU g,
Aromatic compounds contain
benzene rings. Benzene rings
contain a ring of 6 carbon
atoms with delocalised ring of

electrons (see page 205).
RN AR RN RR VAR ENERNENAN

1) Catalytic cracking uses something called a zeolite catalyst (hydrated
aluminosilicate), at a slight pressure and high temperature (about 450 °C).
2) It mostly produces aromatic hydrocarbons and motor fuels.

3) Using a catalyst cuts costs, because the reaction can be done 3
at a low pressure and a lower temperature. The catalyst also
speeds up the reaction, saving time (and time is money).

NEANARRNAREY
[ARENEEENANAN

/

Alkanes can be Reformed into Cycloalkanes and Aromatic Hydrocarbons

1) Most people’s cars run on petrol or diesel, both of which contain a mixture of
alkanes (as well as other hydrocarbons, impurities and additives).
2) Some of the alkanes in petrol are straight-chain alkanes, e.g. hexane — CH,CH,CH,CH,CH,CH,.

3) Knocking is where alkanes explode of their own accord when the fuel/air N AR AR RN AN R RN WNARRLY
mixture in the engine is compressed. Straight chain alkanes are the [\?o”t worry too much about knocking.
most likely hydrocarbons to cause knocking. Adding branched chain and ez:riogﬁnt bedasl;ed aboukt it in the
cyclic hydrocarbons to the petrol mixture makes knocking less likely to ' a|k‘i/r?:s acr)e fe\grt;’edmw how
happen, so combustion is more efficient. GO

4) You can convert straight-chain alkanes into branched chain alkanes and cyclic hydrocarbons by reforming.

This uses a catalyst (e.g. platinum stuck on aluminium oxide).

SENNERNT]
IRVENEEIAN

Hexane can be reformed into cyclohexane CH3CH2CH2CH2CH2CH3—Pt—> O - @
fand hydrogen gas, which can be reformed hexane oyclohoxane  benzene
into benzene (C,H,) and hydrogen gas: FH, +3H,
o
Octane can be reformed = | ) oy oy op,CH,CH,CH, —P—5 CH,CHCH,CH,CHCH,

into 2,4-dimethylhexane:
octane 2,5-dimethylhexane

Practice Questions

Q1 How does fractional distillation work?
Q2 What is cracking?
Q3 Why is reforming used?

Exam Question

Q1 Crude oil is a source of fuels and petrochemicals.
It’s vaporised and separated into fractions using fractional distillation.

a) Some heavier fractions are processed using cracking.

i) Explain why cracking is carried out. [2 marks]
ii) Write a possible equation for the cracking of dodecane, C ,H,. [1 mark]
b) Some hydrocarbons present in petrol are processed using reforming.
i) Name two types of compound that are produced by reforming. [2 marks]
[1 mark]

ii) What effect do these compounds have on the petrol’s performance?

Crude oil — not the kind of oil you could take home to meet your mother...
This isn’t the most exciting topic in the history of the known universe. Although in a galaxy far, far away there may be
lots of pages on more boring topics. But, that’s neither here nor there, because you’ve got to learn this stuff anyway.
Get fractional distillation and cracking straight in your brain and make sure you know why people bother to do it.
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If we didn’t burn fuels to keep warm and power vehicles, we'd all wear lots of jumpers and use pogo sticks... maybe.

Alkanes are Useful as Fuels...

1) If you burn (oxidise) alkanes with oxygen, you get carbon dioxide and water — this is a combustion reaction.

Here’s the equation for the combustion of propane — C;Hy , + 50, — 3CO,, + 4H,0,

2) If there isn’t much oxygen around, the alkane will still burn, but it will produce a mixture of mainly
carbon monoxide, carbon and water (there could also be some carbon dioxide). This is incomplete combustion.

For example, burning ethane with not much O, — C,H, , +20,, — C  + COy, +3H,0,

2" "6(g) 2(g)
3) Combustion reactions happen between gases, so liquid alkanes have to be vaporised first.
Smaller alkanes turn into gases more easily (they’re more volatile), so they’ll burn more easily too.
4) Combustion reactions are exothermic reactions (they release heat).
5) Larger alkanes release heaps more energy per mole because they have more bonds to react.
6) Because they release so much energy when they burn, alkanes make excellent fuels. For example:

—

Methane’s used for central heating and cooking in homes.

w N

)

) Alkanes with 5-12 carbon atoms are used in petrol.

) Kerosene is used as jet fuel. Its alkanes have 11-15 carbon atoms.
)

Diesel is made of a mixture of alkanes with 15-19 carbon atoms.

N

...But They Produce Harmful Emissions

1) We generate most of our electricity by burning fossil fuels (coal, oil and natural gas) in power stations. We also
use loads and loads of fossil fuels for transport and heating. Burning all these fossil fuels causes a lot of pollution.

2) Pollutants formed from burning fossil fuels include carbon monoxide, unburnt hydrocarbons and carbon
particulates from the incomplete combustion of fuels, as well as oxides of sulfur (SO,) and nitrogen (NO).

3) These pollutants can cause lots of problems for our health as well as for the environment.

Carbon Monoxide is Toxic

1) The oxygen in your bloodstream is carried around by haemoglobin.

2) Carbon monoxide is better at binding to haemoglobin than oxygen is, so
it binds to the haemoglobin in your bloodstream before the oxygen can.

3) This means that less oxygen can be carried around your body, leading to
oxygen deprivation. At very high concentrations, carbon monoxide can be fatal.

Sulfur Dioxide and Oxides of Nitrogen (NO ) Lead to Acid Rain

1) Acid rain can be caused by burning fossil fuels that contain sulfur. The sulfur burns to produce sulfur
dioxide gas which then enters the atmosphere, dissolves in the moisture, and is converted into sulfuric acid.

2) Oxides of nitrogen (NO,) are produced when the high pressure and temperature in a car engine cause
the nitrogen and oxygen in the air to react together. When oxides of nitrogen (NO,) escape into the
atmosphere, they dissolves in moisture and are converted into nitric acid, which can fall as acid rain.

3) Acid rain destroys trees and vegetation, as well as corroding buildings and statues and killing fish in lakes.

Catalytic Converters Remove Some Pollutants from Car Emissions

1) Catalytic converters sit quietly in a car exhaust and stop some pollutants from coming out.

2) Without catalytic converters, cars spew out lots of bad stuff, like carbon monoxide,
oxides of nitrogen and unburnt hydrocarbons.

3) Catalytic converters get rid of theses pollutants by using a platinum catalyst to change them to
harmless gases, like water vapour and nitrogen, or to less harmful ones like carbon dioxide.

4) For example, nitrogen monoxide and carbon monoxide
! . L 2NO, +CO,_. —- N, +CO
can be converted to nitrogen and carbon dioxide: =—==>> ® ® 2@ 2@
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Fossil Fuels are Non-Renewable

The various kinds of pollution produced by burning fossil fuels aren’t the only problems.
They’re also becoming more and more scarce as we use more and more of them.

1) The main fossil fuels (coal, oil, and natural gas) are relatively

easily extracted and produce a large amount of energy when burnt. :
But, there’s a finite amount of them and they’re running out. LA

2) Oil will be the first to go — and as it gets really scarce, it'll become more expensive.  "Bruce.. bring some more fossils
It's not sustainable to keep using fossil fuels willy-nilly. — the barbie’s going out.

Biofuels Include Biodiesel and Alcohols Made from Renewable Sources

1) Fortunately, there are alternatives to fossil fuels which are renewable.
2) Biofuels are fuels made from living matter over a short period of time:

e bioethanol is ethanol (an alcohol) made by the fermentation of sugar from crops such as maize,
¢ biodiesel is made by refining renewable fats and oils such as vegetable oil,
e biogas is produced by the breakdown of organic waste matter.

3) These fuels do produce CO, when they're burnt, but it's CO, that the plants
absorbed while growing, so biofuels are usually still classed as carbon neutral.
But CO, is still given out while refining and transporting the fuel, as well as making the fertilisers
and powering agricultural machinery used to grow and harvest the crops.

4) Biodiesel and biogas can also be made from waste that would otherwise go to landfill.

5) But one problem with switching from fossil fuels to biofuels in transport is that
petrol car engines would have to be modified to use fuels with high ethanol concentrations.

6) Also, the land used to grow crops for fuel can’t be used to grow food — this could be a serious problem...
Developed countries (like the UK) will create a huge demand as they try to find fossil fuel alternatives.
Poorer developing countries (in South America, say) could use this as a way of earning money, and convert
farming land to produce ‘crops for fuels’. This may mean they won’t grow enough food to eat.

Practice Questions

Q1 Name three products that form when an alkane burns in limited oxygen.

Q2 Why is the production of sulfur dioxide harmful for the environment?
Q3 Describe how bioethanol is produced.

Exam Questions
Q1 One of the components in petrol is the alkane pentane (C.H ,).
a) Write a balanced equation for the complete combustion of pentane. [2 marks]
b) Explain how the incomplete combustion of pentane could cause serious health problems. [2 marks]
Q2 One problem caused by pollution is acid rain.
a) Name two pollutants which lead to acid rain. [1 mark]
b) Explain how one of these pollutants can be removed from car emissions. [1 mark]

Q3 Biodiesel is a fuel that can be used as an alternative to fossil fuels.
Give one advantage and one disadvantage of using biodiesel over fossil fuels. [2 marks]

Fixing the pollution problem — a fuels errand...

It’s a dlirty business, burning fossil fuels. You need to know about the various pollutants they release (such as sulfur
oxides, nitrogen oxides, carbon monoxide, unburnt hydrocarbons, carbon particulates) and what damage they do.
Then there are the alternatives. Biofuels may well be renewable, but they’re not without their own drawbacks.
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An alkene is like an alkane’s wild younger brother. They look kinda similar, but alkenes are way more reactive.

NI RN AVERR RN VAR VAR NA NN AVS
Z A cycloalkene has 2 H's fewer
than an open-chain alkene.

Alkenes are Unsaturated Hydrocarbons

(WA

ZARNNR!

1) Alkenes have the general formula C H, . They're made  Examples of alkenes: A RN RN AR R RN ARARRRNEARNE
of carbon and hydrogen atoms, so they’re hydrocarbons. H_ _cH, H H
2) Alkene molecules all have at least one C=C double C=—C —

covalent bond. Molecules with C=C double bonds are H/ \H H. C/ \CH,
unsaturated because they can make more bonds with C o
extra atoms in addition rZactions (see pages 86-87) propene CH,CHCH; buta-13-diene CH,CHCHCH, cyclopentene CsHg

Bonds in Organic Molecules can be Sigma or Pi Bonds

Covalent bonds form when atomic orbitals from different atoms, each containing a single electron, overlap, causing
the electrons to become shared. A bond forms because the nuclei of the atoms are attracted by electrostatic
attraction to the bonding electrons. The way that atomic orbitals overlap causes different types of bond to form.

1) Single covalent bonds in organic molecules are
sigma (c-) bonds. A c-bond is formed when two
orbitals overlap, in a straight line, in the space o
between two atoms. This gives the highest possible f /C C\
electron density between the two positive nuclei. g
atomic o-bond

2) The high electron density between the nuclei orbital
means there is a strong electrostatic attraction
between the nuclei and the shared pair of electrons.
This means that c-bonds have a high bond enthalpy
— they're the StrongeSt type of C?Valent bonds. s-orbitals, two p-orbitals, one s-orbital and one
3) Adouble bond is made up of a sigma (c-) bond p-orbital as well as different types of orbitals.
and a pi (n-) bond. A m-bond is formed when two lobes of RN R RN R RN RN R R R A TR
two orbitals overlap sideways. It's got two parts to it —
one ‘above’ and one ‘below’ the molecular axis. ' ' p-orbitals overlap
For example, p-orbitals can form m-bonds. \ / sideways \-/

orbitals overlap in

C/ a straight line \ /

A R NN A RN R RN N RN RN NANANI O
Any types of orbital can form a 6-bond, as
long as they point towards the other atom.

So you can get G-bonds made from two

\\l\/Hllllll//

/Hllllllllll

4) In a n-bond, the electron density is spread out above and C_ C /C _C\
below the nuclei. This causes the electrostatic attraction
between the nuclei and the shared pair of electrons to be
weaker in m-bonds than in o-bonds, so n-bonds p-orbital T-bond
have a relatively low bond enthalpy.

5) This means that a double bond (n-bond + o-bond) is less
than twice as strong as a single bond (just a 6-bond). C C\Pi bond

6) Although they’re usually written as C=C, double bonds really look more like this:—=—=p» il

7) In alkenes, the C-C and C-H bonds are all o-bonds. sigma bond
The C=C bonds in alkenes contain both a 6- and a n-bond.

Practice Questions

Q1 What is the general formula of an alkene?

Q2 Describe how a sigma (o-) bond forms.

Exam Question

Q1 The C=C bond in ethene is made up of two different types of bond.
a) Give one similarity between these bonds. [1 mark]
b) Give one difference between these bonds. [1 mark]

Double, double toil and trouble. Alkene burn and pi bond bubble...

Double bonds are always made up of a o-bond and a n-bond. So even though n-bonds are weaker than c-bonds,
double bonds will be stronger than single bonds because they have the combined strength of a - and a n-bond.
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Stereoisomerism

The chemistry on these pages isn’t so bad. And don’t be too worried when [ tell you that a good working
knowledge of both German and Latin would be useful. It’s not absolutely essential... You’ll be fine without.

Double Bonds Can’t Rotate

1) Carbon atoms in a C=C double bond and the atoms bonded H H The H—C—H
to these carbons all lie in the same plane (they're planar). / boned e
Because of the way they’re arranged, they’re actually said to be C=C the p|an§r unit
trigonal planar — the atoms attached to each double-bonded / \ are all 120°.

carbon are at the corners of an imaginary equilateral triangle.

2) Ethene, C,H, (like in the diagram above), is completely planar,
f but in larger alkenes, only the >C=C< unit is planar.

Non-planar
_____________________ ' Ho oy 3) Another important thing about C=C double bonds is that atoms
Planar il C:\C< can’t rotate around them like they can around single bonds
X A0 a (because of the way the p-orbitals overlap to form a n-bond
—C g “H — see previous page). In fact, double bonds are fairly rigid
H — they don’t bend much either.

"""""""""""" H CH, H H
4) Even though atoms can’t rotate about the double \C—C/ \ —C/

bond, things can still rotate about any single / \ a % /C \
bonds in the molecule. / H.C H H,C CH,

5) The restricted rotation around the C=C
double bond is what causes alkenes to form Both these molecules have the structural formula
stereoisomers. CH,CHCHCH,. The restricted rotation
around the double bond means you can't turn
one into the other so they are isomers.

EIZ isomerism is a Type of Stereoisomerism

1) Stereoisomers have the same structural formula but a different arrangement in space.
(Just bear with me for a moment... that will become clearer, | promise.)

2) Because of the lack of rotation around the double bond, some alkenes can have stereoisomers.
\\\llll\lllll\llll!lllll/
= When you're naming
stereoisomers, you need
to put 'E' or 'Z' at the
beginning of the name.

\

3) Stereoisomers occur when the two double-bonded carbon atoms
each have two different atoms or groups attached to them.

4)  One of these isomers is called the ‘E-isomer’ and the other

JARBRREREA

NYIEREREAY

is called the ‘Z-isomer’ (hence the name E/Z isomerism). / S
Vorrvibbvrpvrrr vy
5) The Z-isomer has the same groups either both above or both below the double bond,
whilst the E-isomer has the same groups positioned across the double bond.
Example: But-2-ene The double-bonded carbon atoms in but-2-ene
each have an HandaCHggroupattached. LR RN R RN AR AN RN AR AR ANV
H,C CH, = Skeletal formulae (see page 70) are great for =
\ / ' = showing stereoisomerism. For example, the =
C=C Here, the same groups are both above = skeletal formula of Z-but-2-ene is: o/ =
/ \ <= | the double bond so it’s the Z-isomer. = The skeletal formula of E-but-2-ene is: /_ =
H H This molecule is Z-but-2-ene. AR AR SR AR R AR RN R R RN RA AR R RN
Z-isomer
(Z-but-2-ene) Z stands for ‘zusammen', the German for ‘together'.
H CH, \\\”/IIIJ”[,”,,H
= An eas 11/1!1/{||,,,HH”
\C=C/ Here, the same groups are across the = which isyt;vi)e/r:ZmW;rk o ch isomer i //:
/ \ <= | double bond so it’s the E-isomer. = the groups are on ,Zsrzthat mdthe Z-isomer, =
. . I~ . ame zide' byt | =
H _hut.o. - E- : n the =
H,C ' This molecule is E-but-2-ene. i "Siolr’n:er, they are ‘enemies’ =
E-isomer SRRV AVRRREPRRTIING
(E-but-2-ene) E stands for 'entgegen’, a German word meaning ‘opposite'.
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Stereoisomerism

The EIZ System Works Even When All the Groups Are Different

1) When the carbons on either end of a double bond both have the same groups attached, then it’s easy
to work out which is the E-isomer and which is the Z-isomer (like in the example on the last page).

2) It only starts to get problematic if the carbon atoms both have totally different groups attached.

3) Fortunately, a clever person (well, three clever people — Mr Cahn, Mr Ingold
and Mr Prelog) came up with a solution to this problem.

4) Using the Cahn-Ingold-Prelog (CIP) rules you can work out which is the E-isomer and which
is the Z-isomer for any alkene. They’re really simple, and they work every time.

Atoms With a Larger Atomic Number are Given a Higher Priority

1) Look at the atoms directly bonded to each of the C=C carbon atoms.
The atom with the higher atomic number on each carbon is given the higher priority.

Example: Here’s one of the stereoisomers of 1-bromo-1-chloro-2-fluoroethene:

e The atoms directly attached to carbon-1 are bromine and chlorine. 1 )
Bromine has an atomic number of 35 and chlorine has an B N Cle
atomic number of 17. So bromine is the higher priority group. \ /

e The atoms directly attached to carbon-2 are fluorine and hydrogen. /C=C
H

Fluorine has an atomic number of 9 and hydrogen has an atomic o

Br
number of 1. So fluorine is the higher priority group. =i

virrvverrrrrrby by r v bty

. . i ) . . B
2) Now you can assign the isomers as E- and Z- as before, just by looking ='1F you need to look up atomic numbers

at how the groups of the same priority are arranged. in the exams, you'l find them on the

) ) periodic table in your data booklet.
1\,_\.[: - 27 In this stereoisomer of A VD N

1-bromo-1-chloro-2-fluoroethene, the
\CZC/ higher priority groups (bromine and
VAR

[AREREEN

/

fluorine) are positioned across the
double bond from one another.
So it’s the E-isomer.

How come
you always
get to go first?

27 Brﬁ’\q

| <=2

This is the Z-isomer. C——mll>- \C=C/
\

/
’I-/.,’—‘.>F Br%‘]

You May Have to Look Further Along the Chain

If the atoms directly bonded to the carbon are the same then you have to look at the next atom in the
groups to work out which has the higher priority.

This carbon is directly bonded to two carbon atoms, 1 CH,

so you need to go further along the chain to work out \ |

the ordering. CH, cl
The methyl carbon is only attached to hydrogen \

atoms, but the ethyl carbon is attached to another =

carbon atom. So the ethyl group is higher priority.
2/'HgC Br
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Stereoisomerism

Cis-Trans Isomerism is a Special Type of EIZ isomerism

NN ARV AR AR NN R N AN AR NANRNAY!
In cis-trans isomerism, you're looking
at how identical groups are positioned,
rather than the higher priority groups.
= This means there isn't a rule for whether
the Z-isomer is the cis- or the trans-
isomer (and the same for the E-isomer)

— you just have to work it out.
ARNERVARRVARARRERENRRNANRRNRRVATA

/

1) If the carbon atoms have at least one group in common (like in but-2-ene),
then you can call the isomers ‘cis’ or ‘trans’ (as well as E- or Z-) where...

* ‘cis’ means the same groups are on the same side of the double bond,
e ‘trans’ means the same groups are on opposite sides of the double bond.

So E-but-2-ene can be called trans-but-2-ene, as it has methyl groups on
opposite sides of the double bond, and Z-but-2-ene can be called
cis-but-2-ene, as the methyl groups are on the same side of the double bond.

Yy ey

N
ARRNRERRRERNEAREA

QI

/

1
\l\\\\\\l\l\l\'l\yll - -
“\Wen his time..
.

' Here’s an exam |e:
> \We're talking Latin t p

oy
P

\ me side, The H atoms are on opposite sides of the
= i means ‘on the s3 . C .
- s e 'trans. means ‘across’. | S / \ double bond, so this is trans-1-bromopropene.
‘//,\.V\(|\\e|n\\\mn\'l""‘ B/ H No problems there.

2) If the carbon atoms both have totally Here, the cis/trans naming system

. CH
different groups attached to /them, the 3 doesn’t work because the carbon atoms F\ / ’
Cis-trans haming system can't cope. have different groups attached so there’s —
no way of deciding which isomer is cis \
F\ /CH; Br\ /CH3 and which isomer is trans. Br H
C=C c=cC /3) The E/Z system keeps on working though —
Br/ \H F/ \H in the E/Z system, Br has a higher priority

than F, so the names depend on where the Br

E-1-bromo-1-fluoropropene  Z-1-bromo-1-fluoropropene atom is in relation to the CH, group.

Practice Questions

Q1 Why is an ethene molecule said to be planar?
Q2 Define the term ’stereoisomers’.
Q3 Which of the following molecules, A, B or C, is the Z-isomer of but-2-ene?

) H3C\C C/H H3C\C C/CH3 H3C\C C/H
H,C H H H H CH,

Q4 Is chlorine or bromine higher priority under the Cahn-Ingold-Prelog priority rules?
Q5 Which of the molecules in Question 3 (A, B or C) is the trans-isomer of but-2-ene?

Exam Questions
Q1 a) Draw and name the E/Z isomers of pent-2-ene, using full systematic names. [2 marks]
b) Explain why alkenes can have E/Z isomers but alkanes cannot. [2 marks]

Q2 How many stereoisomers are there of the molecule CH,CH=CHCH,CH=C(CH,),?
Al B 2 C3 D 4 [1 mark]

Q3 a) Draw and name the E/Z isomers of:

i) 1-bromo-2-chloroethene, ii) 1-bromo-2-chloroprop-1-ene. [4 marks]
b) 1) Which of the molecules in part a) exhibits cis-trans isomerism? Explain your answer. [2 marks]
ii) Draw and name the cis-trans isomers of the molecule identified in part b) ). [2 marks]

You've reached the ausfahrt (that’s German for exit)...

IMPORTANT FACT: If the two groups connected to one of the double-bonded carbons in an alkene are the same, then
it won’t have E/Z isomers. So neither propene nor but-1-ene have E/Z isomers. Try drawing them out if you're not sure.
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Reactions of Alkenes

I'll warn you now — some of this stuff gets a bit heavy — but stick with it, as it’s pretty important.

Electrophilic Addition Reactions Happen to Alkenes

In an electrophilic addition reaction, the alkene double bond opens up and atoms are added to the carbon atoms.
1) Electrophilic addition reactions happen because the double bond
has got plenty of electrons and is easily attacked by electrophiles.
2) Electrophiles are electron-pair acceptors — they’re usually a bit short of electrons,
so they’re attracted to areas where there are lots of electrons about.
3) Electrophiles include positively charged ions, like H* and NO,*, and polar molecules
(since the 3+ atom is attracted to places with lots of electrons).

Adding Hydrogen to C=C Bonds Produces Alkanes

1) Ethene will react with hydrogen gas in an addition reaction to produce ethane. | H,C=CH, + H, % CH,CH,
It needs a nickel catalyst and a temperature of 150 °C though.

2) Margarine’s made by ‘hydrogenating’ unsaturated vegetable oils. By removing some double
bonds, you raise the melting point of the oil so that it becomes solid at room temperature.

Halogens React With Alkenes to Form Dihalogenoalkanes

1) Halogens will react with alkenes to form dihalogenoalkanes — the
halogens add across the double bond, and each of the carbon atoms ends | H,C=CH, + X, — CH,XCH,X
up bonded to one halogen atom. It’s an electrophilic addition reaction.

2) Here’s the mechanism — bromine is used as an example, but chlorine and iodine react in the same way.

The double bond repels ~ Heterolytic (unequal) fission of You get a positively .and bonds to the
the electrons in Br,, Br,. The closer Br gives up the charged carbocation other C atom, forming
polarising Br—Br. bonding electrons to the other intermediate. The Br~ 1,2-dibromoethane.
Br and bonds to the C atom. now zooms ovet..
Ho M He oM i ik
H/C—C\H —p = —p H-C=CH — - C=C=
Brd+ H )ﬂ H BrC Br Br NIEAYARRRRRRNRAYDS
| Brot o A carbocation
Brd Blb Bi is an organic
.

ion containing a

\VLErivrrivgy

TARYEYEREE

. . _ — ositively charged
3) When you shake an alkene with brown bromine water, B oS B P carboi aton?
the solution quickly decolourises. This is because AW, U
bromine is added across the double bond to form a brori : g > i
colourless dibromoalkane. So bromine water is used romine water NS Y soltion
+ cyclohexene = goes colourless

to test for the presence of carbon-carbon double bonds.

Alcohols Can be Made by Steam Hydration

1) Alkenes can be hydrated by steam at 300 °C and a pressure of H,C=CH, ., + H,0,, RO CH,CH,OH,,
8 IS 8

60-70 atm. The reaction needs a solid phosphoric(V) acid catalyst. 300 °C
2) The reaction is used to manufacture ethanol from ethene: 60 atm
Alkenes are Oxidised by Acidified Potassium Manganate(VIl)
1) If you shake an alkene with acidified potassium manganate(VII),
the purple solution is decolourised. You've oxidised the alkene AN N HMnO, '|I '|'
and made a diol (an alcohol with two -OH groups). /C:C\ — 43 H—(li—?—H
2) For example, here’s how ethene reacts with / it it OH OH
acidified potassium manganate(VII): ethane—1,2—diol
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Reactions of Alkenes

Alkenes also Undergo Addition with Hydrogen Halides

Alkenes also undergo addition reactions with hydrogen halides — to form halogenoalkanes.
For example, this is the reaction between ethene and HBr:
H,C=CH, + HBr — CH,BrCH,

Adding Hydrogen Halides to Unsymmetrical Alkenes Forms Two Products

1) If the hydrogen halide adds to an unsymmetrical alkene, there are two possible products.
2) The amount of each product depends on how stable the carbocation formed in the middle of the reaction is.

3) Carbocations with more alkyl groups are more stable because the alkyl groups feed electrons
towards the positive charge. The more stable carbocation is much more likely to form.

H R L
|
Least Stable | R—=>C—H R>C—H R S_ R [ Most Stable
+ +
primary carbocation secondary carbocation tertiary carbocation ® = alkyl group
(one R group) (two R groups) (three R groups) = electron donation
4) Here’s how hydrogen bromide reacts with propene:
H\ /CH3
H,C=CHCH, + HBr — CH,CHBrCH, c=¢ H,C=CHCH, + HBr — CH,BrCH,CH,
2-bromopropane H/C w\ H 1-bromopropane
(major product) ‘ (minor product)

. . H CH H CH, L .y
This secondary carbocation's more stable | 3 | | This primary carbocation's less stable as
because it's got two alkyl groups. H—C—(li— H H—C—C—H it's only got one alkyl group.
This carbocation forms most of the time. _+) | It forms less often.
Bre— H

/Fl' +\,:Br‘ \

H CH H CH,
2-b | |‘ ' | 1-bromopropane
= romopropane H_C_C_ H ” : |
(major product) H—C—C—H | | (small amount only)
H Br Br
5)  This can be summed up by The major product from addition of a hydrogen halide (HX)

Markownikofi’s rule which says: = to an unsymmetrical alkene is the one where hydrogen adds
to the carbon with the most hydrogens already attached.

Practice Questions

Q1 What is an electrophile?
Q2 Write an equation for the reaction of ethene with hydrogen.

Q3 Give the reagents and conditions needed to convert an alkene into a diol.

Exam Question

Q1 But-1-ene is an alkene. Alkenes contain at least one C=C double bond.
a) Describe how bromine water can be used to test for C=C double bonds. [1 mark]
b) Name and show the reaction mechanism involved in the above test. [5 marks]

¢) Hydrogen bromide reacts with but-1-ene, producing two isomeric products.
Draw the displayed formulae of these two isomers and explain which will be the major product. [4 marks]

Electrophiles — they all want a piece of the pi...

Mechanisms are a classic that examiners just love. You need to know the electrophilic addition examples on these
pages, so shut the book and scribble them out. And remember that sometimes the product has more than one isomer.
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Polymers

Polymers are long, stringy molecules made by joining lots of alkenes together. They’re made up of one unit repeated
over and over and over and over and over and over and over and over again. Get the idea? OK, let’s get started.

Alkenes Join Up to form Addition Polymers

1) The double bonds in alkenes can open up and join together to make long chains called polymers.
It's kind of like they’re holding hands in a big line. The individual, small alkenes are called monomers.

2) This is called addition polymerisation. monomer ‘Side-links' show that both sides
e olymer .
For example, poly(ethene) is made by Y are attached to other units.
the addition polymerisation of ethene. H M 'ﬂ T ‘/ The bit in brackets is the
3) To find the monomer used to form n /C=C\ —_—> ? _(lj ‘repeat unit’ (or ‘repeating unit).
an addition polymer, take the H H H H/p n represents the number of
repeat unit, add a double bond repeat units.
betwgen the carbon atoms and remove H CHH CH,H CH, CH, H CH, H
the single bonds from each end. T A T [ N (/
4) To find the repeat unit from a monomer, ”_(I:_(I:_(I:_(I:_(I:_CI:_“ > —(li—(li— => /C: N
just do the reverse — change the C=C HHHHHH H H H H
bond into a single bond, and add another polymer repeat unit monomer
single bond to each of the C=C carbons. poly(propene) propene

There are Different Methods for Disposing of Polymers

In the UK over 2 million tonnes of plastic waste are produced each year. burying Vl\/as.te burning
It's important to find ways to get rid of this waste while minimising in landfill < _Plastics |==> R
environmental damage. There are various possible approaches... ﬂ

Waste Plastics can be Buried

1) Landfill is used to dispose of waste plastics when the plastic is: / \

o difficult to separate from other waste,
¢ not in sufficient quantities to make separation financially worthwhile, cracking remoulding
¢ too difficult technically to recycle.

2) But because the amount of waste we generate is becoming more and
more of a problem, there’s a need to reduce landfill as much as possible.

processing new

] objects
Waste Plastics can be Reused :
1) Many plastics are made from non-renewable oil-fractions,
so it makes sense to reuse plastics as much as possible. e new
2) There’s more than one way to reuse plastics. chemicals plastics
After sorting into different types: SV g,

Infrared spectroscopy
(pages 102-103) can be used

. . to help sort plastics into di
e some plastics can be cracked into monomers, and these can be o new sor plaStICS, into diferent
types before they're recycled.

used as an organic feedstock to make more plastics or other chemicals. =71 /77t

e some plastics (poly(propene), for example) can
be recycled by melting and remoulding them,

(ARARRENE]

AVERRRNER

Waste Plastics can be Burned

1) If recycling isn’t possible for whatever reason, waste plastics can be
burned — and the heat can be used to generate electricity.

2) This process needs to be carefully controlled to reduce toxic gases.
For example, polymers that contain chlorine (such as PVC) produce
HCI when they’re burned — this has to be removed.

3) Waste gases from the combustion are passed through scrubbers which can Rex and Dirk enjoy some
neutralise gases, such as HCI, by allowing them to react with a base. waist plastic.

4) Plastics can also be sorted before they are burnt to separate out any materials that will produce toxic gases.
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Polymers

Chemists Can Work to Make Polymers Sustainably

Lots of chemicals that are used in the manufacture of polymers are pretty dangerous.
The way that a polymer is made should be designed to minimise the impact on human health and the environment.
There are a set of principles that chemists follow when they design a sustainable polymer manufacturing process:

e Use reactant molecules that are as safe and environmentally friendly as possible.

e Use as few other materials, like solvents, as possible.
If you have to use other chemicals, choose ones that won’t harm the environment.

* Renewable raw materials should be used wherever possible.
e Energy use should be kept to a minimum. Catalysts are often utilised in polymer synthesis to lower energy use.
e Limit the waste products made, especially those which are hazardous to human health or the environment.

e Make sure the lifespan of the polymer is appropriate for its use. If you make a polymer that just keeps
breaking, you’ll end up having to make loads more than if you create a more enduring polymer.

Biodegradable Polymers Decompose in the Right Conditions

1) Scientists can now make biodegradable polymers (ones that naturally decompose).
They decompose pretty quickly in certain conditions because organisms can digest them.

2) Biodegradable polymers can be made from renewable raw materials such as starch
(from maize and other plants), or from oil fractions such as the hydrocarbon isoprene.

VLTV,
Being able to safely
dispose of polymers
in a way that doesn't

harm the environment
is part of making

polymers sustainable.
AANRRRVERRRRRRNARNNAN

NIEARERNAREAYY

AR EARAREREA

Using renewable raw material has several advantages.
e Raw materials aren’t going to run out like oil will.

*  When polymers biodegrade, carbon dioxide (a greenhouse gas) is produced. If your polymer is plant-based,
then the CO, released as it decomposes is the same CO, absorbed by the plant when it grew.
But with an oil-based biodegradable polymer, you're effectively transferring carbon from the oil to the atmosphere.

e Over their ‘lifetime’ some plant-based polymers save energy compared to oil-based plastics.

3) Even though they’re biodegradable, these polymers still need the right conditions before they’ll decompose.
This means that you still need to collect and separate the biodegradable polymers from non-biodegradable
plastics. At the moment, they’re also more expensive than non-biodegradable equivalents.

Practice Questions

Q1 Draw the displayed formulae for the monomer and repeat unit used to make poly(propene).
Q2 Describe three ways in which used polymers such as poly(propene) can be disposed of.
Q3 What is a biodegradable polymer?

Exam Questions

Q1 Part of the structure of a polymer is shown on the right. Il—I I|{ I|{ }ll }ll
a) Draw the repeating unit of the polymer. —? (‘l, ? (lj ?— [1 mark]
b) Draw the monomer from which the polymer was formed. H Ce¢Hs H C¢Hs H [1 mark]

Q2 Waste plastics can be disposed of by burning.
a) Describe one advantage of disposing of waste plastics by burning. [1 mark]

b) Describe a disadvantage of burning waste plastic that contains chlorine,
and explain how the impact of this disadvantage could be reduced. [2 marks]

Q3* Outline and discuss some of the considerations an industrial chemist should
make when designing a sustainable polymer manufacturing process. [6 marks]

Alkenes — join up today, your polymer needs YOU...

You may have noticed that all this recycling business is a hot topic these days. This suits examiners just fine — they like
you to know how useful and important chemistry is. So learn this stuff, pass your exams, and do some recycling.

* The quality of your extended response
will be assessed for this question.
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Halogenoalkanes

If you haven’t had enough of organic chemistry yet, there’s more. If you have had enough — there’s still more.

Halogenoalkanes are Alkanes with Halogen Atoms

A halogenoalkane is an alkane with at least one halogen atom in place of a hydrogen atom.

E.g. H H H H F Br SV iy,

I | 1 | |1 = Remember to put prefixes in =

Cl—Cc—cl = = = F—(C—(C —} = alphabetical order when you're =

| ] | | | = naming organic compounds. =

Cl H | H F Cl ARRRR AN EVENRRNARRRNANRA
trichloromethane 2-iodopropane 2-bromo-2-chloro-1,1,1-trifluoroethane

Halogenoalkanes can be Primary, Secondary or Tertiary

Halogenoalkanes with just one halogen atom can be primary, secondary or tertiary halogenoalkanes.

On the carbon with the halogen attached:

R
1) A primary halogenoalkane has two T T |]
hydrogen atoms and just one alkyl group. = elogen X—C—R, =1 X—C—R,
2) A secondary halogenoalkane has just one R = allyl group F|| Il% l|2
2 3
hydrogen atom and two alkyl groups. primary S tertiary
3) A tertiary halogenoalkane has no 1 alkyl group 2 alkyl groups 3 alkyl groups

hydrogen atoms and three alkyl groups.

Halogenoalkanes Can be Hydrolysed to Form Alcohols

1) Halogenoalkanes can be hydrolysed to alcohols in a nucleophilic substitution reaction (see page 92).

One way to do this is to use water. Q\I/ll||,,””1””
L z drolysic : iz
2) The general equation is: T drolysis js =
) Theg 9 R-X +H,0 — R-OH + H* + X- = aler bree "N =
2 ,,“”””’a”S'bond& -
| <

3) Here’s what would happen with bromoethane: ~ stvii L S

You can also hydrolyse halogenoalkanes using

= aqueous potassium hydroxide (see page 92).
AR RN R R RN RN R E R RN A VAR AR AR RRNANARAE

ZANERY

CH,CH,Br + H,O — C,H,OH + H* + Br-

You Can Compare the Reactivities of Halogenoalkanes Using Experiments

1) When you mix a halogenoalkane with . ~
water, it reacts to form an alcohol. —==3p» R-X + H,O — R-OH + H* + X

2) If you put silver nitrate solution in the mixture too, the
silver ions react with the halide ions as soon as they form,—==p» A8 g + X
giving a silver halide precipitate (see page 51).

“ag > ABX

3) To compare the reactivities of different halogenoalkanes, set up three test tubes each containing a
different halogenoalkane, ethanol (as a solvent) and silver nitrate solution (this contains the water).

4) Time how long it takes for a precipitate to form in each test tube. The more quickly
a precipitate forms, the faster the rate of hydrolysis is for that halogenoalkane.

50°C 1 JA[ 1B )C Al 1B )C Al 1B 1C Al 1B )C
water
bath —=> —> ==

Start After a few seconds Several minutes later A while later

QUL Ty,
You can use the
colours of the silver
halide precipitates to
distinguish between
chloro, bromo and iodo
alkanes (see page 51).
Make sure you learn the

colours for the exams.
AR RNV NAVANA

VRN ANERVENAYAR

NYARARNARARRRRRRRRRY]
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Halogenoalkanes

Primary, Secondary and Tertiary Halogenoalkanes Have Different Reactivities

You can compare the reactivities of primary, secondary and tertiary halogenoalkanes using the reaction on the last page.

Example: A student sets up an experiment to compare the reactivities of a primary, a secondary and a tertiary
bromoalkane. His results are shown below. Which is the most reactive halogenoalkane?

Halogenoalkane

precipitate to form / s

From the results, you can tell that the tertiary
halogenoalkane is the most reactive, since it
reacted fastest with the water. The primary

Time taken for

1-bromobutane (primary)

112 halogenoalkane is the least reactive.

2-bromobutane (secondary)

62 Abvirvrrrrprprvevrvrerevvrer v v r v v rv bt

\

2-bromo-2-methylpropane (tertiary)

This example uses bromoalkanes, but the order of
reactivity is the same whichever halogen you use.

8

NARAN
ARERA

ZARENE RN RN AR AR RN AR RN R RN

lodoalkanes are Hydrolysed the Fastest

1) In order to hydrolyse a halogenoalkane, you have to break the carbon-halogen bond.

2) How quickly different halogenoalkanes are hydrolysed depends
on the carbon-halogen bond enthalpy — see page 110 for more on this.

3) Weaker carbon-halogen bonds break more easily — so they react faster. [t bo;‘ﬁle;tohlﬂpy

4) Bond enthalpy depends on the size of the halogen — the larger the Faster
halogen, the longer the C—X bond, and the lower the bond enthalpy. cr 467 hydrolysis as

5) The size of the halogen increases down Group 7, so iodoalkanes ¢l 346 Z::i:;ihalﬁz
have the weakest bonds, and are hydrolysed the fastest. quoroalkanes C-Br 290 ponds get
have the strongest bonds, so they're the slowest at hydrolysing. C—l 228 weaker).

6) You can compare the reactivity of chloroalkanes, bromoalkanes and

iodoalkanes using an experiment like the one on the previous page.

Example: A student sets up an experiment to compare the reactivities of a chloroalkane, a bromoalkane
and an iodoalkane. Her results are shown below. Which is the most reactive halogenoalkane?

A pale yellow precipitate quickly forms with
2-iodopropane — so iodoalkanes must be the most

reactive of these halogenoalkanes. Bromoalkanes react

Practice Questions
Q1 What is a halogenoalkane?

2-iodopropane 4 slower than iodoalkanes to form a cream precipitate, and
2-bromopropane 240 chloroalkanes form a white precipitate even more slowly.
2-ch|oropropane 567 N RN A AN R RN RN RN AR R RN AR R AR AR NN AR RS
— The halogenoalkanes should have the same carbon skeleton so it's a fair test. =
AR RN R R RN R R AR AR R A NN E N R VR RN AR A

Q2 What is a secondary halogenoalkane? Draw and name an example of one.

Q3 Put primary, secondary and tertiary halogenoalkanes in order of reactivity with water.

Exam Question

Q1 a) A tertiary halogenoalkane has the molecular formula C,H,I. Draw and name the halogenoalkane. [2 marks]

b) The halogenoalkane in part a) is mixed with water and silver nitrate solution.
Give the formula of the precipitate that forms. [1 mark]

c¢) Predict, with reasoning, whether the tertiary chloroalkane with formula C,H,Cl will be hydrolysed
faster or slower than the halogenoalkane in part a) if all the other reactant conditions are the same. [3 marks]

Hydra-lies — stories told by a many-headed monster...

You can only compare the effect of one variable on the rates of hydrolysis of different halogenoalkanes if you keep the
other variables the same. If you're investigating the effect of the halogen, the carbon skeletons of the halogenoalkanes
need to be the same, and for the effect of primary, secondary or tertiary, the molecular formulae need to be identical.
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More on Halogenoalkanes

Two more pages all about halogenoalkanes. It must be your lucky day...

Halogenoalkanes May React by Nucleophilic Substitution

LRy
1) Halogens are generally more electronegative than carbon. So, the carbon-halogen bond is polar. | r
2) The &+ carbon doesn’t have enough electrons. This means it can be attacked by a nucleophile.

A nucleophile’s an electron-pair donor. It donates an electron pair to somewhere without enough electrons.
3) OH-, NH, and CN- are examples of nucleophiles that react readily with halogenoalkanes.

Water is also a weak nucleophile.
4) A nucleophile can bond with the 8+ carbon of a halogenoalkane, and be substituted for the halogen.

This is called nucleophilic substitution:

Here’s what happens. It’s a nice |

. . \HIIH”/HH
simple one-step mechanism. | - L,

5 N5 B > -

s L + ee page 76 for =
j X% == (|: Nuc X heterolytic bond fission. =
Nuc: T

”I"HIIIIIIIHIH”I
* Xis the halogen. Nuc is the nucleophile, which provides a pair of electrons for the C°*.

e The C-X bond breaks heterolytically — both electrons
fi the bond are taken by the halogen SR P A
o y gen. This reaction can actually happen

e The halogen falls off as the nucleophile bonds to the carbon. via one of two mechanisms — see
pages 190-191.
ARERRAR R RN R R RN VERA

N

ARERNENS

SRRy

/

5) There are three examples of nucleophilic
substitution you need to know. Read on.

Halogenoalkanes React with Aqueous KOH to form Alcohols

1) Halogenoalkanes react with hydroxide ions by nucleophilic substitution to form alcohols. You can use
warm aqueous potassium hydroxide and do the reaction under reflux, otherwise it won’t work.

2) Here’s the general equation for the reaction: UV T EEE LRV Ty,
R-X + KOH — ROH + KX | = R represents an alkyl group. They're =
\:/ alkanes with one H removed, eg. —
= -CH,, -C,H. Xstands for one of -
= the halogens (F, Cl, Br or ). =
3) And here’s how the reaction happens: IR R AN SRR AR AN
NI AN RN AN RANYVS
= The OH ionactsasa =
- . . = H
Z  nucleophile, attacking = | ['\ |
- - 5+ 5 o -
K Ij\d’l]el 181+\ \C?Tblo\y: \a;t?mj N H—C—C‘(?r — H_C|_$_OH + oBr
H H~eOH H H
The C-Br bond is polar. The C-Br bond breaks heterolytically,
The C* attracts a lone pair and a new bond forms between
of electrons from the OH ion. the C and the OH" ion. QUL e i b iy,
=  The charges of each step in the =
= mechanism have to balance — here, =
4) As you saw on page 90, you can also use water to hydrolyse = each step has an overall charge of 1. =
AR RN RN R RN RN AR RN AN RN R RN

halogenoalkanes and form alcohols. Water is a worse nucleophile
that hydroxide ions, so the reaction with water is slower.

Cyanide lons React with Halogenoalkanes to form Nitriles

If you reflux a halogenoalkane with potassium cyanide in ethanol, then the cyanide ions

will react with the halogenoalkane by nucleophilic substitution to form a nitrile.
NIUARERRN AN AN AR AN RN RNy

N . o 7

e = Forming a nltrllg from a -

R-X + CN- ————> R-C=N + X~ | = halogenoalkane results in the length of =
reflux = the carbon chain increasing by one. =

IRV AR AN ARV AR VARREVARRARNATAN
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More on Halogenoalkanes

Halogenoalkanes React With Ammonia to Form Amines

1) Amines are organic compounds.

lone pair of electrons

They’re based on ammonia (NH,), & A v .
but one or more of the hydrogen N\ N\ N\ N\
atoms are replaced by alkyl groups. u ‘ u R ‘ HoORS ‘ H R ‘ R,
2) If you warm a halogenoalkane with o H H R, R,
excess ethanolic ammonia, the ammonia (-% s ammonia. oA B3 £ Tl
swaps places with the halogen to form a VAR ARENANRRN RN AR ENNAR AR
primary amine — yes, it’s another one of = Ethanolic ammonia is just =
those nucleophilic substitution reactions. = ammonia dissolved in ethanol. =
ZERRRNARRR R AR N RANARREEN
H H H H H H H H H H H H
| 1Y, | RN N I,
H—C—C X B> H—C—C—NY-H —=pp H=¢—C—NsH == H-C—C=N—H + H=N=H
| | H  ethanol [ | |L J' |L H }L }L o
H H I H H o n
N—H Br ° |
ll_{ H a\vvrrerrevrvprrreveret,

—

Amines often smell fishy —
this can help you identify if =

an amine's been formed. =
ANARERRRRRRRRVARRRRRNEAN

The first step is the same as in the
mechanisms on the previous page,
except this time the nucleophile is NH,.

In the second step, an ammonia
molecule removes a hydrogen from the
NH; group to leave an amine.

QA

Halogenoalkanes also Undergo Elimination Reactions

You know what happens when a halogenoalkane reacts with an aqueous alkali (yes, you do — it’s on the opposite
page). But nucleophilic substitution isn’t the only game in town. Swap ‘aqueous’ for ‘ethanolic’, and things change.

1) If you react a halogenoalkane with a warm alkali dissolved in ethanol, you get an alkene.
The mixture must be heated under reflux or volatile stuff will be lost.
2) Here’s bromoethane. Again.
Ly H H

\\\\\llllll'\lIIII\H\HI\\lllll'l\ | '”//_ | | ethanol \ /H

= It's possible thgt more th'an oneisomer wil =\, ~ ~ o | KOH c=C + H,O + KBr

= form from elimination, just like with the - | reflux / \

= climination reaction of alcohols on page 95. z H H H H

N R AN A RN RN RN AR N R AR AN AR
3) In elimination reactions, the hydroxide ions are acting as a base to remove an H* ion from the halogenoalkane.

Practice Questions
Q1 What is a nucleophile?

Q2 Sketch the mechanism, including curly arrows, for the reaction of bromoethane with warm aqueous KOH.
Q3 Write a general equation for the reaction under reflux of a halogenoalkane with potassium cyanide in ethanol.

Exam Question

Q1 Some reactions of 2-bromopropane, CH,CHBrCH,, are shown.

{\\ﬁ A
o

a) Give the structural formula of organic product, A. [1 mark] q“eoo%\L

A
b) i) Give the reagents and conditions for reaction 2. [2 marks] CH;CHBrCH; —feaction2 5 oy cH(NH,)CH,

et :

i1) Draw a mechanism for reaction 2. [4 marks] aholfclro
£l ]‘ef]

¢) Give the structural formula of organic product, B. [1 mark] “” B

If you don't learn this, you will be eliminated. Resistance is nitrile...

The nucleophilic substitution mechanisms on these pages are all quite similar. They start with the nucleophile attacking
the &+ carbon, causing the C-X bond to break. Then it’s a case of getting rid of hydrogens from the substituted group, if
necessary, to make the organic product neutral. Practise drawing the mechanisms — they may come up in the exams.
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94

These two pages could well be enough to put you off alcohols for life...

Alcohols are Primary, Secondary or Tertiary

1) The alcohol homologous series has the general formula C H, OH.

n" "2n+1

2) An alcohol is primary, secondary or tertiary, depending on which carbon atom the -OH group is bonded to.

Pri 1° R o Eg. H
”maéy( ) E'gé H H H Secondary (2°) Eg. H H H Tertiary (3°) g HR_ZCI_II
: e ¢ OH T IIR% L lchH § i i
H—C—OH —C—C—C— ==C==
| [0 1 R,—C—OH 0 R—C—oH| L L L
Rq H H H | H OH H iI2 R I I IR,
: 3
Realkyl Propan—1-ol i B 7l : v
=alkyl group 2—methylpropan—2—ol

Alcohols Can React to Form Halogenoalkanes

Alcohols can react in substitution reactions to form halogenoalkanes.

The reagents and method you use depends on the halogenoalkane that you're trying to make.

Reacting Alcohols with PCI, or HCI Produces Chloroalkanes

1) If you react an alcohol with phosphorus pentachloride

(PCl,), a chloroalkane is produced. | | | |
The general equation for this reaction is: ROIA] +- [Pl = RCL o+ [RIE] -+ PO,

2) You can also make chloroalkanes if you
react an alcohol with hydrochloric acid. | ROH + HCI s RCI + H,0
The general equation for this reaction is:

3) For example, 2-methylpropan-2-ol reacts with hydrochloric acid
at room temperature to form 2-chloro-2-methylpropane:

Tvvrvrrvelty

QML vy
You'll probably do this
synthesis as part of a practical
in class. You can purify the
2-chloro-2-methylpropane
product by separation and
= then distillation (see page 98).

AYERRRRSRRANAES

AR AR R A AR RN AN

(CH,),COH + HCl - (CH,),CCl + H,0

4) The reaction between alcohols and hydrochloric acid is fastest if the alcohol is a tertiary alcohol,
and slowest if it is a primary alcohol (the rate for secondary alcohols is somewhere in between).

-OH can be Swapped for Bromine to Make a Bromoalkane

1) Alcohols will react with compounds containing bromide ions (such as KBr) in a substitution reaction.
2) The hydroxyl (-OH) group is replaced by the bromide, so the alcohol is transformed into a bromoalkane.

3) The reaction also requires an acid catalyst, such as 50% concentrated H,SO,.

Example: To make 2-bromo-2-methylpropane you just need to shake 2-methylpropan-2-ol (a tertiary
alcohol) with potassium bromide and 50% concentrated sulfuric acid at room temperature.

First, potassium bromide reacts with sulfuric acid to form hydrogen bromide: 2KBr + H,SO, — HBr + K,SO,.

The hydrogen bromide then reacts with the alcohol to form a bromoalkane:
CH, CH,
I I
H,C— (IZ—CH3 + HBr  —> H,C— IC—CH3 + H,0

ANANRYS

OH Br ]
alcohol bromoalkane
(2-methylpropan-2-ol) (2-bromo-2-methylpropane)

You Can Make lodoalkanes Using Red Phosphorus and lodine

VLU e gy,
SO-% concentrated sulfuric =
acid is made up of 50% =
H,SO, and 50% water. =
ARRRRRRERNRNERNENERINEEY

1) You can make an iodoalkane from an alcohol by reacting it with phosphorus triiodide (PI,).

2) Pl
by refluxing the alcohol with ‘red phosphorus” and iodine.

3) This is the general equation: 3ROH + P, — 3Rl + H,PO,

NYARRARNAY
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is usually made in situ (within the reaction mixture) QUL R R e b
There are different types of phosphorus,

and red phosphorus is one of them
(like how there are different types of

carbon, e.g. graphite and diamond).
SRR AR RN N RN AR R RN

\
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Alcohols can be Dehydrated to Form Alkenes

1) You can make alkenes by eliminating water from alcohols in an elimination reaction.

2) The alcohol is mixed with an acid catalyst such as concentrated
phosphoric acid (H,PO,). The mixture is then heated.

\\llllllll//

3) When an alcohol dehydrates it eliminates water. | E.g. Ethanol dehydrates to form ethene.
CH.OH — CH,=CH, + H,O

95

VLTI g
An elimination
reaction where water is
eliminated is called 3
dehydration reaction,

4) The water molecule is made up from the hydroxyl group and a hydrogen atom
that was bonded to a carbon atom adjacent to the hydroxyl carbon.

5) This means that often there are two possible alkene products from one elimination reaction
depending on which side of the hydroxyl group the hydrogen is eliminated from.

6) Also, watch out for if any of the alkene products can form E/Z isomers (see pages 83-85)
— if they can then a mixture of both isomers will form.

Example: When butan-2-ol is heated to 170 °C with concentrated phosphoric acid, it dehydrates to form a

mixture of products. Give the names and structures of all the organic compound

e Elimination can occur between the
hydroxyl group and the hydrogen H—
either on carbon-1 or carbon-3.
This results in two possible alkene

s in this mixture.

products — but-1-ene and but-2-ene. / \

¢ In addition, but-2-ene can H H H C H H
form E/Z isomers. \ / \ / \ /

e So there are 3 possible products — /C=C\ /C=C\ /C=C\
but-1-ene, E-but-2-ene and H,C—CH, H H,C H H,C CH,
Z-but-2-ene. But-1-ene E-But-2-ene Z-But-2-ene

Practice Questions
Q1 What is the general formula for an alcohol?
Q2 Describe two different ways that propan-2-ol could be converted into 2-chloropropane.
Q3 What products are made when ethanol is refluxed with ‘red phosphorus” and iodine?
Exam Questions
Q1 a) Draw and name a primary alcohol, a secondary alcohol and a tertiary alcohol,
each with the formula C.H ,0. [3 marks]
b) Describe how ethanol could be converted into bromoethane. [1 mark]
Q2 When 3-methyl-pentan-3-ol is heated with concentrated phosphoric acid,
it reacts to form a mixture of organic products.
a) What is the name of this type of reaction? [1 mark]
b) How many organic compounds will be produced?
A4 B3 C2 DI [1 mark]

7

FEbrrrrryN

ARRRTNRRORRNERRRARNTES

Euuurghh, what a page... | think | need a drink...

Not too much to learn here — a few basic definitions, two different ways to make a chloroalkane, a
bromoalkane and another to make an iodoalkane, a tricky little dehydration reaction...

As | was saying, not much here at all... Think I'm going to faint.

reaction to make a

[THWACK]

Toric 6 — ORGANIC CHEMISTRY |

Ivww .ebook3000.con}



http://www.ebook3000.org

Oxidation of Alcohols

Another two pages of alcohol reactions. Probably not what you wanted for Christmas...

The Simplest way to Oxidise Alcohols is to Burn Them

It doesn’t take much to set ethanol alight and it burns with a pale blue flame.

The C-C and C-H bonds break and ethanol is completely oxidised
to make carbon dioxide and water. This is a combustion reaction.%czwowh * 30,y = 2€0,, + 3H,0,

If you burn any alcohol along with plenty of oxygen, you get carbon dioxide and water as products.
But if you want to end up with something more interesting, you need a more sophisticated way of oxidising...

How Much an Alcohol can be Oxidised Depends on its Structure
You can use the oxidising agent acidified dichromate(VI) (Cr,0_*7/H*, e.g. K,Cr,0./H,SO,) to mildly oxidise alcohols.

Sy,

< ! vy

The orange dlchromate(\/l) =
1on is reduced to the green
chromlum(l”) ion, Cr3*

l|II||HlIIIII||lIIIlI‘|I\

* Primary alcohols are oxidised to aldehydes and then to carboxylic acids.
e Secondary alcohols are oxidised to ketones only.
e Tertiary alcohols won’t be oxidised.

NYEARN]

Iy

Aldehydes and Ketones Contain C=0 bonds

Aldehydes and ketones are carbonyl compounds — they have the functional group C=0O.
Their general formula is C H, O.

1) Aldehydes have a hydrogen and one alkyl 2) Ketones have two alkyl groups attached
group attached to the carbonyl carbon atom. to the carbonyl carbon atom.
E.g. H H E8.  H OH
8 C //O T propanone
H=C=C=C ol H-C—C—C=H CH,COCH,
H H CH,CH,CHO H H

MULTLVEER U b o o,
T}ns test can also be done using Fehling's e
sglutlon, which contains copper(ll) ions dissolved
in sodium hydroxide. The colour change from

You can test whether a compound is an aldehyde or a ketone
using Benedict’s solution. This is a blue solution of complexed
copper(ll) ions dissolved in sodium carbonate. blue to red in th o

. . . ed In the presence of an aldehyde is the
If it's heated Wlt.h an aldehy('ie. the blue copper(ll) ions are same. Again, nothing happens with a ketone.
reduced to a brick-red precipitate of copper(l) oxide. ZEVEL UV VR Ty
If it's heated with a ketone, nothing happens as ketones can’t be easily oxidised.

IRRARVRRRNYDS

RN

N\

Primary Alcohols will Oxidise to Aldehydes and Carboxylic Acids

Primary alcohols can be oxidised twice — first to form aldehydes which can then be oxidised to form carboxylic acids.

@) /O [O] = oxidising agent
R-CH,~OH +[0] ——> R—C// +[0] ——> R—C7 e.g. potassium dichromate(V1)
distil N\ reflux N
H OH
+ H,O
primary alcohol aldehyde carboxylic acid
Distil for an Aldehyde, and Reflux for a Carboxylic Acid

You can control how far the alcohol is oxidised by controlling the reaction conditions. For example...
1) Gently heating ethanol with potassium dichromate(VI) solution and sulfuric acid in a test tube
should produce “apple” smelling ethanal (an aldehyde). However, it’s really tricky to control the
amount of heat and the aldehyde is usually oxidised to form “vinegar” smelling ethanoic acid.
2) To get just the aldehyde, you need to get it out of the oxidising solution as soon
as it’s formed. You can do this by gently heating excess alcohol with a controlled ~ \vvitviii vy,
amount of oxidising agent in distillation apparatus, so the aldehyde There’s loads more =
(which boils at a lower temperature than the alcohol) is distilled off immediately. aboﬂ“t distillation and
3) To produce the carboxylic acid, the alcohol has to be vigorously oxidised. o ??'F‘J?Q‘f |9|§'| N
The alcohol is mixed with excess oxidising agent and heated under reflux.

Toric 6 — ORGANIC CHEMISTRY |
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Oxidation of Alcohols

Secondary Alcohols will Oxidise to Ketones

1) Refluxing a secondary alcohol, e.g. propan-2-ol,
with acidified dichromate(VI) will produce a ketone.

2) Ketones can’t be oxidised easily, so even prolonged
refluxing won’t produce anything more.

H SRot 5 L
R, Monty and Bill were
R—C—OH+[0] —> Sc=0+ H,O getting some much Aneeded
| reflux Rz/ rest and refluxation.
R,

Tertiary Alcohols can’t be Oxidised Easily

1) Tertiary alcohols don’t react with potassium dichromate(VI) at all — the solution stays orange.
2) The only way to oxidise tertiary alcohols is by burning them.

Practice Questions

Q1 Write an equation for the complete combustion of ethanol in oxygen.
Q2 What's the structural difference between an aldehyde and a ketone?
Q3 Why must you control the reaction conditions when oxidising a primary alcohol to an aldehyde?
Q4 How would you oxidise ethanol to ethanoic acid?
Q5 What will acidified potassium dichromate(V1) oxidise secondary alcohols to?
Q6 How would you oxidise a tertiary alcohol?
Exam Questions

Q1 A student wanted to produce the aldehyde propanal from propanol, and set up reflux apparatus
using acidified potassium dichromate(VI) as the oxidising agent.

a) The student tested his product and found that he had not produced propanal.

i) What is the student’s product? [1 mark]
ii) Write equations to show the two-stage reaction.

You may use [O] to represent the oxidising agent. [2 marks]
iii) What technique should the student have used and why? [1 mark]

b) The student also tried to oxidise 2-methylpropan-2-ol, unsuccessfully.
i)  Draw the full structural formula for 2-methylpropan-2-ol. [1 mark]
ii) Why is it not possible to oxidise 2-methylpropan-2-ol with an oxidising agent? [1 mark]
Q2 What will be produced if 2-methylbutan-2-ol is heated under reflux with acidified dichromate(VI)?
A an aldehyde B a carboxylic acid C aketone D an unreacted alcohol [1 mark]

Q3 Plan an experiment to prepare 2-methylpropanal (CH,CH(CH,)CHO) from an appropriate alcohol.
Your plan should include details of the chemicals (including an alcohol that could be used
as a starting material) and procedure used for the reaction. [2 marks]

['ve never been very good at singing — I'm always in the wrong key-tone...

These alcohols couldn't just all react in the same way, could they? Nope — it seems like they’re out to ‘make your /lfe
difficult. So close the book and write down all the different ways of oxidising primary, secondary and tertiary alcohols,
and what the different products are. And don’t get caught out by those pesky primary alcohols getting oxidised twice.
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Organic Techniques

There are some practical techniques that get used a lot in organic chemistry. They may be used during the
synthesis of a product, or to purify it from unwanted by-products or unreacted reagents once it’s been made.

Refluxing Makes Sure You Don’t Lose Any Volatile Organic Substances

1) Organic reactions are slow and the substances are usually flammable and
volatile (they’ve got low boiling points). If you stick them in a beaker and
heat them with a Bunsen burner they’ll evaporate or catch fire before they
have time to react.

> water out

Liebig condenser

2)  You can reflux a reaction to get round this problem. water in =7
3) The mixture’s heated in a flask fitted with a vertical Liebig condenser — round
this continuously boils, evaporates and condenses the vapours bottomed bumol
and recycles them back into the flask, giving them time to react. flask anti- “";P'”g
ranules
4) The heating is usually electrical — hot plates, heating mantles, (adjed to make
or electrically controlled water baths are normally used. ﬁ boiling smoother)

This avoids naked flames that might ignite the compounds. heat

Distillation Separates Substances With Different Boiling Points

thermometer 1) Distillation works by gently heating a mixture in a distillation apparatus. The

substances will evaporate out of the mixture in order of increasing boiling point.
{\/ 2) The thermometer shows the boiling point of the
water out substance that is evaporating at any given time.
. / 3) If you know the bpiling point.of your pure product, you can use t.he thermometer
. to tell you when it’s evaporating and therefore when it’s condensing.

4) I the product of a reaction has a lower boiling point than the
starting materials then the reaction mixture can be heated so that
the product evaporates from the reaction mixture as it forms.

5 pure
product

5) If the starting material has a higher boiling point than the product, as long as
the temperature is controlled, it won’t evaporate out from the reaction mixture.

* Sometimes, a product is formed that will go on to react further if it's left in the reaction mixture.

e For example, when you oxidise a primary alcohol, it is first oxidised to an aldehyde and then oxidised
to a carboxylic acid. If you want the aldehyde product, then you can do your reaction in the distillation
equipment. The aldehyde product has a lower boiling point than the alcohol starting material, so
will distil out of the reaction mixture as soon as it forms. It is then collected in a separate container.

6) If a product and its impurities have different boiling points, then distillation can
be used to separate them. You use the distillation apparatus shown above, but this
time you're heating an impure product, instead of the reaction mixture.

7)  When the liquid you want bails (this is when the thermometer is at the boiling point of the
liquid), you place a flask at the open end of the condenser ready to collect your product.

8) When the thermometer shows the temperature is changing, put another flask
at the end of the condenser because a different liquid is about to be delivered.

Separation Removes Any Water Soluble Impurities From the Product

If a product is insoluble in water then you can use separation to remove any impurities
that do dissolve in water such as salts or water soluble organic compounds (e.g. alcohols).

impure product 1) Once the reaction to form the product is completed,

aqueous layer pour the mixture into a separating funnel, and add water.

containing some 2) Shake the funnel and then allow it to settle. The organic layer and
impurities the aqueous layer (which contains any water soluble impurities) are
immiscible, (they don’t mix), so separate out into two distinct layers.

00 3) You can then open the tap and run each layer off into a separate container.
0 (In the example on the left, the impurities will be run off first, and the product collected second.)

Toric 6 — ORGANIC CHEMISTRY |



Organic Techniques

You Can Remove Traces of Water From a Mixture Using an Anhydrous Salt

1) If you use separation to purify a product, the organic layer will
end up containing trace amounts of water, so it has to be dried.

2) To do this you can add an anhydrous salt such as magnesium sulfate (MgSO,) or calcium chloride
(CaCl,). The saltis used as a drying agent — it binds to any water present to become hydrated.

3) When you first add the salt to the organic layer it will be lumpy. This means you need to add more.
You know that all the water has been removed when you can swirl the mixture and it looks like a snow globe.

4) You can filter the mixture to remove the solid drying agent.

Measuring Boiling Point is a Good way to Determine Purity

1) You can measure the purity of an organic, liquid product by looking at its boiling point.

2) If you've got a reasonable volume of liquid, you can NN AR RN RN RN R AR ERERR TS
determine its boiling point using a distillation apparatus, Be careful — different organic liquids
like the one shown on the previous page. can have similar boiling points, so you
¢ v h he liquid in the distillati " should use other analytical techniques

3) If you gently heat the liquid in the '|st1 .a'tlon' a!oparatus, until it evaporates, (see topic 7) to help you determine
you can read the temperature at which it is distilled, using the-thermometer your product's purity too.

in the top of the apparatus. This temperature is the boiling point. RV RN RN AN RVARY A URRNRRRREES

4) You can then look up the boiling point of the substance in data books and compare it to your measurement.

5) If the sample contains impurities, then your measured boiling point will be higher than the recorded value. You
may also find your product boils over a range of temperatures, rather than all evaporating at a single temperature.

ANAYERVERWAR!

RYARRARRNERY

Practice Questions
Q1 Draw a labelled diagram to show the apparatus used in a reflux reaction.
Q2 Why might you want to avoid naked flames when performing an experiment with organic substances?
Q3 Name two ways of purifying organic products.
Q4 Describe a technique you could use to assess the purity of an organic liquid.

Exam Question

Q1 a) A student carried out an experiment to make hex-1-ene from hexan-1-ol using the following procedure:

HO- N\ LG NP

heat
1) Mix 1 cm? hexan-1-o0l with concentrated phosphoric acid
in a reflux apparatus, and reflux for 30 minutes.
2) Once the mixture has cooled, separate the alkene from any aqueous impurities.

3) Dry the organic layer with anhydrous magnesium sulfate.

i)  What is meant by reflux and why is it a technique sometimes used in organic chemistry? [2 marks]
i) What organic compound is removed in the separating step? [1 mark]
iii) Describe, in detail, how the student would carry out the separation in step 2). [3 marks]

b) In another experiment, the student decides to make 1-hexen-6-ol by carrying out a
single dehydration reaction of the diol 1,6-hexanediol.

OH H,PO OH
AONNNNST 2 NS
HO heat
i) If the student follows the procedure in part a), why might he produce a mixture of products? [1 mark]
ii) How could the procedure in part a) be adapted to prevent a mixture of products being formed? [2 marks]

Thought this page couldn’t get any drier? Try adding anhydrous MgSO,...
Learning the fine details of how experiments are carried out may not be the most interesting thing in the world, but you
should get to try out some of these methods in practicals, which is a lot more fun.
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Mass Spectrometry

This topic’s about some of the fancy techniques chemists use to work out what different unknown compounds are. Neat.

Mass Spectrometry Can Help to Identify Compounds

1) You saw on page 7 how you can use a mass spectrum showing the relative isotopic abundances of an
element to work out its relative atomic mass. You can also get mass spectra for molecular samples.

2) A mass spectrum is produced by a mass spectrometer. The molecules in the sample are bombarded with
electrons, which remove an electron from the molecule to form a molecular ion, M+(g).

3) To find the relative molecular mass of a compound you look at the NE '/’45‘ M 't'h‘ SRR
molecular ion peak (the M peak). This is the peak with the highest m/z value = surming (e 1on
. : . = has a +1 charge, which
(ignoring any small M+1 peaks that occur due to the isotope carbon-13). =

TR

— it normally will have.
The mass/charge value of the molecular ion peak is the molecular mass. T T TIR
The y-axis gives 5100+ CH.CH.CH~ Pania Here's the mass spectrum of pentane.
the abundance g 80 CH,CH,CH,CH,CH, lts M peak is at 72 — so the
of ions, often as £ M peak — caused ~ compounds M is 72.
a percentage.‘i\_‘é 60— by molecular ion For most organic compounds the

_g e CH,CH,CH,CH,CH," M peak is the one with the second
The x-axis units 4 CH,CH, CH.CH.CH.CH." highest mass/charge ratio.
are given as a = 204 CH, : iﬂ e M v The smaller peak to the right of the
‘mass/charge’ @ N | (L, | |/ pea M peak is called the M+1 peak —

. 0 e e e et it's caused by the presence of
ratio. '\ s
LR 20N N L CE O 0 the carbon isotope *C.

mass/charge (m/z)

The Molecular lon can be Broken into Smaller Fragments

1) The bombarding electrons make some of the molecular ions break up into fragments.
The fragments that are ions show up on the mass spectrum, making a fragmentation pattern. Fragmentation
patterns are actually pretty cool because you can use them to identify molecules and even their structure.

CH,CH,® + CH;’

For propane, the molecular ion is CH,CH,CH,*, and the fragments . free radical ion
it breaks into include CH,* (M. = 15) and CH,CH,* (M. = 29). CH,CH,CH, S
Only the ions show up on the mass spectrum — the free radicals are ‘lost’. CH,CH," + eCH,
ion free radical
2) To work out the structural formula, you've got to work out what ion could have c . | Molecular M
made each peak from its m/z value. (You assume that the m/z value of a peak} ragmen olecular fViass
matches the mass of the ion that made it.) Here are some common fragments: CH5* 15
Example:  Use this mass spectrum g CoHs" 29
(]
to work out the structure 2 CH,CH,CH,"
of the molecule: E 43
Z or
AR RN R AR N A R R/ CH;CHCH;*
= It's only the m/z values ] %
= you're interested in — ignore = ® OH* 17
- the heights of the bars. 3 0 5 10 15 20 25 30 35 40 45 50
Z/INRRVERERERRNNANRERRRRAAR S mass/charge (m/z)
< 3l CH,0H"
1. Identify the fragments K
Q
This molecule’s got a peak at 15 m/z, K 15 s 2 ¢CH2CH3+
so it’s likely to have a CH, group. 5 cu’ 14A/CH3 4 462/(/:\1\_'%?_"‘ G
It's also got a peak at 17 m/z, ; Y 17 ,OH 32
so it’s likely to have an OH group. /5 4
. . 2HH‘HH‘HH‘HH‘HH‘HH‘H\‘\\\\‘\\H‘\h\‘
Other ions are matched to the peaks here: A R e O

mass/charge (m/z)

2. Piece them together to form a molecule with the correct M,

Ethanol has all the fragments on this spectrum. H H
Ethanol’s molecular mass is 46. \ H—C*EC‘*EO—H

This should be the same as the m/z value of the M peak — it is. F‘, Ly |
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Mass Spectrometry

Mass Spectrometry is Used to Differentiate Between Similar Molecules

1) Even if two different compounds contain the same atoms, you can still tell them apart with
mass spectrometry because they won’t produce exactly the same set of fragments.

2) The formulae of propanal and propanone are shown below.

H H o H O H
\ \ 7 [
H—C—C—C H—C—C—C—H
T Ny | |
H H H H
propanal propanone A massage spectrum

They've got the same M, but different structures, so they produce some different fragments.
For example, propanal will have a C,H.* fragment but propanone won't.

3) Every compound produces a different mass spectrum — so the spectrum’s like a fingerprint for the compound.
Large computer databases of mass spectra can be used to identify a compound from its spectrum.

Practice Questions

Q1 What is meant by the molecular ion?
Q2 What is the M peak?
Q3 What causes the presence of an M+1 peak on the mass spectra of most organic compounds?

Exam Questions

Q1 Below is the mass spectrum of an organic compound, Q.

|||||||||||||||||||||||| [TTTTTTT ||| d) Why is it unlikely that this
0 15 25 30 35 40 compound is an alcohol? [1 mark]
mass/charge (m/z)

Y
§ a) What is the M_of compound Q? [1 mark]
<
% b) What fragments are the peaks marked
) X and Y most likely to correspond to? [2 marks]
(o]
o=
s X
[0
= |

| T

‘ ¢) Suggest a structure for this compound. [1 mark]
| ||= |

Q2 Mass spectrometry is run on a sample of but-2-ene (CH,CHCHCH,) and a mass spectrum is produced.
For the following questions, assume that all ions form with a +1 charge.

a) At what m/z value would you expect the M peak of but-2-ene to appear? [1 mark]
b) A peak appears on the spectrum at m/z = 41. Suggest which fragment is responsible for this peak. [1 mark]
c) Apart from the M peak and the peak at m/z = 41, suggest one other peak that you would expect

to be present on the mass spectrum of but-2-ene. What fragment does it correspond to? [2 marks]

Q3 An unknown alcohol has the chemical formula C,;H,O.
A sample of the compound was inserted into a mass spectrometer and a mass spectrum was produced.
A peak appears on the mass spectrum at m/z = 31.
Name the unknown alcohol and draw its structure. Explain your answer. [4 marks]

Use the clues, identify a molecule — mass spectrometry my dear Watson...

I hate break ups — even if it is to make some lovely ions and a fragmentation pattern. But remember — mass
spectrometry only records fragments that have a charge. So, when drawing or writing the fragments that a peak could be
responsible for, remember to put that little positive sign next to them — you’ll lose marks in the exam if you don’t show it.
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Infrared Spectroscopy

If you've got some stuff and don’t know what it is, don’t taste it. You can stick it in an infrared spectrometer.
You’ll wind up with some scary looking graphs. But just learn the basics, and you'll be fine.

Infrared Radiation Makes Some Bonds Vibrate More

1) Ininfrared (IR) spectroscopy, a beam of IR radiation is passed through a sample of a chemical.
2) The IR radiation is absorbed by the covalent bonds in the molecules, increasing their vibrational energy.

3) Bonds between different atoms absorb different frequencies of IR radiation. Bonds in different places in a
molecule absorb different frequencies too — so the O-H group in an alcohol and the O-H in a carboxylic acid
absorb different frequencies. This table shows what frequencies different bonds absorb:

Where it’s found Wavenumber (cm™)
Alkanes 2962-2853
C—H stretching Alkenes 3095-3010
A|dehydes 2900-2820 and 2775-2700
ARRNANERR AV
C-H bending Alkanes 1485-1365 = Bending is just =
- th tof =
N-H stretching Amines 3500-3300 = aniibf;tisg;' ° =
s \
Alcohols 3750-3200 e
O-H stretching
Carboxylic Acids 3300-2500 (broad)
C=C stretching Alkenes 1669-1645
Aldehydes 1740-1720
C=0 stretching Ketones 1720-1700 Sy,
= You don't need to
Carboxylic Acids 1725-1700 learn this data,

but you do need
to understand

how to use it.
ZAVEREERNRNERNAAR

4) You'll be given all the infrared spectroscopy data you need in the exams.
It may be presented a bit differently to the table above and it might contain different
information. Don’t worry though — just use it in the same way as the stuff above.

ARRRAVARREEA

NIEERRRRAA

Infrared Spectroscopy Helps You Identify Organic Molecules

1) An infrared spectrometer produces a graph that shows you what frequencies of radiation the molecules are
absorbing. So you can use it to identify the functional groups in a molecule. All you have to do is use the
infrared data table to match up the peaks on the spectrum with the functional groups that made them.

2) The peaks show you where radiation is being absorbed
(the peaks on IR spectra are upside-down — they point downwards).

3) Transmittance is always plotted on the y-axis, and wavenumber on the x-axis.
Wavenumber is the measure used for the frequency (it's just 1/wavelength in cm).

Infrared spectrum of ethanal

The absorption at about
3000 cm™is caused
by the C—H groups.

Transmittance %
(2]
(@]
1

This strong, sharp

absorption at about
1700 cm™ shows you 0 t
there's an C=O group 4000 3000

2000 1500 1000 500 The toe toucher was
Wavenumber (cm™') Carol's favourite stretch.
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Infrared Spectroscopy

. . \\\\IIII\H[I(IIIII///

Infrared Spectroscopy Can Show if a Reaction’s Happened 2 Seef pages 96-97 =
- or more on -

Infrared spectroscopy is great for telling if a functional group has changed during a reaction. = the oxidation of i
For example, if you oxidise an alcohol to an aldehyde you'll see the O—H absorption disappear ~ =, alcohoks S

. NG RNNRRRRRANANARA
from the spectrum, and a C=0O absorption appear. If you then oxidise it further to a carboxylic acid

an O-H peak at a slightly lower frequency than before will appear, alongside the C=0 peak.

Example: A chemical was suspected to be a pure sample of an unknown aldehyde.
When the chemical was tested using infrared spectroscopy, the spectrum below was obtained.

Is the chemical an aldehyde? Explain your answer.

1) If the chemical was an aldehyde, it would contain 100+
a carbonyl group (a C=0 functional group — see page 96).
2) In infrared spectroscopy, a carbonyl group would show a E
strong, sharp peak at about 1700-1750 cm™. e
3) The spectrum on the right doesn’t have a strong E 01
peak at this frequency, and so is not an aldehyde &
'_

(or a ketone, a carboxylic acid or an ester). f}
\\IH'\l”lll\l’lll”\lll\HH\I\l\\“ll”\l 0

= Actually, this is the infrared spectrum of ethanol. = 4000 3000 2000 1500 1000 500
RN RN AVERVARRVARVERNARERANARNRRRANAEY

Wavenumber (cm™)

Practice Questions

Q1 What happens to a covalent bond when it absorbs infrared radiation?

Q2 Why do most infrared spectra of organic molecules have a strong, sharp peak at around 3000 cm'?

Q3 What functional group would be responsible for a peak on an infrared spectrum at around 1740-1720 cm2
Exam Questions

Q1 The IR spectrum of an organic molecule is shown on the right.

a) Which of the following compounds
could be responsible for the spectrum?
Use the infrared data on page 102.

._.
=)
T

A Dbutanoic acid

Transmittance (%)
$

B butanal
C l-aminobutane
0
D butanol 1l ] 4000 3500 3000 2500 2000 1500 1000 500
. =il
b) Explain your answer to a). [2 marks] Wavenumber (cm )

Q2 The molecule that produces the IR spectrum shown
on the right has the molecular formula C;HO,.

$ 100 = Lo

Use the infrared data on page 102. o l JL
Q
=

a) Which functional groups are _‘g 50

responsible for peaks A and B? [2 marks] &
o
<
9 = 0~
b) Give the structural formula and name &= 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

of this molecule. Explain your answer. [2 marks] Wavenumber (cm™)

To analyse my sleep patterns, | use into-bed spectroscopy...

Infrared spectra may just appear to be big, squiggly messes — but theyre actually dead handy at telling you what sort of
molecule an unknown compound is. Luckily you don’t have to remember where any of the infrared peaks are, but you do
need to be able to identify them using your data sheet. So get some practice in now and do those exam questions above.
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Enthalpy Changes

A whole new topic to enjoy — but don't forget, Big Brother is watching...

Chemical Reactions Often Have Enthalpy Changes

When chemical reactions happen, some bonds are broken and some bonds are made. More often
than not, this’ll cause a change in energy. The souped-up chemistry term for this is enthalpy change.

Enthalpy change, AH (delta H), is the heat energy change in
a reaction at constant pressure. The units of AH are kj mol-'.

You write AH® to show that the measurements were made under standard conditions
and that the elements were in their standard states (their physical states under standard
conditions). Standard conditions are 100 kPa (about 1 atm) pressure and a specified
temperature (which is normally 298 K). The next page explains why this is necessary.

The Smiths were enjoying
the standard conditions in

Reactions can be Either Exothermic or Endothermic British summertime.

1) Exothermic reactions give out heat energy.
AH is negative. In exothermic reactions,
the temperature often goes up.

The combustion of a fuel like methane is exothermic:
CH4(g) + 2Oz(g) = COZ(g) +2H,0, A H*=-890 k] mol™!

2) Endothermic reactions absorb heat energy.
AH is positive. In endothermic reactions,
the temperature often falls.

The thermal decomposition of calcium carbonate is endothermic:
a0y, — Ca0), + CT, A H®=+178 k) mol™!
QUrrtvprvrvrervr e v rverv v e v b rvep v e v v rv v e

= o o . =
~ The symbols A H and A H " are explained on the next page. =
KA R A A R A AN R AV A RN AR AR AR R RN AR AR AN A RN RARERD

Enthalpy Level Diagrams Show the Overall Change of a Reaction

1) Enthalpy (or energy) level diagrams show the relative energies of the reactants and products in a reaction.
The difference in the enthalpies is the enthalpy change of the reaction.

2) The less enthalpy a substance has, the more stable it is.

Enthalpy Enthalpy
N A . X
Reactants In an exothermic reaction, Products In an endothermlc. reaction,
E— the reactants release energy —— the reactants take in energy
to the surroundings, so the from the surroundings, so
AH products have less enthalpy AH the products have more
yProducts than the reactants. Reactants enthalpy than the reactants.

Reaction Profile Diagrams Show Enthalpy Changes During a Reaction

1) Reaction profile diagrams show you how the enthalpy changes during reactions.

2) The activation energy, £, is the minimum amount of energy needed to begin breaking reactant bonds
and start a chemical reaction. (There’s more on activation energy on page 112.)

ENDOTHERMIC REACTION EXOTHERMIC REACTION
A A
Tl ____ Less stable L Less stable .
@] QUL v, e} Activation
£ Activati Products =  AH arrows should point = E | Reactants energy, £,
— ctivation [~ . = =
=  E, = down for exothermic changes = ¢
T Z  and up for endothermic = T
= AH is positive. = changes, like in enthalpy level = 2 AH is negative.
2 More stable JHeat energy absorbed :/ diagrams (see above). 3 = Heat energy rgleased Misie deble
_{:“ from surroundings. 4Y/ARERRRRRRRRRRR R RRNARY Rl to surroundings. 4/
c 7 b Products
Ll e ——f _ _ _ _ - W Ly - ___
Progress of Reaction Progress of Reaction
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Enthalpy Changes

You Need to Specify the Conditions for Enthalpy Changes

1) You can’t directly measure the actual enthalpy of a system. In practice, that doesn’t matter, because it’s only
ever enthalpy change that matters. You can find enthalpy changes either by experiment or in data books.

2) Enthalpy changes you find in data books are usually standard ST O
enthalpy changes — enthalpy changes under standard conditions - 298 Kiis the same as 25 °C. =
(100 kPa and a specified temperature, usually 298 K). TRV VTR Vv

3) This is important because changes in enthalpy are affected by temperature and pressure —
using standard conditions means that everyone can know exactly what the enthalpy change is describing.

There are Different Types of AH Depending On the Reaction

1) Standard enthalpy change of reaction, A,H, is the enthalpy change when the reaction occurs in the
molar quantities shown in the chemical equation, under standard conditions.

2) Standard enthalpy change of formation, A;H°, is the enthalpy change when 1 mole of a compound is formed
from its elements in their standard states, under standard conditions, e.g. 2C, + 3H2(g) + 1/202@ — C,H,OH,.

3) Standard enthalpy change of combustion, A_H®, is the enthalpy change when 1 mole of a substance is
completely burned in oxygen, under standard conditions.

4) Standard enthalpy change of neutralisation, A ,,H°, is the enthalpy change when an acid and an alkali react
together, under standard conditions, to form 1 mole of water.

Practice Questions

Q1 Explain the terms exothermic and endothermic, giving an example reaction in each case.

Q2 Draw and label enthalpy level diagrams for an exothermic and an endothermic reaction.
Q3 Define standard enthalpy change of formation and standard change enthalpy of combustion.

Exam Questions

Q1 Hydrogen peroxide, H,O,, can decompose into water and oxygen.

B -1
2H,0,, —2H,0, + 0, AH =98 kJ mol

2

Draw a reaction profile diagram for this reaction. Mark on the activation energy, £, and AH. [3 marks]

Q2 Methanol, CH,OH,,, when blended with petrol, can be used as a fuel. ACHG[CH3OH] =726 kJ mol™!

a
a) Write an equation, including state symbols, for the standard enthalpy change of combustion of methanol. [1 mark]
b) Write an equation, including state symbols, for the standard enthalpy change of formation of methanol.  [1 mark]

c) Petroleum gas is a fuel that contains propane, C,H,.
Why does the following equation not represent a standard enthalpy change of combustion? [1 mark]

2CH,  +100,  — 6CO,  +8HO A H°=-4113 kJ mol™!

3778(g) 2(g) 2(g) 27(g)

Q3 Coal is mainly carbon. It is burned as a fuel. A H°=-393.5 kJ mol™!
a) Write an equation, including state symbols, for the standard enthalpy change of combustion of carbon. [1 mark]
b) Explain why the standard enthalpy change of formation of carbon dioxide will also be —393.5 kJ mol™". [1 mark]

¢) How much energy would be released when 1 tonne of carbon is burned? (1 tonne = 1000 kg) [2 marks]

Enthalpy changes — ethylpan, thenalpy. panthely, lanthepy. nyapleth...

Quite a few definitions here. And you need to know them all. If you're going to bother learning them, you might as
well do it properly and learn all the pernickety details. They probably seem about as useful as a dead fly in your custard
right now, but all will be revealed over the next few pages. Learn them now, so you've got a bit of a head start.
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More on Enthalpy Changes

Now you know what enthalpy changes are, here’s how to calculate them...

You Can Find Enthalpy Changes Using Experiments | . ',

Some enthalpy changes can't

To find the enthalpy change for a reaction, you only need to know two things: be found by measuring a single
temperature change. Fear not —

¢ the number of moles of the stuff that's reacting, = there's a way round this on page 109
e the change in temperature of the reaction. SRRV RVARVRRRRENERRSRRVETIS

Once you know these two things, you can work out the change in heat energy of the reaction using the equation on
the next page. For reactions carried out at constant pressure, the heat change is the same as the enthalpy change.

Fitivyry

ARNERRNAR!

You Can Directly Measure the Temperature Change of Some Reaction Mixtures

For reactions where all the reactants are solids or liquids, you can just mix the WLy,
reactants together, stick a thermometer in the reaction mixture and measure the = YF’“ Sh‘?“ld carry out t'he reaction
overall temperature change. The problem with this method is that some heat " la” '”Sulatbed Eonta'”ehr' ¢g a

will be lost to the surroundings (or gained if the reaction is endothermic), so the Pjoftylr;;:orea;: f;utchaﬁg;u

temperature change you measure will be less than the actual temperature change throughgthe sides.

of the reaction. You can account for this problem by using the method below.

UK
AR

AR RRARRRRRRR RN RARNARRRNEN

Example: Describe an experiment that could be used to find the enthalpy change of Reaction mixture
the endothermic reaction between citric acid and sodium bicarbonate. Thermometer of citric acid and
L . ) sodium bicarbonate
1) Add a set volume of citric acid of a known concentration to a polystyrene cup.  —— N
2) Put a lid on the beaker and measure the temperature of Lid
the solution every 30 seconds until it’s stabilised. —Polystyrene
3) Add a set mass of sodium bicarbonate to the beaker, and stir the mixture. beaker
4) Measure the temperature of the reaction mixture every EH T T
30 seconds until the temperature has reached a minimum temperature 201
(or maximum for an exothermic reaction) and has been O 16:
returning to the initial temperature for a couple of minutes. <
(5]
5) Draw a graph of temperature against time.c————————p- 5127
g
6) To find the temperature change of the reaction, accounting for g g
the fgct the heat is gained frqm the surroqndingg etxt.rgpolate extrapolated 5 ol
the line from where the reaction is returning to its initial minimum S
temperature back towards the time when the reaction started. temperature 0T — 1T
0 60 120 180 240 300 360

7) Read off the temperature from the extrapolated line at the A e/
time when the reaction started (when the sodium bicarbonate F:)r aln' ex;t\hlelr;nlii‘r'e;lt’iééltlilel i’.;t’:ﬂl H ‘t' H ','H’//
was added). Here, it’s 2 minutes and the temperature is 1 °C. ' perature wi

rise to a maximum and then fall. To find the

8) Compare this with the initial reading to find the temperature change, extrapolate the line from

temperature change of the reaction — the initial temperature the point where the temperature starts falling
was 21 °C, so the temperature change is 1 — 21 = -20 °C.

SEANRRRRRRRYS

back to the time where the reaction started.
AR R RN RN RN N NN RN RN RRRRRRRRRRRRRRRLERY!

\

ARNNRRNERRRE!

VLT ey
' . ! Z
Calorimetry’ means

\ .

measuring heat changes'.
The experiments on this
page are calorimetry

To Find Enthalpy Changes of Combustion You Need A Calorimeter

It's harder to measure the temperature change of a reaction where one of the reactants
is a gas, such as in combustion reactions. You can use a calorimeter to find how much
heat is given out by a reaction by measuring the temperature change of some water. experiments,

AR RANNNRNRNENNENAN

1) To find the enthalpy of combustion of a ol

flammable liquid, you burn it — using apparatus like this... 3 Sirrer ) i
2) As the fuel burns, it heats the water. You can work out the heat

absorbed by the water if you know the mass of water, the

temperature change of the water (A7), and the specific heat capacity Wiater w

of water (= 4.18 ) g7' K') — see the next page for the details. |
3) Ideally, all the heat given out by the fuel as it burns would be absorbed by the

water, so you could accurately work out the enthalpy of combustion (next page).  Air»

But, you always lose some heat (you heat the apparatus and the surroundings.

NARARANENAN DS

ARNNEERERENA

\

Combustion
chamber

Spirit burner containing fuel
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More on Enthalpy Changes

Calculate Enthalpy Changes Using the Equation g = mcAT

It seems there’s a snazzy equation for everything these days, and enthalpy change is no exception:

q-= MCAT where, g = heat lost or gained (in joules). This is the same as
VT, the enthalpy change if the pressure is constant.

A
The specific heat capacity, =

. m = mass of water in the calorimeter, or solution in the insulated container (in grams).
of water is the amount

- - ” . Py N RN RAR AR NN RS
= of heat energy it takes to = € = = specific heat capacity of water (4.18 J g~ K™'). L= This is the same as =
= raise the temperature of = AT = the change in temperature of the water or solution (in K).“~ = the change in °C. =
=  Tgofwaterby 1K = ARV NRRERRERARNARAI-
///llllllllllHIll\Illll\\

Example: In a laboratory experiment, 1.16 g of an organic liquid fuel was completely burned in oxygen. The
heat formed during this combustion raised the temperature of 100 g of water from 17.5 °C to 80.0 °C.

Calculate the standard enthalpy of combustion, A_H®, of the fuel. Its M is 58.0. 5!
c r Remember — m is the

mass of water, NOT
the mass of fuel.
a First, you need to calculate the amount of heat given out by the fuel, using g = mcAT.  “riviviiin
U AR N AR A R R RN A RN NNV}
= Ifyou're asked to calculate an enthalpy change, the =
g=100x4.18 x (80.0-17.5) =26 125 % answer should always be in kJ mol™. So change the =
26 125 = 1000 = 26.125 kJ = amount of heat from J to kJ by dividing by 1000. z

/IllII\IIl\lIII\IIlI\IIIIII\II!\IIII\IIII\IIl\

RN

IAREAREY;

g = mcAT

The standard enthalpy of combustion involves 1 mole of fuel. So next you need
to find out how many moles of fuel produced this heat. It's back to the old n = mass + M_equation.

n=1.16 + 58.0 = 0.0200 mol of fuel AR AR R RN RN RN R R RN RN
= It's negative because combustion =
e So, the heat produced by 1 mole of fuel = 26.125 + 0.0220//;/” | ”'Isla": Iei(?::h]elrlrmcl :elalc:"l‘"”[-’ N I\E

~—1310 k)] mol~" (3 s.f.). This is the standard enthalpy change of combustion.

The actual A.H* of this compound is —1615 kJ mol™" — lots of heat has been lost and not measured.
For example, it’s likely a bit escaped through the calorimeter, the fuel might not have
combusted completely, or the conditions might not have been standard.

Practice Questions

Q1 Briefly describe an experiment that could be carried out to find the
enthalpy of combustion of a reaction between a solid and a liquid.

Q2 What equation is used to calculate the enthalpy change in a calorimetry experiment?
Q3 Why might the enthalpy of combustion calculated from an experiment be different from the real value?

Exam Questions

Q1 The initial temperature of 25.0 cm? of 1.00 mol dm= hydrochloric acid in a polystyrene cup was measured as 19.0 °C.
This acid was exactly neutralised by 25.0 cm? of 1.00 mol dm= sodium hydroxide solution.
The maximum temperature of the resulting solution was measured as 25.8 °C.

Calculate the standard enthalpy change of neutralisation for the reaction. (You may assume the
neutral solution formed has a specific heat capacity of 4.18 J g' K-}, and a density of 1.00 g cm™.) [3 marks]

Q2 A 50.0 cm? sample of 0.200 mol dm™ copper(Il) sulfate solution placed in a polystyrene beaker gave a temperature
increase of 2.00 K when excess zinc powder was added and stirred. (Ignore the increase in volume due to the zinc.)
Calculate the enthalpy change when 1 mol of zinc reacts. Assume the solution’s specific heat capacity
is4.18 J g™ K™'. The equation for the reaction is: Zn + CuSO,, — Cu +ZnSO, [3 marks]

If you can’t stand the heat, get out of the calorimeter...

There’s quite a lot to wrap your noggin round on these pages. Not only are there some fiddly calorimetry experiments,
but you need to know how to calculate enthalpy changes from your results. You need to know the limitations of the
experiments, too. You’ll often assume that no heat is lost (or gained) from the surroundings, but this isn’t always true...
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Hess’s Law

You can’t always work out an enthalpy change by measuring a single temperature change. But there are other ways...

Hess’s Law — the Total Enthalpy Change is Independent of the Route Taken

Hess’s Law says that: | The total enthalpy change of a reaction is always the same, no matter which route is taken.

This law is handy for working out enthalpy changes that you can’t find directly by doing an experiment.

/\H NERREARERARRA
2NOy p 20 These handy

diagrams are

Here’s an example:
The total enthalpy change for route 1 is the same as for route 2. —> Rowe /
2 -180.8 kJ

NIARE |1|/,
N
LINNEREYEAN

So, A.H® = +114.4 + (-180.8) = —66.4 kJ mol-". a4l N\ froute called enthalpy
2NOg, + Oy cycles.
/I\Illllllllll\\
Enthalpy Changes Can be Worked Out From Enthalpies of Formation
Enthalpy changes of formation are useful for calculating enthalpy changes you can’t find directly.
You need to know A;H° for all the reactants and products that are compounds — A;H° for elements is zero.
Example: Use the enthalpy cycle on the right to calculate A, H* REACTANTS AH® PRODUCTS
for the reaction: SO, + 2H,S, — 35S +2H,0,, SO, + 2H,S,, ———> 35, + 2H,0,
Route 1
Using Hess’s Law: Route 1 = Route 2
A,H® + the sum of A;H® (reactants) = the sum of A;H°(products) AHE ctons AH g roducts)
reac ants.
So, A,H® = the sum of A;H®(products) — the sum of A;H” (reactants)
lue th b : he richt into th ion above: 35 + 2H,g+ Oy
Just plug the numbers given on the right into the equation above: AN
= [O < (2 X —286)] = [*297 + (2 X *202)] = —235 k] m0|_1 A H [SO ] — 297 kJ mOI 1
2g)
1
A¢H"of sulfur is zero  There are 2 moles of H,O AH” H, S ] —=20.2 i imal” :
— it's an element. and 2 moles of H.S. AH [H O yl =286 k) mol-
It always works, no matter how complicated the reaction...
Example: Use the enthalpy cycle on the right to REACTANTS AH® PRODUCTS
calculate A H* for the reaction: 2NH,NO; ) + Cg ——>2N, + CO, + 4H,0,,
2NH,NO, +C = 2N, +CO, +4H,0, sl g
HE N SAH®
Using Hess’s Law: Route 1 = Route 2 - e 7V i)
AH® (reactants) + A H" = A;H®(products) o+ 2Ny + 4Hyp + 305
2 x-365)+0+AH"=0+-394 + (4 x -286) FLEMENTS
@ x- A= AHINH,NO, ] = =365 kJ ol
Ar/—/ =-394 + (71 144) = (7730) A H [CO ] = -394 kJ moI -
2(g)
=-808 k] mol AH® [H,0,] =-286 k] mol™!
Enthalpy Changes Can be Worked Out From Enthalpies of Combustion
You can use a similar method to find an enthalpy change from enthalpy changes of combustion.
\lllllllll\lllll\lll/// REACTANTS PRODUCTS

to calculate A;H* for C,H.OH. enough oxygen to =

2 Route 1
balance the equations. \
Using Hess’s Law: Route 1 = Route 2 S 30,
AH®[C,H.,OH] + A .H® [C,H.OH] = 2A_H?[C] + 3A H[H,]

AHE [C,H,OH] + (-1367) = (2 x ~394) + (3 x ~286) 2C0, + 31,0,

olc Hi O] = —788 + —858  (-1367) = ~279 kJ mol- COMBUSTION PRODUCTS
Ly lIG ARl = - AH’IC ] = -394 kJ mol!
AH"H 2g)]_ -286 k) mol!
A H[C,H,OH ] =-1367 k] mol-'

Example: Use the enthalpy cycle on the right = a
p py cy 8 E You need to add Z2C, + 3Hyg+ 120y, C,H,0OH,
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Hess’s Law

Hess’s Law Lets You Find Enthalpy Changes Indirectly From Experiments

On pages 106-107 you saw how you could find the enthalpy change of a reaction using calorimetry.
Sometimes you can combine the enthalpy change results from these experiments (neutralisation reactions,
for example) to work out an enthalpy change that you can’t find directly. It's clever stuff... read on.

You can’t find the enthalpy change of the

thermal decomposition of calcium carbonate CaCO,, — Cal, + Coz@ Enthalpy change = ¢

by measuring a temperature change.

(It's an endothermic reaction, so you'd expect the temperature to fall. But you need to heat it up for the reaction to happen at all).
But you can find it in a more indirect way.

The aim is to make one of those Hess cycles (the technical name for a “Hess’s Law triangle diagram thing”).

1) Write the reaction you want to find the enthalpy change for at the A,
top of the triangle — include your reactants and products: CaCO; ——» (a0 + CO,

2) Next, you're going to carry out two neutralisation reactions involving hydrochloric acid,
and use the results to complete your Hess cycle. You can find the enthalpy changes of these
reactions (using calorimetry — see pages 106-107). Call them AH, and AH,.

Reaction 1: CaCO, + 2HC|I — CaCl, + CO, + H,O0 AH,
Reaction 2: CaO + 2HCI — CaCl, + H,0 AH

3) Now you can build the other two sides of your Hess cycle.

Add 2 moles of HCI to both sides of your triangle’s top —p> CaCO, + 2HC|LHQ> CaO + CO, + 2HCl
(representing the 2 moles of HCl in the above equations). %}

2

Add the products of the neutralisation reactions to the bottom

g 5 , p o
of the triangle. Notice how all three corners ‘balance’. CaCo, + 2HC| AH CaO + 2HCl + CO,

4) Add the enthalpy changes you found to your diagram. &, é\o@
/O/}
5) And do the maths... the enthalpy AH R/ & AH,
change you want to find is just: AH, — AH, CaCl, + H,0 + CO,

Practice Questions

Q1 What does Hess’s Law state?
Q2 What is the standard enthalpy change of formation of any element?

Q3 Describe how you can make a Hess cycle to find the standard enthalpy change
of a reaction using standard enthalpy changes of formation.

Exam Questions

Q1 Using the facts that the standard enthalpy change of formation of AL,O,  is —1676 kJ mol ' and the standard
enthalpy change of formation of MgO(S) is =602 kJ mol™, calculate the enthalpy change of the following reaction.

ALQO, +3Mg  — 2Al +3MgO [2 marks]
Q2 Calculate the enthalpy change for the reaction below (the fermentation of glucose).
CeH,,0,,, — 2C,H,0H +2CO,,
Use the following standard enthalpies of combustion in your calculations:
A H? (glucose) = 2820 kJ mol ! A H® (ethanol) = 1367 kJ mol ! [2 marks]

Meet Hessie. She’s the Lawch Hess Monster...

To get your head around those enthalpy cycles, you're going to have to do more than skim read them. It’ll also help if
you know the definitions for those standard enthalpy thingumabobs. 1d read those enthalpy cycle examples again and
make sure you understand how the elements/compounds at each corner were chosen to be there.

Toric 8 — ENERGETICS |

Ivww .ebook3000.con}



http://www.ebook3000.org

1170

Bond Enthalpy

During chemical reactions, some bonds are broken, whilst others are made. By working out the total energy needed
to break all the bonds, and the energy given out as new bonds form, you can find the enthalpy change of a reaction.

Reactions are all about Breaking and Making Bonds

When reactions happen, reactant bonds are broken and product bonds are formed.
1) You need energy to break bonds, so bond breaking is endothermic (AH is positive).
2) Energy is released when bonds are formed, so this is exothermic (AH is negative).

3) The enthalpy change for a reaction is the overall effect of these two changes. If you need more energy
to break bonds than is released when bonds are made, AH is positive. If it's less, AH is negative.

You Need Energy to Break the Attraction Between Atoms or lons

1) Inionic bonding, positive and negative ions are attracted to each other. In covalent molecules,
the positive nuclei are attracted to the negative charge of the shared electrons in a covalent bond.

2) You need energy to break this attraction — stronger bonds take more energy to break.
\\\HHIII/!IIIII\IH\IHH\I//
Breaking bonds is always an
endothermic process, so bond

enthalpies are always positive.
7
IR RV AR N R RN R REERY

Bond enthalpy is the amount of energy required to break
1 mole of a type of bond in a molecule in the gas phase.

VI
CIRRRRER

Mean Bond Enthalpies are Not Exact

1) Water (H,0) has two O-H bonds. ) 1
You'd think it'd take the same amount The first bond, H-OH,; E(H-OH) = +492 kJ mol-

of energy to break them both... The second bond, H—O(g>: E(H-O) = +428 k) mol-!
but it doesn’t. (O—H is a bit easier to break apart because of the extra electron repulsion.)

2) The data book says the mean bond enthalpy | So the mean bond enthalpy is (492 + 428) + 2 = +460 k] mol .
for O—H is +463 k) mol-". It’s a bit different

because it’s the average for a much bigger range of molecules, not just water.
For example, it includes the O—H bonds in alcohols and carboxylic acids too.

3) So when you look up a mean bond enthalpy, what you get is:

The energy needed to break one mole of bonds in the gas phase, averaged over many different compounds.

Enthalpy Changes Can Be Calculated Using Mean Bond Enthalpies

In any chemical reaction, energy is absorbed to break bonds and given out during bond formation.
The difference between the energy absorbed and released is the overall enthalpy change of reaction:

This is the total | Enthalpy Change Sum of bond Sum of bond This s the total

energy absorbed to of Reaction enthalpies of reactants ~  enthalpies of products energy released in

break bonds.e——=q — v making bonds

+ 3H2(g) - 2NH3(g)

Example:  Calculate the overall enthalpy change for this reaction: N,
Use the mean bond enthalpy values in the table.

Bonds broken: 1 mole of N=N bond broken =1 x 945 = 945 k] mol Bond Average Bond Enthalpy

(®

3 moles of H-H bonds broken =3 x 436 = 1308 kJ mol™ — O
fbond hal K » N=N 945 k) mol
Sum of bond enthalpies = 945 + 1308 = 2253 k] mo HH 436 K mol!
Bonds formed: 6 moles of N-H bonds formed =6 x 391 = 2346 k) mol™!
] N-H 391 kJ mol™!
Sum of bond enthalpies = 2346 k] mol

Now you just subtract the bond enthalpies of the products from the bond enthalpies of the reactants.
Enthalpy Change of Reaction = 2253 — 2346 = -93 kJ mol~'

There might be a small amount of variation between the enthalpy change of reaction calculated from
mean bond enthalpies and the true enthalpy change of reaction. This is because the specific bond
enthalpies of the molecules in the reaction will be slightly different from the average values.
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Bond Enthalpy

You Can Calculate Mean Bond Enthalpies Using Reaction Enthalpies

If you're given the enthalpy change of a reaction along with all but one of the bond enthalpies of the reactants and
products, you can rearrange the equation on the previous page to find the remaining mean bond enthalpy.

Example:  The enthalpy change of the reaction between nitrogen and fluorine to Mean Bond
form nitrogen trifluoride is ~264.2 k) mol™": N, +3F,  — 2NF, Bond Enthalpy
Find the mean N-F bond enthalpy in NF,. N=N | 945 k) mol-

Bonds broken: 1 mole N=N bonds broken =1 x 945 = 945 kJ mol™'! F—F 158 kJ mol-!

3 moles F-F bonds broken =3 x 158 = 474 k] mol™!
Sum of bond enthalpies = 945 + 474 = 1419 kJ mol~' RNV R RN R A RN R A RN R ARRAREDS

Bonds formed: 6 N—F bonds formed = 6 x E(N—F)g E(X)"is just a quick way of writing
= the mean bond enthalpy of bond X.

INERN|

Enthalpychangeofreaction=—246.2 k) mol-! YRR RN AN RN NN RN AVARNENRANES
. Enthalpy Change _ Sum of bond B Sum of bond
et beosy delt of Reaction " enthalpies of reactants enthalpies of products
Substituting in the values given in the question gives: —264.2 = (945 + 474) — (6 x E(N-F)) Jack preferred
Rearranging this gives: E(N-F) = [945 + 474 — (-264.2)] + 6 = +281 kJ mol-! 207125 0 oo ek

Practice Questions

Q1 Is energy taken in or released when bonds are broken?
Q2 Define bond enthalpy.
Q3 What state must compounds be in when bond dissociation enthalpies are measured?

Q4 Define mean bond enthalpy.
Exam Questions

Q1 The table below shows some mean bond enthalpy values.

Bond C-H C=0 0=0 O-H
Mean Bond Enthalpy (kJ mol ) 435 805 498 464

The complete combustion of methane can be represented by the equation: CH T ZOz(g) - COz(g) + 2H20(1)

Use the table of bond enthalpies above to calculate the enthalpy change for the reaction. [2 marks]

Q2 Use the following bond enthalpy data to calculate the standard

enthalpy change for the formation of water: %Oz(g) +H,, — HZO(D.

E(H-0) in water = +460 kJ mol™!
E(0=0) in oxygen = +498 kJ mol™!
E(H-H) in hydrogen = +436 kJ mol! [2 marks]

Q3 Methane and chlorine gas will react together under certain conditions to form chloromethane:

= i
CH,, * Cl,,, = CH,Cl, + HCl , AH=-101 kJ mol

E(C-H) in methane = +435 kJ mol™! E(C—H) in chloromethane = +397 kJ mol™!
E(CI-CI) = +243 kJ mol! E(H-CI) = +432 kJ mol!
a) Calculate the C—Cl bond enthalpy in chloromethane. [2 marks]

b) The data book value for the mean bond enthalpy of C—Cl is +346 kJ mol™'.
Comment on this value with reference to your answer to part a). [1 mark]

Do you expect me to react? No, Mr Bond, | expect you to break...

Reactions are like pulling plastic building bricks apart and building something new. Sometimes bits get stuck together
and you need lots of energy to pull ‘em apart. Okay, so energy’s not really released when you stick them together, but
you can’t have everything — it wasn’t that bad an analogy up till now. Ah, well... You best get on and learn this stuff.
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Collision Theory

The rate of a reaction is just how quickly it happens. Lots of things can make it go faster or slower.

Particles Must Collide to React

1) Particles in liquids and gases are always moving and colliding with each other. They don’t react every time
though — only when the conditions are right. A reaction won’t take place between two particles unless —

e They collide in the right direction. They need to be facing each other the right way.

They collide with at least a certain minimum amount of kinetic (movement) energy.

This stuff’s called Collision Theory.

2) The minimum amount of kinetic energy particles need to react is called the activation energy.
The particles need this much energy to break the bonds to start the reaction.

3) Reactions with low activation energies often happen pretty easily. But reactions with
high activation energies don’t. You need to give the particles extra energy by heating them.

To make this a bit clearer, here’s a reaction profile diagram.

Can | talk to you about
collision theory dear? 8
"

Reaction Profile Diagram If the particles have

enough energy, the
bonds will break.

If you do, my croquet B .
mallet might collide
with your head. NS

Here, the bonds within
each particle are
being stretched.

This is the energy
barrier that the particles
---------- have to overcome in
order to react.

Reactants Activation
energy

The separate bits from each
particle can't exist by
themselves — so they form
new bonds and release energy.

NRRRRERRRARRRNANY
= i file
A reaction pro
is sometimes called

an energy profile. K 3
(RRYAREARSNARNRER | ;
Progress of Reaction

Products

N\
ZERRRAN

/

\/
\\\\IH

Molecules Don’t all have the Same Amount of Energy

Imagine looking down on Oxford Street when it’s teeming with people. You'll see some people

ambling along slowly, some hurrying quickly, but most of them will be walking with a moderate speed.

It's the same with the molecules in a liquid or gas. Some don’t have much kinetic energy and move slowly.
Others have loads of kinetic energy and whizz along. But most molecules are somewhere in between.

If you plot a graph of the numbers of molecules in a substance with different kinetic energies you get a
Maxwell-Boltzmann distribution. It looks like this —

A Maxwell-Boltzmann Distribution Most molecules are
moving at a moderate
4 speed so their energies

are in this range.

This area represents the
molecules that have at least the
activation energy. These are
the only ones that can react.

The curve starts at
(O, O) because no
molecules have
zero energy.

Number of Molecules

(

QM EETERE v rverv v e e vy,

~

Kinetic Energy f

= The Maxwell-Boltzmann distribution is a =
A few molecules Activation = theoretical ondel‘thaAt has been developed =
- ener — -
are moving ay > to explain scientific observations. S
ARNRYRRNANRRARRNRRSNARRRRRRRVERRNANR
slowly.
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Collision Theory

Increasing the Temperature makes Reactions Faster

1) If you increase the temperature, the particles will, on average, have more kinetic energy and will move faster.

2) So, a greater proportion of molecules will have at least the activation energy and be able to react.
This changes the shape of the Maxwell-Boltzmann distribution curve — it pushes it over to the right.

o

_5_3“ 25 °C

=)

5

o 35 °C
QUL vy, |2 I ARARNRARRRANAY)S
= The total number of moleculesis < | 5 = At higher temperatures, =
— still the same, which means the area - | % ——> more molecules have at =
= under each curve must be the same. = E i <= Z Jeast the activation energy. 2
ZO oy [ £ ] R IRRVARER AR RRRARRRENAN

>
Kinetic Energy f
Activation energy

3) Because the molecules are flying about faster, they’ll collide more often. This is another reason why increasing the
temperature makes a reaction faster, i.e. the reaction rate increases (see the next page for more on reaction rates).

Concentration, Pressure and Catalysts also Affect the Reaction Rate

Increasing Concentration Speeds Up Reactions

If you increase the concentration of reactants in a solution, there’ll be more particles in a given volume of the
solution, so particles will collide more frequently. If there are more collisions, they’ll have more chances to react.

Increasing Pressure Speeds Up Reactions

If any of your reactants are gases, increasing the pressure will increase the rate of reaction.
It's pretty much the same as increasing the concentration of a solution — at higher pressures, there
are more particles in a given volume of gas, which increases the frequency of successful collisions.
\\Illllllllllll\llHl//
Increasing the
surface area of a
solid reactant(s) also
makes the reaction
faster as it increases
the surface where

collisions can happen.
AERERRARARRRRNRRARN

Catalysts Can Speed Up Reactions

Catalysts are really useful. They lower the activation energy by providing a different way for
the bonds to be broken and remade. If the activation energy’s lower, more particles will have
enough energy to react. There’s heaps of information about catalysts on pages 116-117.

RYARARERNAANANAANY
NN R RN A RN

Practice Questions

Q1 Explain the term ‘activation energy’.
Q2 Name four factors that affect the rate of a reaction.

Exam Questions

Q1 Nitrogen oxide (NO) and ozone (O,) sometimes react to produce nitrogen dioxide (NO,) and oxygen (O,).

How would increasing the pressure affect the rate of this reaction? Explain your answer. [2 marks]
Q2 Use the collision theory to explain why the reaction between N o
a solid and a liquid is generally faster than that between two solids. 8 5 [2 marks]
Bl & % __25°C
Q3 On the right is a Maxwell-Boltzmann distribution = Y
curve for a sample of a gas at 25 °C. E /// \\\"‘., :
5
a) Which of the curves, X or Y, shows the Maxwell-Boltzmann 5 '/ \\\J
distribution curve for the same sample at 15 °C ? [1 mark] ; E/ \:"\"g,&
b) Explain how this curve shows that the reaction rate will be e
lower at 15 °C than at 25 °C. [1 mark] Energy

Will a collision between this book and my head increase my rate of revision?

No equations, no formulae... What more could you ask for. Remember, increasing concentration and pressure do
exactly the same thing. The only difference is, you increase the concentration of a solution and the pressure of a gas.
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Reaction Rates

Sorry — this section gets a bit mathsy. Just take a deep breath, dive in, and don’t bash your head on the bottom.

Reaction Rate tells you How Fast Reactants are Converted to Products

Reaction rate is the change in amount of reactant or product per unit time (usually seconds).
E.g. if the reactants are in solution, the rate will be change in concentration per second. The units will be mol dm=3 s

You can Work out Reaction Rate from the Gradient of a Graph

If you draw a graph of the amount of reactant or product against time for a reaction (with time on the x-axis),
then the reaction rate is just the gradient of the graph. You can work out the gradient using the equation...

gradient = change in y + change in x

The data on the graph came from measuring the volume of gas given off during a chemical reaction.
A

Draw a line of best fit
through the data points.

. ,L/ Pick two points on changeiny=3.6-1.4=2.2cm?
e e heis 2 change in x = 5.0 — 2.0 = 3.0 minutes
3 easy to read. g 2D = 30— 053 e i)
radient = 2.2 = 3.0 = 0.73 cm® min-
2 / / J

1

I

| Then draw a vertical line
——*ﬂ,:: down from one point ) o
i) 2 el fin So the rate of reaction = 0.73 cm? min™'

I » across from the other to

4 6 8 make a triangle.
Time (min)

Volume of gas produced (cm3)

You May Need to Work Out the Gradient from a Curved Graph

When the points on a graph lie in a curve, you can’t draw a straight line of AR AR R AR AR AR AR RN AR NNV,

best fit through them. But you can still work out the gradient, and so the rate, g A t""”ge”tdisha “T that just t;ucl;es =
at a particular point in the reaction by working out the gradient of a tangent. = % Cu%ee acTArveadSozseaiatrE:tgriir:in -
The gradient at time = 0 is called the initial rate. :/,,\,,,\,,,\,,\\,\\,,,\,K)| NN

0 Find the point on the curve  —~ O.Sf

' Place a ruler at that point so
that you need to look at. £ hat it's i hi P h
T P S04 that it’s just touching the curve.
. ! . * Position the ruler so that you
o flnd.the rate o jzasiion = 0.34 / can see the whole curve.
at 3 minutes, find 3 on S
the x-axis and go up to 0.2
the curve from there % e AdJUSt the rU]er Until the
| O 0.1

s space between the ruler
O 9 | > and the curve is equal on
— 0__ : 4 6 both sides of the point.

A T
9= 0.57
= L i R ERN AR 7/ 0 Draw a line along the ruler to make the tangent. Extend the
Tg 0.4 ! X line right across the graph — it'll help to make your gradient
= 0.34 I calculation easier as you'll have more points to choose from.
s '
E 0.2 e Calculate the gradient of the tangent to find the rate at that point:
=
“é o.M gradient = change in y + change in x
S =(0.46-0.22) - (5.0-1.4)
“oxXH- .

=0.24 moldm= + 3.6 mins = 0.067 moldm=min~’

So, the rate of reaction at 3 mins is 0.067 moldm=>min'.

(@]
N
w
~

5
Time (min)

: _ / KRR RN R AR R AR R AN R RN R RN N R RN AR N AR RN RN AN A NARRNAR RN NP
Pick two points on the tangent i~

= Dontt forget the units — you've divided moldm= by mins, so they're moldm=min=. =

that are easy to read. EARRVERAR RN RN R RN AN N RN R RNV ER RN AR RN RN AR R AR R RN VAR RN AR RN RENARRRRRRREVERRRA)Y
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Reaction Rates

You Can Work out the Initial Rate of a Reaction

The initial rate of a reaction is the rate at the start of the reaction. You can find this from a
concentration-time graph by calculating the gradient of the tangent at time = 0.

. . , y
Example: The graph on the right shows the change in concentration of H* 3.0
ions over time in a reaction. Calculate the initial rate of reaction. —~ 2.5-
5
. o 3
e Draw a tangent to the curve at time = 0. S 2.0 N
e Work out the gradient of the tangent. E 151 \
gradient = change in y + change in x £ 10—y
=(0.3-3.0) + (0.7 - 0.0) =-2.7 moldm= + 0.7 mins 0.5 \\\ \\
=-3.875... moldm=>min' 0 ~
_ . P 0 1 2 3 4
e So the initial rate of reaction was 3.9 moldm=min-". Time (min)

You Can Work Out Rates From Experimental Data

1) In some reactions, you’ll measure the time taken for something to happen, e.g. a colour change to occur.

2) If you're waiting for a set amount of
product to form, or a set amount of
reactant to be used up, you can use
this equation to work out the rate:

amount of reactant used or amount of product formed
time taken

rate of reaction =

So, for example, if during a reaction, it took 16 seconds for 10 cm® of a gas to form,
the rate of reaction would be: 10 + 16 = 0.625 cm? s

3) The rate of reaction is proportional to 1 + time, so you can use 1/time as a measure of the relative rate of reaction.

Example: A student measures the time taken for a colour change to occur in a reaction as he varies the
concentration of a reactant, A. His results are shown in the table. Calculate the relative rates of reaction.

1) First calculate the relative rate of each reaction in s'. [A] / mol dm= | Time taken until colour change (s)
When [A] = 0.10 mol dm=3, 1 + 124 = 0.00806... s 010 124
When [A] = 0.15 mol dm=3, 1 + 62 = 0.0161... s 015 62
When [A] = 0.20 mol dm=, 1 + 25 = 0.0400 s 020 25

2) You should report the relative rate as a ratio.
Divide by the smallest relative rate to get the rates as the smallest whole number ratio possible.

0.0081 :0.016:0.040 = 1:2:5

Practice Questions

»
>

S
(9]
1

Q1 What is meant by the term ‘reaction rate?
Q2 What is the formula to find the gradient of a line?

\\

et

E
. N 154
Exam Question %5 /
=
Q1 Compounds X and Y react as in the equation below. '% 1.0
i
X+Y > Z 5 051
5
From the graph on the right, S 0 0 1 2 é 4 5 6
work out the rate of reaction at 3 minutes. Time (min) [3 marks]

Calculate your reaction to this page. Boredom? How dare you...

Plenty to learn on this page, but first things first — make sure you've got a ruler in the exam in case you need to draw
a tangent to find the gradient from a curved graph. Then, make sure you know what you actually need to do with it.
Finally, make sure you know how to deal with any calculations that might come your way, not forgetting any units.
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Catalysts

Catalysts were tantalisingly mentioned a couple of pages ago — here’s the full story...

Catalysts Increase the Rate of Reactions

You can use catalysts to make chemical reactions happen faster. Learn this definition:

A catalyst increases the rate of a reaction by providing an alternative reaction
pathway with a lower activation energy, so a greater proportion of collisions result
in a reaction. The catalyst is chemically unchanged at the end of the reaction.

Catalysts are great. They don’t get used up in reactions, so you
only need a tiny bit of catalyst to catalyse a huge amount of stuff.

They do take part in reactions, but they’re remade at the end. The 1985 Nobel Prize in

Catalysts are very fussy about which reactions they catalyse.
Many will usually only work on a single reaction.

Chemistry was awarded to Mr
Tiddles for discovering catalysis.

Reaction Profiles Show Why Catalysts Work...

Heterogeneous Catalysis

A heterogeneous catalyst is one that is in a different phase from the A
reactants — i.e. in a different physical state. For example, in the Haber
Process (see below), gases are passed over a solid iron catalyst.

The reaction happens on the surface of the heterogeneous catalyst.
So, increasing the surface area of the catalyst increases the number of
molecules that can react at the same time, increasing the rate of the
reaction. The heterogeneous catalyst works by lowering the activation
energy of the reaction — you can see this on a reaction profile diagram. /

Activation energy ACUV&UOH energy
with a catalyst / without a catalyst

reactants

AH is negative

Enthalpy

products

\4

Progress of Reaction

Solid heterogeneous catalysts can provide a surface for a reaction to take place on. Here’s how it works —

1)
2)

3)

Reactant molecules arrive at the surface and bond with the solid catalyst. This is called adsorption.

The bonds between the reactant’s atoms are weakened and break up. This forms radicals — atoms or
molecules with unpaired electrons. These radicals then get together and make new molecules.

The new molecules are then detached from the catalyst. This is called desorption.

This example shows you how

an iron catalyst provides a surface
for the atoms to react on in the
Haber Process to produce ammonia.

Fe
(s)
—_—
Nz(g) + 3H2(g) — NH3(g)

Homogeneous Catalysis

Toric

@@ @® ®® Adsorption of N, and H, to the catalyst.

Fe Catalyst surface

() Chemical reaction — NHj is formed.
® o;o O® ® b

Desorption of NH, from the catalyst.

Fe Catalyst surface

smaller
uncatalysed

energies

9 0 activation ,~= =~
Homogeneous catalysts are in the same physical state as N N reaction

the reactants. Usually a homogeneous catalyst is an aqueous
catalyst for a reaction between two aqueous solutions.

During homogeneous catalysis, the reactants combine with the
catalyst to make an intermediate species, which then reacts to form

the products and reform the catalyst.

E' = the activation energy of the first step in the catalysed reaction.

E" = the activation energy of the second step in the catalysed reaction.

9 — KiNETICS |

reactants
intermediates
formed here

Enthalpy

LV

products

\

\ 4

Progress of Reaction
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Catalysts

>
>

..as do Maxwell-Boltzmann Distributions

As you've seen in the graphs on the previous page, in
both homogeneous and heterogeneous catalysis, the
catalyst lowers the activation energy.

This means there are more particles with enough
energy to react when they collide. This is shown by
the Maxwell-Boltzmann distribution on the right.

So, in a certain amount of time, more particles react.

More particles have the
activation energy in the
catalysed reaction.

Number of particles

>
>

Energy
ACt_'Vat‘O” energy Activation energy
with a catalyst without a catalyst

Catalysts Have Economic Benefits

Loads of industries rely on catalysts. They can dramatically lower production costs, give you more product
in a shorter time and help make better products. Here are a few examples:

1) lIron is used as a catalyst in ammonia production. If it wasn’t for the catalyst, QT
the temperature would have to be raised loads to make the reaction happen See pages 120-121 for more
quick enough. Not only would this be bad for the fuel bills, it'd reduce the on reversible reactions and
amount of ammonia produced since the reaction is reversible, and , changing conditions.
exothermic in the direction of ammonia production. P

2) Using a catalyst can change the properties of a product to make it more useful, e.g. poly(ethene).

QU
IV N

Made with a catalyst

MER MRICTE Gl (a Ziegler-Natta catalyst, to be precise)

Properties of poly(ethene) less dense, less rigid more dense, more rigid, higher melting point

Practice Questions

Q1 Explain what a catalyst is.
Q2 Explain what the difference between a heterogeneous and a homogeneous catalyst is.
Q3 Describe two reasons why catalysts are useful for industry.

Exam Question

Q1 Sulfuric acid is manufactured by the contact process. In one of the stages, sulfur dioxide gas is mixed
with oxygen gas and converted into sulfur trioxide gas. A solid vanadium(V) oxide (V,0,) catalyst is used.
The enthalpy change for the uncatalysed reaction is —197 kJ mol™".

a) Which of the following reaction profile diagrams is correct for the catalysed reaction? [1 mark]

Activation energy of Activation energy of
catalysed reaction catalysed reaction

A A L.
2Soz(g)'*'OZ(g) Activation energy of

3 Activation energy of Azsoz( )+t O/l A=
SRS P “\ uncatalysed reaction £ g. 3

uncatalysed reaction

= £ eomveuTTRT ]

E g L

) i) AH=-170 kJ mol %

§ uncatalysed § / uncatalysed

B = catalysed 5

g g

1. N %0 ALY D 2505

Progress of Reaction Progress of Reaction

b) Describe how a catalyst works to increase the rate of the reaction. [3 marks]
c) Isthe vanadium(V) oxide catalyst heterogeneous or homogeneous? Explain your answer. [1 mark]

Catalysts and walking past bad buskers — increased speed but no change...
Whatever you do, don’t confuse the Maxwell-Boltzmann diagram for catalysts with the one for a temperature change.
Catalysts lower the activation energy without changing the shape of the curve. BUT, the shape of the curve does
change with temperature. Get these mixed up and you’ll be the laughing stock of the Examiners’ tea room.
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Dynamic Equilibrium

There’s a lot of to-ing and fro-ing on this page. Mind your head doesn’t start spinning.

Reversible Reactions Can Reach Dynamic Equilibrium

1) Lots of chemical reactions are reversible — they go both ways. To show a reaction’s reversible, you stick in a =.
Here’s an example:

—\
Hyg + L = 2Hly
This reaction can go in either direction —

forwards H, = 2Hl(g) ...or backwards 2Hl(g) = Hz(g) + |

® + I2(g)

2) As the reactants get used up, the forward reaction slows down —
and as more product is formed, the reverse reaction speeds up.

3) After a while, the forward reaction will be going at exactly the same
rate as the backward reaction, so the amounts of reactants and products
won’t be changing any more — it’ll seem like nothing’s happening.

4) This is called dynamic equilibrium.
At equilibrium the concentrations of reactants and products stay constant. : B S

5) A dynamic equilibrium can only happen in a closed system. Although it appeared that the Smiths

This just means nothing can get in or out. were doing nothing, they were actually
in a state of dynamic equilibrium.

K. is the Equilibrium Constant

WLV g
In Chemistry, the
word system is
used to refer to a
particular thing
being studied.

AYERERVARRRRREERY

The equilibrium constant, or K, gives you an idea of how far to the left or right the equilibrium is.
It's calculated using the equilibrium concentrations of the reactants and products in a system.

ANRRNERRNARY
N
[NERRARERRARY

\
/

Homogeneous Equilibria and K

1) A homogeneous system is a system in which everything is in the same physical state.

2)  When you have a homogeneous reaction that’s reached dynamic equilibrium, you can work out the
equilibrium constant, K, using the concentrations of the products and reactants at equilibrium.

3) For homogeneous equilibria, all the products and reactants are included in the expression for K .

The products go on the top line.
diee The square brackets, [ ], mean
_ [DI"[E]

For the general reaction: aA + bB=dD +eE, Kc= (A [BI® concentration in mol dm.

Illl\lll\\lll||l\l|\\llll\||l\\|||ll/,

The lower-case letters a, b, dandeare =
the number of moles of each substance. \:

\lllIII\\HI\HH\\Il\lllll|\\l||\l

/

NERRAR

Example: ~ Write an expression for the equilibrium constant for the following reaction:

—_
Hygthy = 2Hly

The reaction is homogeneous — all the reactants and products are gases.
So the expression for the equilibrium constant will include all the reactants and products.

QUETUEEUIV T T Ly,
There are two moles of HI in the T J
equation, so remember to add a squared. = = he product goes

:/HIHIIIll\llIHH\\IlIlHlHllHllI\\: K = [HI]? [Hl]2<::J on the top..
TR HA ] ZERRERRERRENERAREA

‘\y’uuruuuuuu
x> ..and the reactants

= go on the bottom.
< ZAYRERVENNRARNERAY]

serrverrrrrrvpived

(INANERN

/

SRR RN NAN ARV
Using your index rules, =
x| = x, so you can get
rid of these powers.
ARRNRNARAVANRRNAVARNA'

AV,
ARRNEAN

~
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Dynamic Equilibrium

Heterogeneous Equilibria and K,

1) In a heterogeneous system, not everything’s in the same physical state.

2) Writing the expression for K_for a heterogeneous reaction (a reaction where not all the reactants
and products are in the same physical state) that’s reached dynamic equilibrium can be a bit tricky.

3) Unlike with homogeneous equilibria, not everything is included in the expression for K ..

4) You don't include solids or pure liquids in the expression for K_when you're dealing with
heterogeneous equilibria. This is because their concentrations stay constant throughout the reaction.

Example:  Write an expression for the equilibrium constant for the following reaction:
H,0g +Cy = Hyq + COy

The reaction is heterogeneous, so don’t include any solids or pure liquids in your expression for K .
In this reaction, carbon is a solid and everything else is a gas.
Therefore, carbon is the only thing you exclude from your expression for K .

K = [H,]'[COI' _ [H,][COI
< [H,0] [H,0]

Catalysts Don’t Affect the Equilibrium Constant

You don’t include catalysts in expressions for the equilibrium constant. Catalysts don’t affect the equilibrium
concentrations of the products or reactants — they just speed up the rate at which dynamic equilibrium is reached.

Practice Questions

Q1 Using an example, explain the term ‘reversible reaction’.

Q2 What is a meant by a homogeneous system?

Q3 Write an expression for the equilibrium constant of the reaction, aA + bB = dD + eE.

Q4 What shouldn’t you include in the expression for K_for a heterogeneous system at dynamic equilibrium?

Exam Questions

Q1 In the Haber Process, nitrogen and hydrogen gases react to form ammonia: N, ®F 3H, © = 2NH, ®

a) At a certain point, the reaction reaches ‘dynamic equilibrium’. Explain what is meant by this. [2 marks]
b) Write an expression for the equilibrium constant, K, for the Haber Process. [1 mark]

Q2 A student is investigating the equilibrium constant for the following reaction: NH, o HZO(]) = NH 4*(a ot OH*(aq)
_ INH;][H,0]
[NH,][OH"]

Explain what mistakes the student has made in his expression for K . [2 marks]

He states that the expression for the equilibrium constant, K, is: K,

Q3 Which of the reactions below can be represented by the following expression for the equilibrium constant? K_ = [CO,]

A C,+0,,=CO B CaCO, = CaO  +CO,

2(2)

C 2NaOH +CO2 (g);‘NaZCO

(aq)

3w T 20 D CH,,+20,, = CO0, 4+ 2H0, [1 mark]

I’'m constantly going on about equilibrium — that’s what it feels like anyway...
Working out the expression for K_for both homogeneous and heterogeneous systems is pretty straightforward once you've
got the hang of it. If you’ve not quite got it yet go back through these two pages until it all makes perfect sense. Once
you've done that, keep going. You're halfway through the topic already — just 2 pages to go. You lucky devil...

Toric 10 — EouitiBrium |
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Le Chatelier’s Principle

‘Oh no, not another page on equilibria; | hear you cry... Fair enough really.

Le Chatelier’s Principle Predicts what will Happen if Conditions are Changed

If you change the concentration, pressure or temperature of a reversible reaction, you tend to alter the position
of equilibrium. This just means you'll end up with different amounts of reactants and products at equilibrium.

If the position of equilibrium moves to the left, If the position of equilibrium moves to the right,
you’ll get more reactants. you’ll get more products.
Hz(g) + Iz(g) = 2HlI, Hyg + Ly = 2 Hl(g)

Le Chatelier’s principle tells you how the position of equilibrium will change if a condition changes:

If there’s a change in concentration, pressure or temperature,
the equilibrium will move to help counteract the change.

So, basically, if you raise the temperature, the position of equilibrium will shift to try to cool things down.
And, if you raise the pressure or concentration, the position of equilibrium will shift to try to reduce it again.

Here Are Some Handy Rules for Using Le Chatelier’s Principle

You need to know how temperature, concentration and pressure affect equilibrium.
So, here goes...

Concentration

1) If you increase the concentration of a reactant (SO, or O,), the
equilibrium tries to get rid of the extra reactant. It does this by making
more product (SO,). So the equilibrium’s shifted to the right.

2SOz(g) + Oz(g) S 2503(g) 2) If you increase the concentration of the product (SO,),
the equilibrium tries to remove the extra product. This makes the
reverse reaction go faster. So the equilibrium shifts to the left.

3) Decreasing the concentrations has the opposite effect.

Pressure (this only affects gases)

N 1) Increasing the pressure shifts the equilibrium to the side
250, + O, = 2504, with fewer gas molecules. This reduces the pressure.

2) Decreasing the pressure shifts the equilibrium to the side

There are 3 moles on the left, but only 2 on the right, with more gas molecules. This raises the pressure again.

So, increasing the pressure shifts the equilibrium to the right.

Temperature

. . — This reaction’s exothermic in the forward
1) Increasing the temperature means adding heat. The equilibrium direction (AH = —197 K] mol). If you

shifts in the endothermic (positive AH) direction to absorb this heat. ; A
increase the temperature, the equilibrium
2) Decreasing the temperature removes heat. The equilibrium shifts in shifts to the left to absorb the extra heat.

the exothermic (negative AH) direction to try to replace the heat. Exothermic =—>
3) If the forward reaction’s endothermic, the reverse reaction will be 2502(g) + 02(g) S 2503(g)
exothermic, and vice versa. <=  Endothermic

Toric 10 — EquiLiBrium |



121

Le Chatelier’s Principle

In Industry, the Conditions Chosen are a Compromise

In the exam, you may be asked to look at an industrial process and work out what conditions

should be used to give the best balance between a high rate and a high yield. If you're asked to

do this, you’ll need to look at any data given, e.g. the enthalpy change of reaction, and use

Le Chatelier’s principle to work out what the optimum conditions are. Let’s have a look at an example...

Ethanol can be Formed From Ethene and Steam

1) The industrial production of ethanol is a good example of why
Le Chatelier’s principle is important in real life.

2) Ethanol is produced via a reversible exothermic reaction between ethene and steam:

Mr and Mrs Le Chatelier

celebrate another successful

3) The reaction is carried out at a pressure of 60-70 atmospheres year in the principle business
and a temperature of 300 °C, with a phosphoric(V) acid catalyst.

CH,y+H,O,=CHOH, AH=-46k mol

* Because it’s an exothermic reaction, lower temperatures favour the forward reaction. This means
more ethene and steam are converted to ethanol at lower temperatures — you get a better yield.

e But lower temperatures mean a slower rate of reaction.
You'd be daft to try to get a really high yield of ethanol if it’s going to take you 10 years.
So the 300 °C is a compromise between maximum yield and a faster reaction. UL AT IeY
¢ Higher pressures favour the forward reaction, so a pressure of 60-70 atmospheres = Inthe end, it all
is used — high pressure moves the reaction to the side with fewer molecules of gas. = ¢omes down to

9 . . Z minimis|
Increasing the pressure also increases the rate of reaction. < I'?;T:SI'T?‘CIC’ISF;'\\\

ANENERR

e Cranking up the pressure as high as you can sounds like a great idea so far.
But high pressures are expensive to produce. You need stronger pipes and containers to withstand
high pressure. In this process, increasing the pressure can also cause side reactions to occur.

e So the 60-70 atmospheres is a compromise between maximum yield and expense.

Practice Questions

Q1 If the equilibrium moves to the right, do you get more products or reactants?

Q2 A reaction at equilibrium is endothermic in the forward direction.
What happens to the position of equilibrium as the temperature is increased?

Exam Questions

Q1 Nitrogen and oxygen gases were reacted together in a closed flask and allowed to reach
equilibrium, with nitrogen monoxide being formed. The forward reaction is endothermic.

Ny, + Oy, = 2NO

2(g) + (8)

a) Explain how the following changes would affect the position of equilibrium of the above reaction:

i)  Pressure is increased. [1 mark]

i1) Temperature is reduced. [1 mark]

iii) Nitrogen monoxide is removed. [1 mark]
Q2 Explain why moderate reaction temperatures are a compromise for exothermic reactions. [2 marks]

If it looks like I'm not doing anything, I'm just being dynamic... honest...

Equilibria never do what you want them to do. They always oppose you. Be sure you know what happens to an
equilibrium if you change the conditions. About pressure — if there’s the same number of gas moles on each side of
the equation, you can raise the pressure as high as you like and it won’t make a difference to the position of equilibrium.

Toric 10 — EouitiBrium |
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Calculations Involving K_

The equilibrium constant is about to become a constant presence in your life — just you wait and see...

K. is the Equilibrium Constant

You learnt on page 118 that K, the equilibrium constant, is calculated from the ratio of product concentration to
reactant concentration. This means that if you know the molar concentration of each substance at equilibrium,
you can work out K. A particular value of K_will be constant for a given temperature.
SVULEVERE I ey gy,
The lower-case letters a, b, d E
and e are the relatjve mole

ratios of each substance.
IIIHH|I|HHIIIIIIIIII|\\

For the general reaction aA + bB =dD + eE, K. = [D]:[E];
[AT[B]

NERREERY

IRNERTE

/

2
So for the reaction Hyg + Ly =2Hl,, K = [H“]_!I[]I T
2 2

This simplifies to K_=

1) Actually, this definition of K_only applies to homogeneous equilibria, i.e. ones where all the products and
reactants are in the same phase. If you've got more than one phase in there — a heterogeneous equilibrium

— not everything is necessarily included in the expression for K .

2) You don't include solids or pure liquids in the expression for K_when you're dealing with
heterogeneous equilibria. This is because their concentrations stay constant throughout the reaction.

You Might Need to Work Out the Equilibrium Concentrations

You might have to figure out some of the equilibrium concentrations before you can find K :

0.20 moles of phosphorus(V) chloride decomposes at 600 K in a vessel of 5.00 dm?.
The equilibrium mixture is found to contain 0.080 moles of chlorine.
Write the expression for K_and calculate its value, including units.

First find out how many moles of PCI, and PCl, there are at equilibrium:

The equation tells you that when 1 mole of PCl, decomposes, 1 mole of PCI, and 1 mole of Cl, are formed.
So if 0.080 moles of chlorine are produced at equilibrium, then there will be 0.080 moles of PCl, as well.
0.080 moles of PCl, must have decomposed, so there will be (0.20 — 0.080 =) 0.12 moles left.

Example:
PCl,, = PCl,, + Cly,

Divide each number of moles by the volume of the flask to give the molar concentrations:

[PCL,] = [Cl,] =0.08 + 5.00 = 0.016 mol dm™3 [PCl,] = 0.12 + 5.00 = 0.024 mol dm

Put the concentrations in the _[PCL][PCI,] [0.016][0.016] _
expression for K_and calculate it: Ke= [PCl] [0.024] S UL

-3
K. :_Lmel—dm‘af(mogl dm™) _ mol dm=  So K_=0.011 mol dm

Now find the units of K :

K, can be used to Find Concentrations in an Equilibrium Mixture

Example: When the reaction between ethanoic acid and ethanol was allowed to reach equilibrium at 25 °C, it
was found that the equilibrium mixture contained 2.0 mol dm= ethanoic acid and 3.5 mol dm= ethanol.
K_ of the equilibrium is 4.0 at 25 °C. What are the concentrations of the other components?

CH,COOH  + C,H,OH = CH,COOC,H;; + H,0O,

Put all the values you know in the K_expression: K _= [[g;ljgggﬁfgiﬂjzoﬂ] — 4.0= [CHacgggzyg] [H,0I

Rearranging this gives:  [CH,COOC,H,][H,0] = 4.0 x 2.0 x 3.5 = 28.0

From the equation, you know that an equal number of moles of CH,COOC,H, and H,O will form, so:

[CH,COOC,H,] = [H,0] = v/28 = 5.3 mol dm™

Toric 11 — EouiLiBrium 11
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Calculations Involving K _

The Equilibrium Constant Can Be Calculated from Experimental Data

VUL ey,
The silver nitrate provides
the Ag* ions and the iron(ll)

sulfate provides the Fe?* ions.
AR AR RN ARYENERA

/
\

A simple experiment that can be carried out in Fe2+
the laboratory involves the following reaction: ‘
1) If you leave a mixture of iron(ll) sulfate solution and silver nitrate solution

in a stoppered flask at 298K, the reaction above will eventually reach equilibrium.
2) You can then take samples of the equilibrium mixture and titrate them — this will let you work out the

equilibrium concentration of the Fe?* ions (there’s more on redox titrations on pages 162-167).

Normally, if you change the amounts involved in an equilibrium, the position of equilibrium changes (see page 120).

However, this reaction is really slow to reach equilibrium, so carrying out the titration doesn't affect the equilibrium enough to matter.

3) From this, you can work out the equilibrium concentrations of the other components, and so K .

+ —\ 3+
g t A8y T F& + Agy

Ny
AR

Example: 500 cm? of 0.100 mol dm= iron(ll) sulfate solution and 500 cm? of 0.100 mol dm= silver nitrate
solution are placed in a stoppered flask and allowed to reach equilibrium. It's found that the
equilibrium concentration of Fe** is 0.0439 mol dm= under s.t.p.. Calculate K_for this reaction at s.t.p..

The reaction equation (see above) tells you T mole of Fe?* reacts with 1 mole of Ag* to form 1 mole of
Fe** and 1 mole of Ag. In this particular reaction, solid silver is formed. The concentration of a solid is

constant, so you don’t need to include it in the expression for K . YRR SRR AR ARy
: . , = 500’ i
The starting concentrations of Ag* and Fe?* are the same and equal to 0.0500 mol dm=.= >~ " of each solution
’ = s used, so you have a total
The equilibrium concentration of Ag* will be the same as Fe?*, i.e. 0.0439 mol dm=. R = of 1000 m3 of solution.

= The concentration of each
reactant is therefore halved
since you have the same

The equilibrium concentration of Fe** will be 0.0500 — 0.0439 = 0.0061 mol dm-3.

[Fe™] 0.0061

ARRRRRRARRRENERRNRERERN

AR R AR

SoK = - == =3.17 number of moles of each
[Fe"1[AgT 0.0439 x 0.0439 reactant, but in double the
lume.
_metdm™ //ll||||||\\/c\)luer(I2|llll\l\\\

. . _ -1 3
The units of K_are: TEE—— mol~ dm Ats.tp., K_=3.17 mol' dm?

Practice Questions

Q1 What do the square brackets, [ |, represent in a K_expression?
Q2 Write the expression for K_for the following equilibrium: Cl, + PCl, = PCl . What are the units of K ¢

Exam Questions

Q1 At 723K, the equilibrium constant for the reaction H,, + Cl,,, = 2HCl, is 60.
The equilibrium concentrations of H, and Cl, are 2.0 mol dm™ and 0.30 mol dm respectively.

What is the molar concentration of HCI at equilibrium?

A 0.10 mol dm B 0.010 mol dm C 6.0 mol dm™ D 36 mol dm> [1 mark]

Q2 Copper is shaken with silver nitrate solution to form the following equilibrium. Cu(s) + 2Ag+(aq) = Cu2+(aq) + 2Ag(s)
At a certain temperature, there are 0.431 mol dm= Ag" and

0.193 mol dm= Cu*" at equilibrium. Calculate K, giving its units. [3 marks]
Q3 Nitrogen dioxide dissociates according to the equation 2NO,,,, = 2NO, + O,
When 42.5 g of nitrogen dioxide were heated in a vessel of volume 22.8 dm? at 500 °C,
14.1 g of oxygen were found in the equilibrium mixture.
a) Calculate: 1) the number of moles of nitrogen dioxide originally. [1 mark]
ii) the number of moles of each gas in the equilibrium mixture. [3 marks]
b) Write an expression for K_ for this reaction. Calculate the value for K_at 500 °C and give its units. [5 marks]

As far as I’'m concerned, equilibria are a constant pain in the *@ ?!

K_is there to be calculated, so calculate it you must — and the only way to get good at it is to practise. And then
practise again, just to be on the safe side. Now now, don’t start moaning —you’ll thank me if it comes up in the exam.
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Gas Equilibria

It’s easier to talk about gases in terms of their pressures rather than their molar concentrations. If you want to do this,
you need a slightly different equilibrium constant — it’s called K (but I'm afraid it’s got nothing to do with peanuts).

The Total Pressure is Equal to the Sum of the Partial Pressures

In a mixture of gases, each individual gas exerts its own pressure — this is called its partial pressure.

The total pressure of a gas mixture is the sum of all the partial pressures of the individual gases.

You might have to put this fact to use in pressure calculations:

Example: When 3.0 moles of the gas PCl, is heated, it decomposes into PCI, and Cl,: PCls, = PCly, + Cly,
In a sealed vessel at 500 K, the equilibrium mixture contains chlorine with a partial pressure of 2.6 atm.
If the total pressure of the mixture is 7.0 atm, what is the partial pressure of PCI.?

From the equation you know that PCl, and Cl, are produced in equal amounts, so the partial
pressures of these two gases are the same at equilibrium — they’re both 2.6 atm.

Nrvrrrrrvvrvrrr vy v vyl
Total pressure = p(PCl,) + p(PCl,) + p(Cl,) ~ p(X) just means partial pressure of X. =
7.0 =p(PCl,) +2.6 + 2.6

So the partial pressure of PCl, =7.0 -2.6 - 2.6 = 1.8 atm = brackets, but it means the same thing, =

|

You might see this notation used without =
AVERRARRRNARNRRRNAVRRRVARNARRRVARYAY

Partial Pressures can be Worked Out from Mole Fractions

A ‘mole fraction’ is just the proportion of a gas mixture that is a particular gas. So if you've got four moles of gas in
total, and two of them are gas A, the mole fraction of gas A is 2. There are two formulae you've got to know:

number of moles of gas
total number of moles of gas in the mixture
2) Partial pressure of a gas = mole fraction of gas x total pressure of the mixture

1) Mole fraction of a gas in a mixture =

Example: When 3.00 mol of PCl; is heated in a sealed vessel, the equilibrium mixture contains 1.75 mol
of chlorine. If the total pressure of the mixture is 7.0 atm, what is the partial pressure of PCI_?

From the equation above, PCl, and Cl, are produced in equal amounts, so there’ll be 1.75 moles of PCI, too.

1.75 moles of PCI, must have decomposed so (3.00 — 1.75 =) 1.25 moles of PCl, must be left at equilibrium.
This means that the total number of moles of gas at equilibrium = 1.75 + 1.75 + 1.25 = 4.75

So the mole fraction of PCl, = % =0.263...

The partial pressure of PCl, = mole fraction x total pressure = 0.263... x 7.0 = 1.8 atm

The Equilibrium Constant K, is Calculated from Partial Pressures

K;, is an equilibrium constant that you can calculate dealing with equilibria involving gases.
The expression for Kj, is just like the one for K. — except you use partial pressures instead of concentrations.

S L T O A L O AR T O B A A I 2

There are no square brackets because they're —

partial pressures, not molar concentrations. =
RN RN R RN AN R AN NN RN R RN R NN AR NANERNAY

IREREE

o R . _pD)'pE*°
For the equilibrium aA(g) + bB(g) = dD(g) + eE(g). K,= m

To calculate K, you just have to put the partial pressures in the expression. You work out the units like you did for K..

Example: Calculate K for the decomposition of PCI, gas at 500 K: PCls, = PClyg + Cly
The partial pressures of each gas are: p(PCl,) = 1.8 atm, p(PCl,) = 2.6 atm, p(Cl,) = 2.6 atm

(ClYp(PClY) _2.6x2.6 _ _
pPC) ~ 1.8 =3.755...=3.8(25s.f.)
The units for K_are worked out by putting the units into the

expression instead of the numbers, and cancelling (like for K): K :m’% =atm. So, Kp = 3.8 atm

Kp=p
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Gas Equilibria

K, can be Used to Find Partial Pressures

You might be given the value of K and have to use it to calculate equilibrium partial pressures.

Example: An equilibrium exists between ethanoic acid monomers, CH,COOH, and dimers, (CH,COOH),.
At 160 °C, Kp for the reaction (CH3COOH)2(g) = 2CH3COOH(g) is 1.78 atm.
At this temperature the partial pressure of the dimer, (CH,COOH),, is 0.281 atm.
Calculate the partial pressure of the monomer in this equilibrium and state the total pressure
exerted by the equilibrium mixture.

p(CH,COOH)?
p((CH;COOH),)
This rearranges to give: p(CH3COOH)2 = Kp X p((CHaCOOH)Z) =1.78 x 0.281 = 0.500...

p(CH,COOH) = 0.500... = 0.707... atm
So the total pressure of the equilibrium mixture = 0.281 + 0.707... = 0.988 atm

First, use the chemical equilibrium to write an expression for K= K, =
\\III\III\’III\IIIH///
Add the two partial
pressures together to

get the total pressure.
ZZARRVARARNRRRRNRR AR

IRINAR RV

)

ZANRVER

K, for Heterogeneous Equilibria Still Only Includes Gases

You met the idea of homogeneous and heterogeneous equilibria on pages 118 and 119.
Up until now we've only thought about K expressions for homogeneous equilibria.
If you're writing an expression for K for a heterogeneous equilibrium, only include gases.

Example: Write an expression for K for the following reaction: NH,HS = NH,  +H,S .

The equilibrium is heterogeneous — a solid decomposes to form two gases. ‘T’h‘ L ‘b‘ ,tt\ . II‘I Vi
Solids don't get included in KP, SO Kp = p(NH,) p(H,S). = /neres no bottom fine as

\:—_/ the reactant is a solid.
ZI

ARRRN

Practice Questions
Q1 What is meant by partial pressure?

Q2 How do you work out the mole fraction of a gas?

S

Q3 Write the expression for K for the following equilibrium: NH,HS = NH,  +H,S

2
Exam Questions

Q1 At high temperatures, SO,Cl, dissociates according to the equation SOZCIZ(g) — SOz(g) A Clz(g).

When 1.50 moles of SO,CI, dissociates at 700 K, the equilibrium mixture contains SO, with
a partial pressure of 0.594 atm. The mixture has a total pressure of 1.39 atm.

a) Write an expression for K, for this reaction. [1 mark]
b) Calculate the partial pressure of Cl, and the partial pressure of SO,Cl, in the equilibrium mixture. [2 marks]
c) Calculate a value for K, for this reaction and give its units. [2 marks]

Q2 When nitric oxide and oxygen were mixed in a 2:1 mole ratio at a constant temperature
in a sealed flask, an equilibrium was set up according to the equation: 2NO, + Oy, 7= 2NO,,).

The partial pressure of the nitric oxide (NO) at equilibrium was 0.36 atm. The total pressure in the flask was 0.98 atm.
a) Deduce the partial pressure of oxygen in the equilibrium mixture. [1 mark]
b) Calculate the partial pressure of nitrogen dioxide in the equilibrium mixture. [1 mark]

¢) Write an expression for the equilibrium constant, K, for this
reaction and calculate its value at this temperature. State its units. [3 marks]

I'm rather partial to a few pressure calculations — and a chocolate biscuit...
Partial pressures are like concentrations for gases. The more of a substance you’ve got in a solution, the higher the
concentration, and the more of a gas you’ve got in a container, the higher the partial pressure. It’s all to do with how
many molecules are crashing into the sides. With gases though, you've got to keep the lid on tight or they’ll escape.
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Le Chatelier’s Principle and Equilibrium Constants

You should already know that changing conditions can change the position of the equilibrium. That’s great, but you
also need to be able to predict what will happen to the equilibrium constant when you change conditions.

If Conditions Change the Position of Equilibrium Will Move

1) You learnt on page 118 that when a reversible reaction reaches dynamic equilibrium, the forward reaction
will be going at exactly the same rate as the backward reaction, so the amounts of reactants and products
won’t be changing any more. The concentrations of reactants and products stay constant.

2) If you change the concentration, pressure or temperature of a reversible reaction,
you're going to alter the position of equilibrium. This just means you'll end up with
different amounts of reactants and products at equilibrium.

3) If the change causes more product to form, then you say that the equilibrium shifts to
the right. If less product forms, then the equilibrium has shifted to the left.

4) You also met Le Chatelier’s principle on pages 120-121, which lets you predict how
the position of equilibrium will change if a condition changes. Here it is again:

If there’s a change in concentration, pressure or temperature, The removal of his
e . dummy was a change that
the equilibrium will move to help counteract the change.
Maxwell always opposed.

5) So, basically, if you raise the temperature, the position of equilibrium will shift to try to cool things down.
And if you raise the pressure or concentration, the position of equilibrium will shift to try to reduce it again.

6) The size of the equilibrium constant tells you where the equilibrium lies. The greater the value of K_or K|, the
further to the right the equilibrium lies. Smaller values of K_and K mean the equilibrium lies further to the left.

Temperature Changes Alter the Equilibrium Constant

1) From Le Chatelier’s principle, you know that an increase in temperature causes more of the product
of an endothermic reaction to form so that the extra heat is absorbed. Le Chatelier also states that
a decrease in temperature causes more of the product of an exothermic reaction to form.

2) The equilibrium constant for a reaction depends on the temperature.
Changing the temperature alters the position of equilibrium and the value of the equilibrium constant.

Example:  The reaction below is exothermic in the forward direction. If you increase the temperature,
the equilibrium shifts to the left to absorb the extra heat. What happens to K ¢
Exothermic=—> \\]IHH\\Hll\!l\lllllllll\\\l//

: An exothermic reaction releases
2SOZ(g) + O2(g) = zsoa(g) AH =-197 k] mol- heat and has a negative AH.
<——Endothermic

IRRRRENi

Z An endothermic reaction absorbs

heat and has a positive AH. 2
ZERRRRRRRANRRRRERRNARNARRRRNAN

If the equilibrium shifts to the left, then less product will form. By looking at the expression for
the equilibrium constant, you can see that if there’s less product, the value of K will decrease.

JARERRERNA

RN

\\\ll\\lIl\|l||\I\l\!l\lll\llll\.|'I///
=" This reaction is between gases, so its
easiest to use K , but it's exactly the

ther equilibrium
same for K. and the o q

' in this course.
constants you'll meet in this co S
ARV NARNRRRRNANRNARRR RN

p(SO3)2(—/——:Ther6's less product and more reactant, so
= the number on the top gets smaller and

P 2
pSO)°p(O) the number on the bottom gets bigger.

This means Kp must have decreased.

JARRENARAN

NIEREREE!

3) The general rule for what happens to an equilibrium constant when you change the temperature of a reaction is that:

e If changing the temperature causes less product to form, the equilibrium
moves to the left, and the equilibrium constant decreases.

¢ If changing the temperature causes more product to form, the equilibrium
moves to the right, and the equilibrium constant increases.
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Le Chatelier’s Principle and Equilibrium Constants

Concentration and Pressure Changes Don’t Affect the Equilibrium Constant

Concentration

The value of the equilibrium constant is fixed at a given temperature. So if the concentration of one thing in the
equilibrium mixture changes then the concentrations of the others must change to keep the value of K_the same.
E.g. CH,COOH,, + C,H,OH, = CH,COOC,H,, + H,0,

If you increase the concentration of CH,COOH then the equtllbrlum will
move to the right to get rid of the extra CH,COOH — so more CH,COOC,H;
and H,O are produced. This keeps the equilibrium constant the same.

Pressure

Increasing the total pressure increases the partial pressures (or concentration) of each
of the products and reactants. The equilibrium shifts to the side with fewer moles of
gas to decrease the pressure. The overall effect is that K and K _are unchanged.

Eg. 250, + O, =250,

There are 3 moles on the left, but only 2 on the right. So an increase in pressure would
shift the equilibrium to the right. The equilibrium constant however doesn’t change.

So, to summarise, concentration and pressure don’t affect the values of K. or K,. Changes to concentration
and pressure do change the amounts of products and reactants present at equilibrium, but the ratio of reactants
to products stays the same (leaving K_or K;, unchanged). Changes in temperature not only alter the amounts
of products and reactants present at equilibrium, but also change the value of the equilibrium constants.

Catalysts have NO EFFECT on the position of equilibrium, so don't affect the value of K_(or K )
They can’t increase yield — but they do mean equilibrium is approached faster.

Practice Questions

Q1 If you raise the temperature of a reversible reaction, in which direction will the reaction move?

Q2 Does temperature change affect the equilibrium constant?
Q3 Why doesn’t concentration affect the equilibrium constant?
Exam Questions

Q1 At temperature T , the equilibrium constant K for the following reaction is 0.67 mol™" dm?.
N, . +3H 2NH AH =-92 kJ mol™!

—_
2(g) 200 3(2)

a) When equilibrium was established at a different temperature, T, the value of K _increased.

State which of T, or T, is the lower temperature and explain why. [3 marks]

b) The experiment was repeated exactly the same in all respects at T , except a flask of smaller volume
was used. How would this change affect the yield of ammonia and the value of K ? [2 marks]

Q2 The reaction between methane and steam is used to produce hydrogen. The forward reaction is endothermic.
CH4(g) + H2O(g) = CO + 3Hl(g)
a) Write an equation for Kp for this reaction. [1 mark]
b) Which of the following will cause the value of KP to increase?
A Increasing the temperature. B Using a catalyst.

C Decreasing the pressure. D Decreasing the temperature. [1 mark]

The performers at the equilibrium concert were unaffected by pressure...
Predicting how the equilibrium position shifts if the conditions change isn’t always simple. E.g. if you increase the
pressure and temperature of the reaction between SO, and O, (see the last two pages), the increase in pressure would
want to shift the equilibrium to the right but the increase in temperature would want to push it to the left. Tricky...
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Acids and Bases

The scientific definition of an acid has changed over time — originally, the word acid just meant something that
tasted sour. But, in 1923, Johannes Nicolaus Brensted and Martin Lowry came along and refined the definition.

An Acid Releases Protons — a Base Accepts Protons

Bronsted-Lowry acids are proton donors — they Bransted-Lowry bases are proton
release hydrogen ions (H*) when they’re mixed acceptors. When they’re in solution, they
with water. You never get H* ions by themselves grab hydrogen ions from water molecules.
in water though — they’re always combined
with H,O to form hydroxonium ions, H,O". Buy + H,Op = BHY + OH(aD
+ = )llllll\IIII\|l|\lI\\llIIHI|Illl\lll\ll\\lli
HA(aq) i H2O(I) - H,0 ag T A (aq) =~ HAis any old acid and B is just a random base. =
(NN RN RN RN ARV RN R NN
Acids and Bases can be Strong or Weak WUy,

= TheseAare really both reversible
1) Strong acids dissociate (or ionise) almost completely - lriijd'i”i brt the equilibrium
in water — nearly all the H* ions will be released. HCl — H* + CI- 2, o extremely far to the right.

. S . O D
Hydrochloric acid is a strong acid:

(AR RN

Strong bases (like sodium hydroxide) dissociate almost completely in water too: = NaOH — Na* + OH-.

2) Weak acids (e.g. ethanoic acid) dissociate only very slightly
in water — so only small numbers of H* ions are formed. CH,COOH = CH,COO" + H*
An equilibrium is set up which lies well over to the left:

Weak bases (such as ammonia) only slightly protonate in water.

— + =
Just like with weak acids, the equilibrium lies well over to the left: R

Acids and Bases form Conjugate Pairs

1) Acids can’t just throw away their protons
— they can only get rid of them if there’s a base to accept them. HA, + B
In this reaction the acid, HA, transfers a proton to the base, B:

2) It's an equilibrium, so if you add more HA or B, the position of equilibrium moves to the right. But if you add
more BH* or A-, the equilibrium will move to the left. This is all down to Le Chatelier’s principle (see page 120).

N + =
@aq ¥ BH (aq) +A (aq)

3) Conjugate pairs are species that are linked by the transfer of a proton. RNy
They’re always on opposite sides of the reaction equation. = AhSPeF'eT Is just any type of =
. . . . che —i =

4) The species that has lost a proton is the conjugate base and the species that mical — 1t could be an =

atom, a molecule, an ion..

R

has gained a proton is the conjugate acid. For example...

SRRV NRRYNRRNNENERNERNNEAS
*  When an acid’s added to water, the equilibrium shown on the right is set up.—===p» conjugate pair
* Inthe forward reaction, HA acts as an acid as it donates a proton. In the reverse .1 % acd  base
reaction, A” acts as a base and accepts a proton from the H,O* ion to form HA. HA + H,0 = H,0* + A-

e HA and A~ are called a conjugate pair — HA is the conjugate acid of A~ and X___ conjugate pair __A
A~ is the conjugate base of the acid, HA. H,0 and H,O" are a conjugate pair too.

* The acid and base of a conjugate pair are linked by an H*, e.g. HA<=H*+ A~ or this: H*+H,0 <= H,O"

YA AR R AN RAR RN AR NARRYS conjugate pair
= Here's the equilibrium for = ©+ -
= aqueous HCl. CI™is the = HC].mq) v Hzo(l) S— H3Q ag T Cl (aq)
= conjugate base of HCl(Zq). = acid base acid base
IARRNRVRRRRRRNRRRRRAANAS '\CO“&WPW/‘
e An equilibrium with conjugate pairs is also set up when a base dissolves in water. cejgpite ey
* The base, B, takes a proton from the water to form BH* — so B B+ H,O+= OH + BH"
is the conjugate base of BH*, and BH" is the conjugate acid of B. base acid base  acid

H,O and OH- also form a conjugate pair. X~ conjugate pair __*
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Acids and Bases

Acids and Bases React in Neutralisation Reactions

1) When acids and bases react t(?gether, Example: The reaction of hydrochloric acid and sodium hydroxide.
a salt and water are produced: c——=sp>

2) If the concentration of H* ions from the HCl,, + NaOH_, — H,0 + NaCl
acid is equal to the concentration of acid base water salt
OH- ions from the base, then a neutral NI RS IR IR AR IR KA RERR AR

! IVIVTVI Py
If [H'] is greater than [OH-] the solution is acidic, and if

[OHT s greater than [H*] the solution is basic (or alkaline).
AR R AR R R R R RN RN AR R VAR RN ARARRRRRRRE

solution is produced — this is one where
[H*] = [OH]. All of the H* ions from the
acid and the OH- ions from the base react to form water.

NUARAW!
AVEANE

3) There’s a change in enthalpy when neutralisation reactions happen — the enthalpy change of neutralisation.

NIV v gy,
Neutralisation reactions are always =
exothermic, so enthalpy changes of

neutralisation are always negative.
RNV ERN RN RN RN RRE LS

The standard enthalpy change of neutralisation is the enthalpy
change when solutions of an acid and a base react together,
under standard conditions, to produce 1 mole of water.

[(ARRREA

NARARRRY

/

4) As you saw on the last page, weak acids and weak bases only dissociate slightly in solution — it’s a reversible
reaction. When they're involved in neutralisation reactions, their H* ions (for acids) or OH- ions (for bases)
get used up quickly, as there are only a few of them in solution. The acid or base is therefore constantly
dissociating more to replace the H*/OH- ions in solution and maintain the equilibrium (see page 120 for more
on concentration and equilibrium). This requires enthalpy, so the standard enthalpy change of neutralisation
for weak acids and weak bases includes enthalpy to do with the reaction between H* and OH- ions, and
enthalpy to do with dissociation. The enthalpy of dissociation varies, depending on the acid and base involved,
so the standard enthalpy change of neutralisation for reactions involving weak acids or weak bases varies.

5) On the last page, you also saw that strong acids and strong bases fully dissociate in solution.
When they react together in neutralisation reactions, there’s no dissociation
enthalpy for the acid or base — just enthalpy for the reaction of the H* and OH‘\
ions. Therefore, since this reaction is always the same, the standard enthalpy of H+(aq) + OH_(aq) - H,0,
neutralisation is very similar for all the reactions of strong acids with strong bases.

)

Practice Questions

Q1 Give the Bronsted-Lowry definitions of an acid and a base.

Q2 Give the definition of: a) a strong acid, b) a weak acid.

Q3 Write the equilibrium for hydrochloric acid dissolving in water and identify the conjugate pairs.
Q4 What is a neutral substance?

Exam Questions

Q1 Hydrocyanic acid, HCN,_ , is a weak acid with a faint smell of bitter almonds. It is extremely poisonous.

(aqy’

a) Write the equation for the equilibrium set up when it dissolves in water. [1 mark]
b) What can you say about the position of this equilibrium? Explain your answer. [2 marks]
¢) What is the conjugate base of this acid? [1 mark]

Q2 A student is investigating the standard enthalpy change of neutralisation of some acid/base reactions.
a) Define the standard enthalpy change of neutralisation. [2 marks]

b) The student knows that the standard enthalpy change of neutralisation for the
reaction of potassium hydroxide and nitric acid (a strong acid) is —57.1 kJ mol.
He predicts that the standard enthalpy change of neutralisation of the reaction of potassium hydroxide
and ethanoic acid (a weak acid) will be the same. Is the student correct? Explain your answer. [3 marks]

I’'m going to neutralise my hatred of acids and bases with a nice cup of tea...

Don’t confuse strong acids with concentrated acids, or weak acids with dilute acids. Strong and weak are to do with
how much an acid dissociates. Concentrated and dilute are to do with the number of moles of acid you've got per dm?.
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Get those calculators warmed up — especially the log function key.

The pH Scale is a Measure of the Hydrogen lon Concentration

The concentration of hydrogen ions can vary enormously, so some clever chemists decided to express the
concentration on a logarithmic scale.

pH = -log, J[H*]

The pH scale normally goes from 0 (very acidic) to 14 (very alkaline/basic). pH 7 is regarded as being neutral.

For Strong Monoprotic Acids, [H*] = Acid Concentration

1) Hydrochloric acid and nitric acid (HNO,,,) are strong acids so they dissociate fully.
They're also monoprotic, so each mole of

acid produces one mole of hydrogen ions. Example: Calculate the pH of 0.050 moldm™ nitric acid.
This means the H* concentration is the same
as the acid concentration. Here’s an example: [H]=0.050 = pH = -log,,(0.050) = 1.30

2) You also need to be able to work out [H*] if you're given the pH of a solution.
You do this by finding the inverse log of —pH, which is 10°H.

Example: An acid solution has a pH of 2.45. What is the hydrogen ion concentration, or [H*], of the acid?

[H*] = 1024 = 3.5 x 103 moldm™3

Polyprotic Acids Can Lose More Than One Proton

1) You saw above that monoprotic acids only have one proton that they can release into solution.
2) But some acids, such as sulfuric acid (H,50,), are polyprotic — this means they

have more than one proton that they can release into solution.
3) Each molecule of a strong diprotic acid releases two protons when it dissociates.

4) Calculating the [H*], and therefore the pH of polyprotic acids is a bit trickier,
as more than one mole of hydrogen ions is released per mole of acid
— you won't be asked to do this in the exam though, so don’t panic.

To Find the pH of a Weak Acid You Use K, (the Acid Dissociation Constant)

Weak acids (like CH,COOH) don’t dissociate fully in solution, so the [H'] isn’t the
same as the acid concentration. This makes it a bit trickier to find their pH.
You have to use yet another equilibrium constant, K (the acid dissociation constant).

* Fora weak aqueous acid, HA, you get the following equilibrium:  HA_ = H*  +A"

* Asonly a tiny amount of HA dissociates, you can assume that [HA(aq)] >> [H*

e Soif you apply the equilibrium law, you get: K, = —[[l;_l'/i][Aj

] SO [HA(aq)]starl = [HA(aq)]

Nrrrrrirvrrrvvrerrrvvv e
See page 132 for more about
the dissociation of water.
TIINV LN DA
® You can also assume that dissociation of the acid is much greater than dissociation of water.

This means you can assume that all the H* ions in solution come from the acid, so [H"(aq)] ~ [A-
Frvvrrtprrrverevvvrvrrrevvng [H+]2

A Z
= The units of K are mol dm=. & So K.=
ZI O S * [HA]

(aq) equilibrium’

/

start

[NRA

AR

]

(agq)" "
AR R N AR AN NN RN AR N AR AR Y
This expression is fine for calculations, but if
you're asked for the expression of K., remember
to give the one above (K = [HIAY/[HAD.

/\IHIIIIHll/l\lll\llllllllll|IIII|\IH\\

start and [HA]equilibrium
is no longer valid.

/

NYRARRY
/IHHH\

/
The assumptions made above to find K only work for weak acids.

Strong acids dissociate more in solution, so the difference between [HA]

becomes significant, so the assumption that [HA] = [HA]

start equilibrium
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To Find the pH of a Weak Acid, You Use K,

K, is an equilibrium constant just like K_(see page 122). It applies to a particular acid at a specific temperature
regardless of the concentration. You can use this fact to find the pH of a known concentration of a weak acid.

Example: Calculate the hydrogen ion concentration and the pH of a
0.02 mol dm= solution of propanoic acid (CH,CH,COOH,).
K for propanoic acid at this temperature is 1.30 x 10~ mol dm™.

First, write down your expression for K and rearrange to find [H*].
[H*2 == [H*]? = KICH,CH,COOH] = 1.30 x 10 x 0.02 = 2.60 x 10”7

[CH,CH,COOH] =3 [H+] = (2.60 x 107) = 5.10 x 10~* mol dm™
You can now use your value for [H*] to find pH: pH =-log,,5.10 x 10 = 3.29

K, =

You Might Have to Find the Concentration or K, of a Weak Acid

You don’t need to know anything new for this type of calculation. You usually just have to find [H*]
from the pH, then fiddle around with the K_ expression to find the missing bit of information.

Example: The pH of an ethanoic acid (CH,COOH) solution was 3.02 at 298 K.
Calculate the molar concentration of this solution.
K of ethanoic acid is 1.75 x 10> mol dm~ at 298 K.

First, use the pH to find [H*]: [H*] = 10" = 10302 = 9.55 x 10~* mol dm™3

Then rearrange the expression for K and plug in your values to find [CH,COOH]:

This bunny may look cute, [H*]2

but he can't help Horace K=o = ::) CH,COOH = [H*] = (9.55x107)° =0.0521 mol dm=3
with his revision. * [CH,COOH] K 1.75x107°

Practice Questions
Q1 Explain what is meant by the term ‘diprotic acid’?

Q2 Explain how to calculate the pH of a strong monoprotic acid from its concentration.
Q3 Explain how to calculate the pH of a weak acid from its concentration and K_.

Exam Questions

Q1 a) What’s the pH of a solution of the strong acid, hydrobromic acid (HBr),
if it has a concentration of 0.32 mol dm™? [1 mark]

b) Hydrofluoric acid (HF) is a weaker acid than hydrochloric acid.
Explain what that means in terms of hydrogen ions and pH. [1 mark]

Q2 The value of K, for the weak acid HA, at 298 K, is 5.60 x 10~* mol dm.
a) Write an expression for K . [1 mark]
b) Calculate the pH of a 0.280 mol dm™ solution of HA at 298 K. [2 marks]

Q3 The pH of a 0.150 mol dm™ solution of a weak monoprotic acid, HX, is 2.65 at 298 K.
Calculate the value of K for the acid HX at 298 K. [3 marks]

pH calculations are pH—ing great...

No, I really like them. Honestly. Although they can be a bit tricky. Just make sure you learn all the key formulae. Oh and
not all calculators work the same way, so make sure you know how to work logs out on your calculator. There’s loads
more on pH coming up, and lots more calculations (eek), so make sure you’ve nailed this page before you move on.
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The lonic Product of Water

More pH calculations to come, but this time they’re to do with bases. If only that meant they were basic — they're
actually quite tricky. But fear not, there are loads of examples over the next two pages to guide you through K ,...

The lonic Product of Water, K,,, Depends on the Concentration of H* and OH-

Water can act as an acid by donating a proton — but it can also act as a base by accepting a proton.
So, in water there’ll always be both hydroxonium ions and hydroxide ions swimming around at the same time.
So the following equilibrium exists in water:

H,O, + H,Oy = H,0%_, + OH" or more simply: H,0, = H*,, + OH",
And, just like for any other equilibrium reaction, you can apply the K = [HTIOH]
equilibrium law and write an expression for the equilibrium constant: < [H,Ol

Water only dissociates a tiny amount, so the equilibrium lies well over to the left. There’s so much water compared
to the amounts of H* and OH- ions that the concentration of water is considered to have a constant value.

So if you multiply K_(a constant) by [H,O] (another constant), you get a constant.

This new constant is called the ionic product of water and it is given the symbol K .

\MEhrrrvvrrevvervreibvvr b b prprv vy
It doesn't matter whether water is pure or part of a
solution — this equilibrium is always happening, and

K, is always the same at the same temperature.

FUVAVVE PV bbb v b v v\

For pure water, there’s a 1:1 ratio of H* and OH" ions due to dissociation. This means [H*] = [OH] and K, = [H*]2.

So if you know K of pure water at a certain temperature, you can calculate [H*] and use this to find the pH.

[ O S O O A N Y Y %
The units of K are —

always mol* dm=®
FUEVET v

IVEREAN

K, = [H*][OH]

Al

QUi

T

/

The fact that K  always has the same value for pure water or an aqueous solution
at a given temperature is really useful, as you're about to discover...

At 25 °C (298 K), K, = 1.0 x 107"* mol* dm™®

Use K, to Find the pH of a Strong Base

1) Sodium hydroxide (NaOH) and potassium hydroxide (KOH) are strong bases that fully dissociate in water:

) )

HZO "
KOH(S) K (aq )

H,O
NaOH, —— Na*__ + OH" + OH-
s aq) (aq (aq

2) They donate one mole of OH- ions per mole of base. This means that the concentration of OH- ions is the same
as the concentration of the base. So for 0.02 mol dm= sodium hydroxide solution, [OH is also 0.02 mol dm™3.

3) But to work out the pH you need to know [H*] — this is linked to [OH-] through the ionic product of water, K :
4) So if you know K and [OH] for a strong aqueous base at a certain temperature, you can work out [H*] (then the pH).

Example: Find the pH of 0.10 mol dm= NaOH at 298 K, given that K  at 298 K'is 1.0 x 107"* mol? dm*.
1) First put all the values you know into the expression for the ionic product of water, K :

1.0x107 =[H"1[0.10]

2) Now rearrange the expression to find [H*]:

14
[H*] = % ~1.0x10"> mol dm™

3) Use your value of [H*] to find the pH of the solution:

pH = —logio[H*]=-logi0(1.0x107"%) = 13.00
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The lonic Product of Water

pK, =-logq, K, and K,, = 10-PKw

pK,, is calculated from K . And, since under standard conditions K is always 1.0 x 107, pK_ is always:
RN NN AN RN
The advantage of pK, values is that they're

a decent size so they're easy to work with.
AN RN NN R N RN R RN RN RRNRNRRR RN

\

pK, = -log, K, =-log,,(1.0 x 107 = 14.00

ey

\
ARRREI

pK, =-log,, K, and K, = 10-PKa

Since K, is different for different acids, pK, is a bit trickier than pK,,.
pK, is calculated from K, in exactly the same way as pH is calculated from [H*] — and vice versa.

Example: i) If an acid has a K, value of 1.50 x 107 mol dm?, what is its pK_?

pK, = —-log,,(1.50 x 107) = 6.824

\\\\I\IlllIIlIIIIIIH//

.. . . . . . : T
ii) What is the K_ value of an acid if its pK_ is 4.32? = ne smaller the PR,
. a = the stronger the acid

K =10%32=4.8 x 10~° mol dm3 = (just like for pH).
a

7
[ARRRRRRRRRRARVERNELY PK e = —hogy oK i

ARRERERY

Just to make things that bit more complicated, you might be given a pK, value in a question to work out
concentrations or pH. If so, you just need to convert pK, to K, so that you can use the K, expression.

Example: Calculate the pH of 0.0500 mol dm= methanoic acid (HCOOH).
Methanoic acid has a pK of 3.75 at this temperature.

QEtvrrvrrprrvrrrrve et rvv v ey

K, =10Pk =1027° =1.77... x 10~ mol dm= <& First you have to convert the pK to K. =

EARENAERRYRARREENARERRNRERARRENNERNEN

K = H1® 5 [H*? = K, x [HCOOH] = 1.77... x 10 x 0.0500 = 8.91... x 10
[HCOOH] SN AR N AN RN RN RN RN NN AERT,
[H*] =+(8.91... x 10) = 2.98... x 10~ mol dm™

pH =-log,, (2.98... x 107?%) = 2.53

1y

You might also be asked to work out a
pK, value from concentrations or pH.
In this case, you just work out the K,

value as usual and then convert it to pK,
RN AR AR R VRN RN RNENERNARRRARNANAN

ZERVRERRIAY

SV

Practice Questions

Q1 Give the equation for the ionic product of water.
Q2 What equation would you use to work out pK from K ?

Exam Questions
Q1 At 298 K, a solution of sodium hydroxide contains 2.50 g dm~. K_at 298 K is 1.0 x 10~ mol* dm™.
a) What is the molar concentration of the hydroxide ions in this solution? [2 marks]
b) Calculate the pH of this solution. [2 marks]

Q2 Calculate the pH of a 0.0370 mol dm= solution of sodium hydroxide at 298 K.
K, the ionic product of water, is 1.0 x 10'* mol* dm™ at 298 K. [2 marks]

Q3 Benzoic acid is a weak acid that is used as a food preservative. It has a pK, of 4.20 at 298 K.
Find the pH of a 1.60 x 10~* mol dm™ solution of benzoic acid at 298 K. [3 marks]

An ionic product — when your trousers have no creases in them...

You know things are getting serious when maths stuff like logs start appearing. It’s fine really though, just practise a few
questions and make sure you know how to use the log button on your calculator. And make sure you’ve learned the
equations for K , pK AND pK_. And while you're up, go and make me a nice cup of tea, lots of milk, no sugar.
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Experiments Involving pH

You thought that was all there was to know about pH? Sorry to disappoint, but you’re only halfway through this topic...

You Can Measure the pH of a Solution Using a pH Meter

1) A pH meter is an electronic gadget you can use to tell you the pH of a solution.
2) pH meters have a probe that you put into your solution

and a digital display that shows the reading.

3) Before you use a pH meter, you need to make sure it's calibrated correctly. To do this...

¢ Place the bulb of the pH meter into deionised water and allow the reading to settle. E
Now adjust the reading so that it reads 7.0. & =

* Do the same with a standard solution of pH 4 and another of pH 10.

Make sure you rinse the probe with deionised water in between each reading.
AVLhrrrrrrrverrrvrvvrrrvrrrrrrrrverrrv vty
= You could also measure pH with a pH probe
attached to a data logger. A data logger records

4) You're now ready to take your actual measurement. R
Place the probe in the liquid you’re measuring and let =
the reading settle before you record the re§ult. -Af’[?l’ each = data at set intervals for a specified amount of time.
measurement, you should rinse the probe in deionised water. /i v i no e N

ZARREREEN

The pH of Equimolar Solutions Can Tell You About the Substances

You can learn quite a lot about the nature of a chemical just by looking at its pH.
By measuring the pHs of different equimolar solutions (solutions that contain the same number of moles),
you can see whether a substance is an acid, base or a salt, and whether it is strong or weak.

aHCl has a pH of 0.00. Substance eCZHSCOOH has a pH of 244, which
[H] =107 =1 moldm= and the B gives [H'] of 0.0036 mol dm=.
concentration of HCl is also 1 moldm=. 1 mol dm™ HCI 0.00 The concentration is 1 mol dm=, so
So HCI must be completely dissociated 1 - only a small fraction of the molecules
. . mol dm~ C_H.COOH 2.44 Y
— it's a strong acid. 2> él/are dissociated. It's a weak acid.
eN =T T p——— 1 mol dm= NaCl 7.00 o
a asap or /. wnich glves NH h H+ {:24 X 10_11 h h
[H of 1 x 1077 mol dm™. % 1 mol dm™ NH, 10.62 ¥ gives3 [OaSH[‘] gf(it.z x 1074 m(\;r d|:n‘3
USin@ KW = [H+][OH:7] =10 X_;IO—M,/ 1 mol dm= NaOH 14.0 (using K = [H+][OH—] =10 x 10—14)‘
[ 5 eleo 1 = 1O el alrir. ° 4 ﬁ\ , This shows only a tiny fraction of

[H*] = [OHT, so the substance D

is neutral. This is true for salts of eNaOH has [H*] of 1.0 x 107" mol dm= which

strong acids with strong bases. means [OH is 1 moldm=. The concentration
of NaOH is also 1 moldm= so NaOH is

completely dissociated — it's a strong base.

H* ions are accepted from the water
molecules by NH,, so it's a weak base.

You Can Use Masses and pH to Work Out K,

You can use experimental data to work out K for weak acids. The example below shows you how this works.

Example: 1.31 g of ethanoic acid (CH,COOH) are dissolved in 250 cm? of distilled water to create a solution of
ethanoic acid. The solution has a pH of 2.84. Calculate the acid dissociation constant for ethanoic acid.

1) First, you need to work out the number of moles of ethanoic acid that are in the solution.
moles = mass + M == moles = 1.31 = [(2 x 12.0) + (4 x 1.0) + 2 x 16.0)] = 0.02183... moles

2) Then, calculate the concentration of the ethanoic acid solution.

concentration = moles x 1000 —=» concentration = 0.02183...x1000 _ () 0g73... mol dm-
volume (cm’) 250

3) You can use the pH to work out [H*] at equilibrium: [H¥] = 10PH = 10284 = 0.00144...

VALV T
Remember, for weak acids

[HA] start — [HA]ethbnum‘

RN RN ARNARRARARRRNAREER

[

+12 2
[H1° o) 10.00144..]

[HA] ’ = W =0.00002392...=2.4 x 10~

ARRRN]

4) For weak acids, K, =

NARRR
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Experiments Involving pH

When Acids are Diluted their pH Changes

Diluting an acid reduces the concentration of H* in the

Concentration

solution. This increases the pH. The table shows the pH of Acid C,H,COOH
pH at 298 K

of a strong and a weak acid at different concentrations. (mol dm)

Strong Acid — Hydrochloric Acid (HCI)

Diluting a strong acid by a factor of 10 increases the pH by 1._— 0.1 1 2.94

[t's easy to see this for yourself. Remember that for a

strong acid, [H*] = [acid], so pH = -log, [acid]. 0.01 2 344
Just try sticking [acid] = 1, 0.1, 0.01, etc. into this formula. 0.001 3 3.94
\\\III\IIlll\lll\ll\ll\\lll//

= These results may seem a bit
random, but they're true.

It's all in the maths...
AR AN AR RN RSN A AR RN

Weak Acid — Propanoic Acid (C,H.COOH)

Diluting a weak acid by a factor of 10 increases the pH by 0.5.

I

YRR

Again, you can see this for yourself if you like by sticking
numbers into the right formula, but it’s a lot more fiddly this time...

Rearranging K, = [[/L_IC?(;] gives [H*] = VK, [acid], and then pH = -log, ,vK [acid]

Stick [acid] = 1, 0.1, 0.01, etc. into this formula to find the pH each time.
The pH will always change by 0.5, no matter what value you use for K.

, . o -
Sir John used teaH calculations to E.g. To get the figures in the table above, K of propanoic acid is 1.31 x 10,

work out the optimum concentration So [CZHSCOOH] =1 mol dm gives [H] =3.6 x 10 which gives pH =2.44
of tea in the perfect cuppa. [C,H.COOH] = 0.1 mol dm™ gives [H*] = 1.14 x 10~* which gives pH = 2.94

Practice Questions

Q1 What pH would you expect a 1.0 mol dm= solution of a base that completely dissociates in solution to have?
Q2 What would happen to the pH of a strong acid if you diluted it by a factor of 1002

Exam Questions

Q1 A student is measuring the pH of three 2.0 mol dm™ solutions, A, B and C, to investigate the extent of their acidity
or basicity. The pHs of A, B and C, at standard temperature and pressure are 3.20, 13.80 and 6.80 respectively.

a) Suggest a piece of equipment that she could use to accurately measure the pH of the solutions. [1 mark]

b) InA, B and C, only one mole of hydrogen or hydroxide ions are released per mole of acid or base.
Comment on whether A, B or C dissociates most in solution. Show your working. [4 marks]

Q2 1.22 g of benzoic acid, C.H,COOH, are dissolved in 100 cm?® of distilled water to
create a standard solution of benzoic acid. The pH of the solution is 2.60 at 298 K.

a) Calculate a value for K_ for the acid at this temperature. [5 marks]
b) Use the value of K that you have calculated to find the [H] of a 0.0100 mol dm™ solution of this acid. ~ [2 marks]
¢) Calculate the pH of the 0.0100 mol dm™3 solution of the acid at 298 K. [1 mark]

d) Show that the pH of a 1.00 mol dm= solution of the acid is 2.1 at 298 K. [2 marks]

e) Without further calculations, predict the pH of a 0.001 mol dm solution
of benzoic acid at 298 K. Explain your answer. [2 marks]

The perfect dilution — 1 part orange squash to 10 parts water...

Remember, if you dilute a weak acid by a factor of 10, you’ll increase its pH by 0.5. But diluting a strong acid by a
factor of 10 will increase the pH by a whole 1. Don’t get them mixed up, it might cost you valuable marks...
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Titration Curves and Indicators

If you add base to acid the pH changes in a squiggly sort of way.

Use Titration to Find the Concentration of an Acid or Base

You met titrations back on page 63, so here’s just a quick reminder of how to do them.
1) Measure out some base using a pipette and put it in a flask,

along with some indicator. '
2) Rinse a burette with some of your standard solution

of acid. Then fill it with your standard solution. /!
3) Do a rough titration to get an idea where the end point is (the point ]

where the base is exactly neutralised and the indicator changes colour).

To do this, take an initial reading to see how much acid is in the burette

to start off with. Then, add the acid to the base — giving the flask a regular swirl.

Stop when your indicator shows a permanent colour change (the end point).

Record the final reading from your burette. | base and
4) Now do an accurate titration. Run the acid in to within 2 cm? of the end point, indicator

then add the acid dropwise until you reach the end point.
5) Work out the amount of acid used to neutralise the base (the titre). S

N (RN Ly,

6) Repeat the titration a few times, making sure you get a similar = You can also do titrations the other —

WA RN}

answer each time — your readings should be within 0.1 cm? of each other. = way round — adding base to acid.
Then calculate a mean titre (see page 244), ignoring any anomalous results. """/ EEET R s

Titration Curves Plot pH Against Volume of Acid or Base Added

Titrations let you find out exactly how much base is needed to neutralise a quantity of acid.

All you have to do is plot the pH of the titration mixture against the amount of base added
as the titration goes on. The pH of the mixture can be measured using a pH meter and
the scale on the burette can be used to see how much base has been added.

The shape of your plot looks a bit different depending on the strengths of the acid and base that are used.

Qbrbrrvvrrvrvrrvervrbrrvvrrvvrvvrv v

= You may see titration curves called pH curves. =
AT TV S

Here are the titration curves for the different combinations
of equimolar strong and weak monoprotic acids and bases:

weak acid/weak base
A

weak acid/strong base
A

strong acid/weak base
A

strong acid/strong base

A A
147

A Y A
149 141 149

pH pH pH pH

74 74 7-

» »

volume of base added'

volume of base added'

volume of base added'

volume of base added'

A\

FErrrvg gy

You can explain why each graph has a particular shape: 2 IFyou titrat. ! Ib‘ Ty,
- . a base Wlth an acfd /_
¢ The initial pH depends on the strength of the acid E st?St:p?d' the shapes of the curves =
) =, & the same, but they're reversed =

So a strong acid titration will start at a much lower pH than a weak acid.
To start with, addition of small amounts of base have little impact on the pH of the solution.

All the graphs (apart from the weak acid/weak base graph) have a bit that’s almost vertical
— this is the equivalence line. The point at the centre of the equivalence line is the equivalence
point or end point. At this point [H*] = [OH-] — it’s here that all the acid is just neutralised.
When this is the case, a tiny amount of base causes a sudden, big change in pH.

The change in pH is also less pronounced when strong acids are added to strong bases (or vice versa),
compared to when strong acids are added to weak bases (or strong bases are added to weak acids).

The final pH depends on the strength of the base — the stronger the base, the higher the final pH.
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Titration Curves and Indicators

Titration Curves Can Help you Decide which Indicator to Use

1) When carrying out a titration, you'll

often need to use an indicator that changes E.g. For this titration, the a Vertical section of curve
colour to show you when your sample has . . 14+
. curve is vertical between i,
been neutralised. i
pH 8 and pH 11 — so 11
2) You need your indicator to change colour a very small amount of -
exactly at the end point of your titration. base will cause the pH pH ]
So you need to pick one that changes colour to change from 8 to 11. 7
over a narrow pH range that lies entirely on So vou want an indicator -
the vertical part of the titration curve. Y i
that changes colour ]
3) Methyl orange and phenolphthalein somewhere between .

are indicators that are often used for pH 8 and pH 11. 0 Volume of base added

acid-base titrations. They each change
colour over a different pH range:

Name of Colour at Aplprox. H of | Colour at
indicator low pH colour change | high pH

Methyl oranze | SRSl
Phenolphthalein W 83-10 J:Dl}

e For a strong acid/strong base titration, you can use either of these indicators
— there’s a rapid pH change over the range for both indicators.

methyl orange

e For a strong acid/weak base only methyl orange will do. The pH changes rapidly
across the range for methyl orange, but not for phenolphthalein.

e For a weak acid/strong base, phenolphthalein is the stuff to use.
The pH changes rapidly over phenolphthalein’s range, but not over methyl orange’s.

e For weak acid/weak base titrations there’s no sharp pH change, so neither of these indicators works. In fact,
there aren’t any indicators you can use in weak acid/weak base titrations, so you should just use a pH meter.

Another Great Use for Titration Curves — Finding the pK, of a Weak Acid

1) You can work out pK of a weak acid using the titration curve for a weak acid/strong base titration.
It involves finding the pH at the half-equivalence point.

2) Half-equivalence is the stage of a titration when half of the acid has been neutralised —
it's when half of the equivalence volume of strong base has been added to the weak acid.

e A weak acid, HA, dissociates like this: HA = H* + A~
At the half-equivalence point, [HA] = [A7].

A
) QUELTUV Ty, 14 7
e So for the weak acid HA: = [HA] and [A] cancel. =
/i\|\|||\\llll||l||||l\\
pH . equivalence
[HY [A] Half-equivalence Gleme
Ka= [HA] l:)Kaz[H+] and pKasz' point. : point
\\\l\HIIHIIII\IHHII\l\llIIILS E\'I;”;ltlt\h‘isl”/:7_ @ :
= pK = —log, [H'] (which is pH). & - FL o => '
7\Ip||aH|l||}?lllllll\|\ll\p\’\|\\ I pOIht—pKa = ! :
EANERRRERRERNA 1 1
e So the pH at half-equivalence is actually | :
the pK value for the weak acid. 0 ,' : >
volume of stron
‘_\\HIl\ll|llllllll\/%ll|ll\lIlllll// base added 8

* And if you know the pK_ value you can work
out K (K, =107 — see page 133).

I\

Half the acid's been neutralised when

this much base has been added.
AR ERRRN AR RN RN AR RN ERRNRRRRNRRY!

I

VN

Toric 12 — AciD-BASE EQUILIBRIA

Ivww .ebook3000.con}



http://www.ebook3000.org

138

Titration Curves and Indicators

You Can Follow pH Changes with a pH Chart

pH charts show what colour an indicator appears at different 12 3 4 5 6 7 8 910 1 12 13 14

pHs. You can compare the colour of a solution containing an

indicator with the indicator’s pH chart to determine the pH of I -
the solution. For example, if a solution containing thymol blue

was light blue, its pH would be somewhere between 8 and 10. pH chart for thymol blue

Practice Questions

Q1 Sketch the titration curve for a weak acid/strong base titration.

Q2 What indicator should you use for a strong acid/weak base titration — methyl orange or phenolphthalein?
Q3 What colour is methyl orange at pH 2?
Q4 What is meant by the half-equivalence point?

Exam Questions

Q1 1.0 mol dm™ NaOH (a strong base) is added separately to 25 cm® samples of
1.0 mol dm= nitric acid (a strong acid) and 1.0 mol dm™ ethanoic acid (a weak acid).

Sketch the titration curves for each of these titrations. [2 marks]
Q2 A sample of ethanoic acid (a weak acid) was titrated Name of indicator pH range
against potassium hydroxide (a strong base). bromophenol blue 30_46
From the table on the right, select the best indicator methyl red 42-6.3
for this titration, and explain your choice. [2 marks] bromothymol blue 6.0—76
Q3 This curve shows the pH change as sodium hydroxide solution thymol blue 80-9.6
(a strong base) is added to a solution of ethanoic acid (a weak acid).
a) What is the pH at the equivalence point? [1 mark]
14
b) What volume of base had been added at this point? [1 mark]
¢) Suggest an indicator to use for the titration pH
and explain your choice. [2 marks] ’

d) Sketch the curve you would get if the titration was
repeated using ammonia solution (a weak base) as the base.  [1 mark]

O 2 4 6 % 0121416182022 242
e) Why couldn’t you use an indicator to identify the end point volume of NaOH added (cm’)
of a titration between ethanoic acid and ammonia solution?  [1 mark]

Q4 This curve shows the pH change when sodium hydroxide (a strong base)
is added to a 0.1 mol dm~ solution of methanoic acid (a weak acid).

a) What is the pH of:

i) the equivalence point? [l mark] pH
ii) the half-equivalence point? [1 mark] 7
b) Write an expression for K, for the dissociation of this acid. [1 mark]

S O Y Y I

c) At the half-equivalence point what
is the concentration of the acid? [1 mark] I e W b
volume of NaOH added (cm’)

d) Calculate the value of pK_ and K, for the acid. [2 marks]

I'll burette my bottom dollar that you’re bored of acids and bases by now...
Titrations involve playing with big bits of glassware that you're told not to break as theyre really expensive — so you
instantly become really clumsy. | highly recommend not dropping your burette though. If it’s smashed into hundreds or
thousands of teeny weeny tiny pieces, you’ll find it much harder to take readings from it. | speak from experience...
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How can a solution resist becoming more acidic if you add acid to it? Here’s where you find out...

Buffers Resist Changes in pH

A buffer is a solution that minimises changes in pH when small amounts of acid or base are added.

A buffer doesn’t stop the pH from changing completely — it does make the changes very slight though.
Buffers only work for small amounts of acid or base — put too much in and they won't be able to cope.

139

Acidic Buffers Contain a Weak Acid and its Conjugate Base

Acidic buffers have a pH of less than 7 — they’re made by setting up an equilibrium
between a weak acid and its conjugate base. This can be done in two ways:

1) Mix a weak acid with the salt of its conjugate base. 2) Mix an excess of weak acid with a strong base.
e.g. ethanoic acid and sodium ethanoate: e.g. ethanoic acid and sodium hydroxide:

e The salt fully dissociates into its ions when it dissolves: e  All the base reacts with the acid:
CH,COONa*,, - CH,COO" +Na’ CH,COOH,;, + OH7,; = CH,COO0™ + H,0

. I . e The weak acid was in excess, so there’s still
Ethanoic acid is a weak acid, . )
o ey L s some left in solution once all the base has

) reacted. This acid slightly dissociates:

CH,COOH,,, = H"_ +CH,COO" CH, COOH,, = H*_ + CH,COO"

In both cases, the following equilibrium is set up between the weak acid and its conjugate base:

Lots of undissociated =2>CH, COOH(aq) = H* @ T CH,COO " F=Lots of CH,COO~

Addition of H* (acid) U AN R ARRN N AR RANRNERANRY
The equilibrium solution contains

Iy

*:1

=~ lots of undissociated acid (HA),
lots of the acid's conjugate base

= (A) and enough H* ions to
> - make the solution acidic.
7,

Addition of OH~ (base)

weak acid

It's the job of the conjugate pair to control the pH of a buffer solution. The conjugate base mops
up any extra H*, while the conjugate acid releases H* if there’s too much base around.

If you add a small amount of acid the H* concentration increases. Most of the extra H* ions
combine with CH,COO- ions to form CH,COOH. This shifts the equilibrium to the left,
reducing the H* concentration to close to its original value. So the pH doesn’t change much.

If a small amount of base (e.g. NaOH) is added, the OH- concentration increases.

Most of the extra OH- ions react with H* ions to form water — removing H* ions from the solution.
This causes more CH,COOH to dissociate to form H* ions — shifting the equilibrium to the right.
The H* concentration increases until it’s close to its original value, so the pH doesn’t change much.

Alkaline Buffers are Made from a Weak Base and one of its Salts

A mixture of ammonia solution (a base) and ammonium chloride (a salt of ammonia)
acts as an alkaline (or basic) buffer. It works in a similar way to acidic buffers:

— An alkaline solution is a basic

= solution that's soluble in water. =

/.

SIRRERERRRRNA

ARRRYRNRNRYAVERRARVANARERERNA

SMrrvrvvvrvrprrvrrrrrrrr ey vy

ZZNRARR AR RN RNARVARRNRNARRARNAAY

The salt is fully dissociated in solution: NH,CI_ — NH,*_+Cl_ . Lots of  Addition of H* (acid) Lots of

aq) Ng *:1 weak base

e R . D s
An equilibrium is set up between the ammonium ions and ammonia: NH, o = H" oy + NHy )

l:*

If Il t of acid is added, the H* tration i
a small amount of acid is added, the H* concentration increases Addition of OH- (base)

— most of the added H* reacts with NH, and the equilibrium shifts left.
This reduces the H* concentration to near its original value. So the pH doesn’t change much.

If a small amount of base is added, the OH- concentration increases. OH- ions react with the H* ions,
removing them from the solution. There are plenty of NH,* molecules around that can dissociate to
generate replacement H* ions — so the equilibrium shifts right, stopping the pH from changing much.
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Buffer Action can be Seen on a Titration Curve

1) Y itrati k
) You met titration curves back on A Eg ethanoic acid with sodium hydroxide.

pages 136 and 137. They show 14
you how the p!—l of a s.olution The pH changes quickly to start
Changes as an |ncreaslng VOIume with as the base is strong and
of acid or base is added. contains a lot of hydroxide ions P
2) The titration curves for weak to react with hydrogen ions. . | «~—CEventually all the ethanoic

acid is used up and the

acids with strong bases, and for 7 7 _ e
equivalence point is reached.

strong acids with weak bases,
have a distinctive shape due to
the formation of buffer solutions
as the reaction proceeds.

Then the curve levels off. This
is because a buffer solution of =7
sodium ethanoate in ethanoic /

acid is formed which resists >
further dramatic change in pH. volume of base added

[

Buffer Solutions are Important in the Blood

1) Blood needs to be kept at around pH 7.4. The pH is controlled using a carbonic acid-hydrogencarbonate
buffer system. C-arbonlc a.Cld dl.ssoc'lates into H* ions and 'HCO; ions. >H,CO,, = He+ HCO;(a )
2) If the concentration of H* ions rises in blood, then HCO,™ ions from the 3 3 4
carbonic acid-hydrogencarbonate buffer system will react with the excess H* ions, and the equilibrium will shift
to the left, reducing the H* concentration to almost its original value. This stops the pH of blood from dropping.

3) Meanwhile, if the concentration of H* ions falls in blood, then more H,CO, molecules from the carbonic
acid-hydrogencarbonate buffer system will dissociate, and the equilibrium will shift to the right, increasing the
H* concentration to almost its original value. This stops the pH of blood from rising.

4) The levels of H,CO, are controlled by respiration. By breathing out CO,), 3| H,CO,,, = H,0, + CO, .,
the level of H,CO, is reduced, as it moves this equilibrium to the right. - -

5) The levels of HCO, are controlled by the kidneys, with excess being excreted in the urine.

Here’s How to Calculate the pH of a Buffer Solution

Calculating the pH of an acidic buffer isn’t too tricky. You just need to know the K of the weak acid and the
concentrations of the weak acid and its salt. Your calculation requires the following assumptions to be made:

e The salt of the conjugate base is fully dissociated, so assume that the equilibrium
concentration of A™ is the same as the initial concentration of the salt. vty
The conjugate base
doesn't only come from
dissociation of the weak
acid so [H* -
’/lllllul,“,_,,],:t, P/A;]]':,\
Example: At a certain temperature, a buffer solution contains 0.40 mol dm= methanoic acid,
HCOOH, and 0.60 mol dm= sodium methanoate, HCOO-Na*. At this temperature, :\\\He‘r:];rub’e\r”_”//
K for methanoic acid = 1.8 x 10* mol dm=. What is the pH of this buffer? -

7/
e HAis only slightly dissociated, so assume that its equilibrium
concentration is the same as its initial concentration.

Wy,

7/
ANERRTEEERY

these are all
equilibrium

[ZARNRAREER

Firstly, write the expression i - _[H*][HCOO] = concentrations.
for K of the weak acid: HCOOH,,, = H*, + HCOO,, > K= [HCOOH] ‘/I——y' R
\\rrrveevererrvrevetverrvevy,

. s If you wanted to find the =

Then'rearrange the expression and [HY] = K x [HCOOH] > concentration of an acid needed =
stick in the data to calculate [H*]: a” [HCOOT] = to make a buffer solution ofa =
040 D » = particular pH, using a salt of known=

[H]=1.8x10""x 0.60 =1.2x10"moldm™=" concentration and the K of the =

’ = acid, you could use this equation =

= tofind [acid]l. Oryou could =

Finally, convert [H*] to pH: pH = —log, ,[H*] = -log, (1.2 x 10%) = 3.92 = use the Henderson-Hasselbalch =
= equation on the next page.. =

ZI000I v e
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You Need to be Able to Calculate Concentrations

Nobody's gonna
change my pH.

You may want to create a buffer with a specific pH.
To work out the concentrations of salt and acid or base that you'll need, you may need
to use a fancy equation, known as the Henderson-Hasselbalch equation. Here it is:
\\I\HIII\l|l||\ll\lll\ll/
= This equation relies on the
fact that [HA] = [HA]
and A= [A]_.

TR VAREER RN A VAR

A
pH = pK, +Iog10(H)

start

NIARRA

ARRNERA

Acids and bass did't mess with Jeff
after he became buffer.

Example: A buffer is made using ethanoic acid (CH,COOH) and an ethanoic acid salt (CH,COO"Na®).
1.20 mol dm™ of the ethanoic acid salt is used. What concentration of ethanoic acid is required so
that the buffer has a pH of 4.9¢ Under these conditions, K_ of ethanoic acid = 1.75 x 10°°.

You know that pk_ = -logk , so you can work out the pK_ of ethanoic acid:  pK =-log,,(1.75 x 10) = 4.756...

Now, substitute your value for pk,

\\Il\lI\‘I\\I||I|\\|’|l‘|\lll\|l\|||I|\\l/
and the desired pH (which you pH = pK, + log ( (l: This is the Henderson-Hasselbalch equation. =
O e PR m[HA] N ARRRRRRRARERRVARR VAR ERER R ARRERE NN

given in the question) into the [CH,COO]
Henderson-Hasselbalch equation to work 4.9 =4.756.. + [ogm(m)
out the ratio of [A7]:[HA] that you need. _ [CH, ]
[ (7[CH3COO])—49 4.756...=0.143
\\\Hll\lllll\\ll\ll\\l\l\H\ll|l1|\|\|l\dll// Og10[CH3COOH]_ 29 =4 .= 0.
I You' - -
This is a log rule (from maths). Youll need - [CH,COO] L e

to remember it to do questions like this one. 10'9810* = x

. ’ S
||\|\11|\||\\1l|l|\:|11\|\l1|\||\\1HHM [CH,COOH]

NIRRAN!

You know that the salt fully dissociates,

so [salt] = [A7]. This lets you calculate [HA] at % = 1.39...=—=> [CH,COOH] = 1.20 + 1.39...
equilibrium, which is equal to [HA] at the start of [CH; I [CH.COOH] = 0.86 mol dm-3
the reaction (since ethanoic acid is a weak acid). 3 ;

Practice Questions

Q1 What's a buffer solution?

Q2 How can a mixture of ethanoic acid and sodium ethanoate act as a buffer?
Q3 Describe how to make an alkaline buffer.

Q4 Describe how the pH of the blood is buffered.

Exam Questions

Q1 A buffer solution contains 0.400 mol dm™ benzoic acid, CH,COOH, and 0.200 mol dm
sodium benzoate, CH,COO Na'. At25 °C, K_ for benzoic acid is 6.40 x 10° mol dm.

a) Calculate the pH of the buffer solution. [2 marks]
b) Explain the effect on the buffer of adding a small quantity of dilute sulfuric acid. [3 marks]

Q2 A buffer was prepared by mixing solutions of butanoic acid, CH,(CH,),COOH,
and sodium butanoate, CH,(CH,),COONa’, so that they had the same concentration.

a) Write a balanced chemical equation to show butanoic acid acting as a weak acid. [1 mark]

b) Given that K for butanoic acid is 1.5 x 10~ mol dm at 298 K, calculate the pH of the buffer solution. ~ [2 marks]

Old buffers are often resistant to change...

So that’s how buffers work. There’s a pleasing simplicity and neatness about it that I find rather elegant.
Like watching the sun rise on a misty May morning, with only bird song for company... OK, I'll shut up now.
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Lattice Energy

On these pages you can learn about lattice energy, not lettuce energy which is the energy change when 1 mole
consumes salad from a veggie patch. Bu—-dum cha... (that was meant to be a drum — work with me here).

Lattice Energy is a Measure of lonic Bond Strength Nay Cly

lonic compounds can form regular structures called giant ionic lattices where the
positive and negative ions are held together by electrostatic attractions. When gaseous ions
combine to make a solid lattice, energy is given out — this is called the lattice energy.

Here’s the definition of standard lattice energy that you need to know:

= Standard
The standard lattice energy, A,H®, is the energy change when 1 mole of an = _conditions are

ionic solid is formed from its gaseous ions under standard conditions. = 298K (25°C)

‘ = and 100 kPa.

AEVARRENRREREAN

Part of the sodium
chloride lattice

AERVARRNAN

The standard lattice energy is a measure of ionic bond strength. . _ o .
The more negative the lattice energy, the stronger the bonding. Nat, & Gl = NaCl, S ALfE = /87K mol

E.g. out of NaCl and MgO, MgO has stronger bonding. == Mg>" + 0¥ > MgO AH* =-3791 k] mol”!

kEnergy changes are sometimes
' : : o nown as enthalpy ch —
1) The higher the charge on the ions, the more energy is released when an ionic ¢ the e

- " = NIARRRR!
lonic Charge and Size Affects Lattice Energy = Energy changes are sommeil 12
‘; don't worry, they're th i
lattice forms. This is due to the stronger electrostatic forces between the ions. ™! Yo e same thing

ERRY

RN AR AR RN RENRRENERAN
2) More energy released means that the lattice energy will be more negative. So the lattice energies for
compounds with 2+ or 2— ions (e.g. Mg?* or $*) are more exothermic than those with 1+ or 1-ions (e.g. Na* or CI).
E.g. the lattice energy of NaCl is only =787 kJ mol™', but the lattice energy of MgCl, is —2526 kJ mol'.
MgS has an even higher lattice energy (-3299 k] mol™") because both Mg and S ions have double charges.
3)

The smaller the ionic radii of the ions involved, the more exothermic (more negative) the lattice energy.

Smaller ions have a higher charge density and their smaller ionic radii mean that the ions can sit closer together
in the lattice. Both these things mean that the attractions between the ions are stronger.

Born-Haber Cycles can be Used to Calculate Lattice Energies

Hess’s law says that the total enthalpy change of a reaction is always the same,
no matter which route is taken — this is known as the conservation of energy.

You can’t calculate a lattice energy directly, so you have to use a Born-Haber cycle to
figure out what the enthalpy change would be if you took another, less direct, route.
Here’s a Born-Haber cycle you could use Na* e eThe electron affinity
to calculate the lattice energy of NaCl: T TE Ly goes up here...

First ionisation energy A /
QThen put the A7 ofsodum AH - |2

t
(496 k) mo )| Najg + Clglaeseous atoms

SRR EARANARARRRARAY
Q
The enthalpy of

atomisation is the

_:_ E s First electron affinity

- = thalpies of of chlorine, A ,iH

= enthalpy change when 1 - andnel|pie el

= le of gaseous atoms is = atomisation >4 omisation enthalpyA Na* Cl- (=349 k) mol)

~ moleorg Z . A3 a ® + @

= formed from the element = and |on|s‘atlon of sodium, A_,H Na +Cl 8 A 4

Z  inits standard state. = above this. (107 kJ mol") ) ®

- \\

TR ERY |‘| |::‘ |' ll l\ Il \' ,‘ \‘ ,‘ "“ 0 Atomisation enthalpy‘ Lattice energy
W iy, ) A2 ; /

= The first electron affinity is = of chlorine A | (3 4 15C|. (standard states) Ao of sodium chloride,

- the enthalpy change when = 0 (+122 K mol™) ) 2(g) (AH)

= the entnalpy - .

= 1 mole of electrons are = Start with Enthalpy of formation a i

- = the enthal £ sodium chloride. A.H | AH1 .and lattice

= added to 1 mole of neutral = PY  of sodium chloride, A (ionic lattice)

= “gaseous atoms to form 1 = offormation. ity o)y NaCly Wy eneray goes

= mole of gaseous 1—ions =

down here.
Z T I R R R A

There are two routes you can follow to get from the elements in their standard states to the ionic solid. The green
arrow shows the direct route and the purple arrows show the indirect route. The energy change for each is the same.

NN 11 | | Tl -
From Hess's law: AH6 = ~AH5 — AH4 — AH3 — AH2 + AH1 = Vou need a minus sign f you go. =
= —(-349) — (+496) — (+107) — (+122) + (-411) = =787 kJ mol~’

= the wrong way along an arrow.
Toric 13 — ENErRGETICS ]
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Lattice Energy

Calculations involving Group 2 Elements are a Bit Different
Born-Haber cycles for compounds containing Group 2 elements have a few changes from the one on the previous
page. Make sure you understand what’s going on so you can handle whatever compound they throw at you.
Here’s the Born-Haber cycle for calculating the lattice energy of magnesium chloride (MgCl,):

Mg+ 2e + 2Cl

oGroup 2 elements form o
Second ionisation energy
First electron affinity

of chlorine x 2 \

.and you need to

2+ ions — s0 you've -
) of magnesium Mot + e + 2CI
got to include the 8 ®
second ionisation energy. First ionisation energy

Mg(g) + ZCI(

of magnesium

8 + -
Mg2 @ + 2Cl A 4

Atomisati thal
omisation enthalpy double the first electron

B

e of magnesium Mg(s) + 2C|(gJ Eit of chlori
There are 2 moles of affinity of chlorine too.
chlorine ions in each Atomisation enthalpy
mole of MgCl, — of chlorine x 2 Mg(s) + Clz(g) Lattice energy of
so you need to double el of format magnesium chloride
he ahemisziien nthalpy of tormation MaCl NI RN RRERTTRY
of magnesium chloride 134 26) v 2 For a Group 3 Chloride /.

energy of chlorine..
You would need to

include three ionisation
energies and triple the
enthalpies of chlorine.

Practice Questions O S
Q1 What is the definition of standard lattice energy?

Q2 What does a large, negative lattice energy mean, in terms of bond strength?

Q3 Why does magnesium chloride have a more negative lattice energy than sodium chloride?

Q4 What is the definition of the enthalpy of atomisation?

VLl
THErvrr g n

Exam Questions

Q1 Using this data:
A.H* [potassium bromide] =—-394 kI mol' A H*®[bromine] =+112 kJ mol" A _H®[potassium] =+89 kJ mol™!
A, H® [potassium] = +419 kJ mol! A, H? [bromine] =-325 kJ mol™!

a) Construct a Born-Haber cycle for potassium bromide (KBr). [3 marks]

b) Use your Born-Haber cycle to calculate the lattice energy of potassium bromide. [2 marks]

Q2 Using this data:
A.H*® [aluminium chloride] =706 kImol™ A H®[chlorine] =+122 kJmol! A, H° [aluminium] = +326 kJmol™!

A,,H ° [chlorine] =349 kJmol™! A, H® [aluminium] = +578 kJ mol!

A, H® [aluminium] = +1817 kJ mol™! A, H® [aluminium] = +2745 kJ mol"!

a) Construct a Born-Haber cycle for aluminium chloride (AICL,). [3 marks]

b) Use your cycle to calculate the lattice energy of aluminium chloride. [2 marks]

Q3 Using this data:

AH* [aluminium oxide] =-1676 kImol™" A H®[oxygen] = +249 kJmol! A, H* [aluminium] = +326 kJmol™!

A, H® [aluminium] = +578 kJmol"! A, H®[aluminium] = +1817 kJmol™! A, , H°[aluminium] = +2745 kJmol™!

A, H® [oxygen] =—141 kJmol"! A, H® [oxygen] = +844 kI mol !

a) Construct a Born-Haber cycle for aluminium oxide (Al,O,). [3 marks]
[2 marks]

b) Use your cycle to calculate the lattice energy of aluminium oxide.

Using Born-Haber cycles — it’s just like riding a bike...

All this energy going in and out can get a bit confusing. Remember these simple rules: 1) It takes energy to break
bonds, but energy is given out when bonds are made. 2) A negative AH means energy is given out (it’s exothermic).
3) A positive AH means energy is taken in (it’s endothermic). 4) Never return to a firework once lit.
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Polarisation

And you thought you'd finished with lattice energies...

Theoretical Lattice Energies are Based on the lonic Model

1) There are two ways to work out a lattice energy:
e the experimental way — using experimental enthalpy values in a Born-Haber cycle (see previous page).
e the theoretical way — doing some calculations based on the purely ionic model of a lattice.
2) To work out a ‘theoretical’ lattice energy, you assume that all the ions are spherical and have
their charge evenly distributed around them — a purely ionic lattice. Then you work out how
strongly the ions are attracted to one another based on their charges, the distance between them

and so on (you don’t need to know the details of these calculations, fortunately — just what
they're based on). That gives you a value for the energy change when the ions form the lattice.

Comparing Lattice Energies Can Tell You ‘How lonic’ an lonic Lattice Is

For any one compound, the experimental and theoretical lattice energies are usually different. How different they
are tells you how closely the lattice actually resembles the ‘purely ionic’ model used for the theoretical calculations.

1) For example, the table shows both lattice energy values for some sodium halides.

e The experimental and theoretical values
are a pretty close match — so you can -
say that these compounds fit the ‘purely From experimental values

Lattice Energy (k) mol™)

. From theory
ionic’ model (spherical ions with evenly Un B % Gl
distributed charge, etc.) very well. Sodium chloride -787 -756
e This indicates that the structure of the Sodium bromide _74) —731
lattice for these compounds is quite
P k Sodium iodide ~698 686

close to being purely ionic.

2) Here are some more lattice energies, for magnesium halides this time:

: E
Leiifiee Biiegyy (U] won ) e The experimental lattice energies are

more negative than the theoretical

From experimental values

(in Born-Haber cycle) From theory values by a fair bit.
Magnesium chloride -2526 -2326 e This tells you that the bonding is, in
Magnesium bromide _2440 2097 practice, stronger than the calculations

from the ionic model predict.

Magnesium iodide -2327 —1944

e The difference shows that the bonding in the magnesium halides isn’t
as close to ‘purely ionic’ as it is with sodium halides.

e lttells you that the ionic bonds in the magnesium halides are more polarised T =
— they have some covalent character — whereas the bonds in sodium Bill was a Grizzly bear
halides have almost no polarisation and very little covalent character. before he was polarised.

Polarisation of lonic Bonds Leads to Covalent Character in lonic Lattices

So, magnesium halides have more covalent character in their ionic bonds than sodium halides. Here’s why...
1) Inasodium halide, e.g. NaCl, the cation, Na*, has only a small charge (+1) so it can’t really pull electrons from
the anion towards itself — so the charge is distributed evenly around the ions (there’s almost no polarisation).
2) This is pretty much what the simple ionic model looks like — that’s why the theoretical
calculations of lattice energy match the experimental ones so well for sodium halides.
3) However, the magnesium halides don’t fit the ionic model quite so well, because charge
isn’t evenly distributed around the ions — the cation, Mg?*, has a bigger charge (+2),
so it can pull electrons from the anion towards itself a bit, polarising the bond.

4) In general, the greater the charge density of the cation (its charge .
compared to its volume), the poorer the match will be between Charge Density = Charge + Volume
experimental and theoretical values for lattice energy.
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Polarisation

Small Cations Are Very Polarising

What normally happens in ionic compounds is that the positive charge on the cation
attracts electrons towards it from the anion — this is polarisation.

1) Small cations with a high charge are very polarising because they have a high charge density
— the positive charge is concentrated in the ion. So the cation can pull electrons towards itself.

2) Large anions with a high charge are polarised more easily than smaller ones with a lower charge.
This is because their electrons are further away from the nucleus and there is more repulsion
between the electrons, so the electrons can be pulled away more easily towards cations.

3) If a compound contains a cation with a high polarising ability and an anion which is easily polarised,
some of the anion’s electron charge cloud will be dragged towards the positive cation.

4) If the compound is polarised enough, a partially covalent bond is formed.

U A The more an ionic bond is polarised, the
= |pcreasing the = @ | h : . I

= Lositive charge more covalent character it gains, resulting
= F in compounds with different properties to

leads to more

po|arisation
ARVEREEUARNAAN

Z0p1iv

ionic mostly ionic mostly covalent covalent those with purely ionic bonds.

7

Pauling Values Can Be Used to Work Out How Polar a Covalent Bond Is

Electronegativity is the ability of an atom to attract the bonding electrons in a covalent bond.

—_

)
2) The Pauling Scale is usually used to measure the electronegativity of an atom.
3) The greater the difference in electronegativity, the greater the shift in electron density, and the more polar the bond.
4) Bonds are polar if the difference in Pauling electronegativity values is more than about 0.4.

Example:  predict whether a C—Cl bond will be polar, given that the Pauling
electronegativity values of carbon and bromine are C = 2.5 and Cl = 3.0

The difference between the electronegativities of chlorine and carbon is: 3.0 — 2.5 = 0.5

So the bond will be polar. The chlorine atom will have a slight negative AN RANRERNRRY,

charge and the carbon atom will have a slight positive charge. Don't worry about
remembering Pauling

values — you'll be
given this data in the

exam. Lucky you.
ARRERCNAVENNURTRNRRENS

5) Differences in electronegativity can also be given as % ionic character (see page 28).

ARRRYFRRENERY

RNV

Practice Questions

Q1 How can you tell, using lattice energies, whether an ionic compound is significantly polarised?
Q2 What sort of cation is highly polarising? What sort of anion is easily polarised?

Exam Questions

Q1 Metal/non-metal compounds are usually ionic, yet solid aluminium chloride exhibits

many covalent characteristics. Explain why. [4 marks]

Q2 Consider the following compounds: ~ MgBr, NaBr Mgl,

a) These compounds have differing degrees of covalent character in their bonds.
Arrange the compounds in order of increasing covalent character, and explain your reasoning. [3 marks]

b) The theoretical lattice enthalpy of sodium iodide matches well with its experimental value but the
theoretical lattice enthalpy of magnesium iodide does not match well with its experimental value.

Explain this difference. [2 marks]

Lattice Energy — it’'s why rabbits have so many babies....

Is it ionic? Is it covalent? Who knows? Interpreting data is important when you’re looking at the differences between
theoretical and experimental values for lattice energies — you need to be able to explain what the data shows.
Remember, the closer the two lattice energy values, the better the purely ionic model fits your compound.
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Dissolving

Once you know what’s happening when you stir sugar into your tea, your cuppa’ll be twice as enjoyable.

Dissolving Involves Enthalpy Changes MM A

When a solid ionic lattice dissolves in water these two things happen:

1) The bonds between the ions break — this is endothermic.
The enthalpy change is the opposite of the lattice enthalpy.

2) Bonds between the ions and the water are made — this is exothermic.

Luckily for Geraldine, her lattice

The enthalpy change here is called the enthalpy change of hydration. energy was greater than her enthalpy
The enthalpy change of solution is the overall effect of these two things. of hydration.
@ LA o This effect happens because oxygen is
@ “oNSly Qe ! ive than hyd
@ H- QP O~H \;'HH N more electronegative than hydrogen,
bond @ [:":bond H=0O o\(i\H o :;0 so it draws the bonding
breaking @ ® making HogpH  O7HEH electrons toward itself, H8+
.. ) . ) v creating a dipole. S_OQH
ions in a lattice separate ions hydrated ions v S+

So now, here are a couple more fancy definitions you need to know:

The enthalpy change of hydration, A, ;H, is the enthalpy change when 1 mole of gaseous ions dissolves in water.
The enthalpy change of solution, A, H, is the enthalpy change when 1 mole of solute dissolves in water.

Substances generally only dissolve if the energy released is roughly the same, or greater than the energy taken in.
So soluble substances tend to have exothermic enthalpies of solution.

Enthalpy Change of Solution can be Calculated

You can work out the enthalpy change of solution using an energy cycle.
You just need to know the lattice energy of the compound and the enthalpies of hydration of the ions.

Here’s how to draw the energy cycle for working out the enthalpy change of solution for sodium chloride:
a Put the ionic lattice and the dissolved ions on the top — connect them by the enthalpy change of solution. This is the direct route.

a Connect the ionic lattice NaCl Enthalpy change of solution > Na'  + CI°
; () (aq) (ag)
to the gaseous ions by

AH3
the lattice energy. AH1
The breakdown of the it ey AH2 Enthalpy of hydration of Na, (—406 k] mol™)
attlce has the opposte (787 kg mol") R Enthalpy of hydration of CI, (~364 kJ mol™)
formatl?gn of tﬁe lattice. a ) + @® e Connect the gaseous ions to the dissolved

ions by the hydration enthalpies of each ion.
From Hess’s law: AH3 = —AH1 + AH2 = +787 + (—406 + —364) = +17 k] mol-" This completes the indirect route.
SRR AR RN R AR RN AR N RN NANNAAYY,
As long as there's only one unknown
enthalpy value, you can use these cycles
to work out any value on the arrows.
For example, if you know the enthalpy
change of solution and the enthalpy
changes of hydration, you can use those
= values to work out the lattice energy.

The enthalpy change of solution is slightly endothermic, but there are
other factors at work that mean that sodium chloride still dissolves in water.

You can also use energy level diagrams...

rrvvvrrrriviivtny

This one’s for working out the enthalpy change of solution for silver chloride:

RN RRRERRNARER

Ag*()_,.cr() R RN RN RN AR RV A R RV AR AR R RV AR
8 8
A
: Enthalpy of hydration of Ag’,(—464 kJ molq)
| amn lattice enthalpy AH? Py ly 9J (g) 1
o0 (=905 kJ mol-) Enthalpy of hydration of le(g)(—364 k) mol™)
Q
c . _ 1
o Ag’ ..+ Cl SRR AR A
ag) (ag) N ‘ are only =
= Energy level diagrams nly -
AgC| () AH3 * Enthalpy change of solution giﬁ%{eﬂt to energy cyclesin =

that substances are ‘arranged
vertically in the diagram

according to their energies. \
//||1||||||||1\|||||1\|||l|

From Hess’s law: AH3 = -AH1 + AH2 = +905 + (464 + -364) = +77 k] mol™'

This is much more endothermic than the enthalpy change of solution
for sodium chloride. As such, silver chloride is insoluble in water.

NEEERAANAL
Triril
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Dissolving

lonic Charge and lonic Radius Affect the Enthalpy of Hydration

The two things that can affect the lattice energy (see page 142) can also affect the enthalpy of hydration.
They are the size and the charge of the ions.

lons with a greater charge have a greater enthalpy of hydration. H\O/H
lons with a higher charge are better at attracting He _H
water molecules than those with lower charges — O Q.
the electrostatic attraction between the ion and the water H H
molecules is stronger. This means more energy is released /O\ H\C‘) C’),H
when the bonds are made giving them a more exothermic H H \O@O/
enthalpy of hydration. H7 “H
PONON
H 1T T 'H
Smaller ions h t thalpy of hydrati HH
Ma_er 1ons nNave a greater entna py o1 Aycration. The higher charge and smaller radius of
Smaller ions have a higher charge density than bigger ions. the 2+ ion create a higher charge density

than the 1+ ion. This creates a stronger
attraction for the water molecules and gives
a more exothermic enthalpy of hydration.

They attract the water molecules better and have a more
exothermic enthalpy of hydration.

E.g. a magnesium ion is smaller and more charged than a sodium ion, r Ahdee[Mg“(g)] =-1920 k) mol™’
which gives it a much more exothermic enthalpy of hydration. A, HCINa" ] = -406 k) mol-
y g

Practice Questions

Q1 Describe the two steps that occur when an ionic lattice dissolves in water.

Q2 Define the enthalpy change of solution.

Q3 Do soluble substances have exothermic or endothermic enthalpies of solution in general?

Q4 Sketch an energy cycle that could be used to calculate the enthalpy change of solution of sodium chloride.
Q5 Name two factors that affect the enthalpy of hydration of an ion.

Exam Questions

Q1 a) Draw an energy cycle for the enthalpy change of solution of AgF(S). Label each enthalpy change. [2 marks]
b) Calculate the enthalpy change of solution for AgF from the following data: [2 marks]

© _ 1 © _ il orp. 1 il

A H [AgF(S)] =-960 kJ mol ™, Ahy H [Ag*(g)] =—-464 kJ mol ™, Ahy J[F (g)] =-506 kJ mol ™.

Q2 a) Draw an energy level diagram for the dissolving of CaCl, using the data below.
Label each enthalpy change. [2 marks]

A H®[CaCl, ] =-2258 kI mol!, A H®[Ca® ]=-1579kImol’, A H®[Cl ]=-364kJ mol"

b) Calculate the enthalpy change of solution for CaCl,. [2 marks]
Q3 Show that the enthalpy of hydration of Cl‘(g) is =364 kJ mol™!, given that: [3 marks]
A H® [MgCl, ] =-2526 kJ mol ™, A H e’[Mgz*(g)] =-1920 kI mol™!, A H® [MgCL, ] =-122kJ mol .
Q4 Which of these ions will have a greater enthalpy of hydration — Ca?" or K*?
Explain your answer. [3 marks]

Enthalpy change of solution of the Wicked Witch of the West = 939 kJ mol-'...

Compared to the ones on pages 142 and 143, these energy cycles are an absolute breeze. You’ve got to make sure
the definitions are firmly fixed in your mind though. You only need to know the lattice enthalpy and the enthalpy of
hydration of your lattice ions, and you're well on your way to finding out the enthalpy change of solution.
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Entropy

If you were looking for some random chemistry pages, you've just found them.

Entropy Tells you How Much Disorder There Is

1) Entropy is a measure of the disorder of a system — it tells you the number of ways that particles can be
arranged and the number of ways that the energy can be shared out between the particles.

2) The more disordered the particles are, the higher the entropy is.
A large, positive value of entropy shows a high level of disorder.

3) There are a few things that affect entropy:

Physical State affects Entropy

You have to go back to the good old solid-liquid-gas particle Gas
explanation thingy to understand this. Solid particles just o
wobble about a fixed point — there’s hardly any randomness, o
so they have the lowest entropy. Gas particles whizz oot o
around wherever they like. They’ve got the most random ORDERED  SOME DISORDER - RANDOM

arrangements of particles, so they have the highest entropy. Inarezsing esoredr

Increasing entropy

Examples:

e The exothermic burning of magnesium ribbon in air has a single
solid product. One of the reactants (oxygen) is a gas, so in this
reaction disorder reduces and entropy is lowered.

e The reaction of ethanoic acid with ammonium carbonate
produces CO, gas as a product, so

in this reaction disorder increases 2CH,COOH,, + (NH,),CO, —>2CH,COONH,, + H,0,, + CO,,
and entropy is raised. g i a g

Dissolving affects Entropy

Dissolving a solid also increases its entropy — dissolved particles
can move freely as they’re no longer held in one place.

2Mg ) + O, = 2MgO

NH4NO3(S) - NH4+(aq) N NO3_(aq)

Example: Dissolving ammonium nitrate crystals ’

in water results in an increase in entropy: A squirrel's favourite

activity is to increase

More Particles means More Entropy entropy.

It makes sense — the more particles you've got, the more ways they and their energy can be arranged.
So in a reaction like N,O,, = 2NO,, entropy increases because the number of moles increases.

More Arrangements Means More Stability

1) Substances are actually more energetically stable when there’s more disorder.

So particles will move to try to increase their entropy.

This is why some reactions are feasible (they just happen by themselves

— without the addition of energy) even when the enthalpy change is endothermic.

N

Example: The reaction of sodium hydrogencarbonate with hydrochloric acid is an endothermic reaction —
but it is feasible. This is due to an increase in entropy as the reaction produces carbon dioxide gas
and water. Liquids and gases are more disordered than solids and so have a higher entropy.

This increase in entropy overcomes the change in enthalpy.

number of moles.
\\
ZERRRVERRRRRRRRRN

UM RANARNARRAN TS

+ + = [ -

NaHCO, + H @) - Na @) + COZ(g) + H,O, E Tre reacjobn is also =
1 mole solid 1 mole 1 mole 1 mole gas 1 mole liquid = a};/c?ure eci;:se -
aqueous ions aqueous ions = tincreasesthe

= =
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Entropy

You Can Calculate the Entropy Change of a System

During a reaction there's an entropy change YRR IRAR AT
— _ A s
(AS) between the reactants and prOdUCtS ASsystem_ Sproducts - Sreactants - The units Of entropy al’eJ K ! mOl : N
the entropy change of the system. 2
: Calculate the entropy change for the reaction of ammonia
Example py 8 NH,, + HCl, — NH,Cl

and hydrogen chloride under standard conditions.
S®INH, ] =192.3 ) K mol”, $°[HCl ] =186.8) K mol~', $°[NH,Cl ] =94.60) K" mol”

1) First find the entropy of the products:
s® = S7[NH,CI] = 94.60 ) K" mol

products

2) Now find the entropy change of the reactants:
se = SG[NH3] + S°[HCI] =192.3 J K" mol + 186.8 ) K" mol™' =379.1 ) K" mol™

reactants
NARARR AR RN AR RN AR AN AR R RN Y

3) Finally you can subtract the entropy of the reactants from the entropy = This shows a negative change in entropy.
It's not surprising as 2 moles of gas have

of the products to find the entropy change for the system: : :
AS e I 94.60 — 379.1 284.5 | K-' mol- combined to form 1 mole of solid. :
= = . — o = - . / b
MIHI\HIIH\HH\IIHIIll\llllll

system products reactants

YARARRYD
IERRRE

N

A positive entropy change means that a reaction is likely to be feasible, but a negative total entropy
change doesn’t guarantee the reaction can’t happen — enthalpy, temperature and kinetics also
play a part in whether or not a reaction occurs.

Practice Questions

Q1 What does the term ‘entropy’ mean?
Q2 Arrange the following compounds in order of increasing entropy values: ~ H,0,, MgO, CO,
Q3 Write down the formula for the entropy change of a system.

Exam Questions

Q1 a) Based on just the equation below, predict whether
the reaction is likely to be feasible. Substance
Give a reason for your answer.

Entropy — standard

conditions (J K-! mol)

Mg(s) I ‘/zOz(g) - MgO(S) [2 marks] Mg(s) 327

b) Use the data on the right to calculate the O, 205.0
entropy change for the system above. [2 marks]

MgO 26.9

¢) Does the result of the calculation indicate that the reaction
will be feasible? Give a reason for your answer. [1 mark]

Q2 For the reaction HZO(D - HZO(S):

5 [H,0,1=70J K- mol ™, s° [H0]=48] K~ mol™!
a) Calculate the entropy change for this reaction. [1 mark]
b) Explain why this reaction might be feasible. [1 mark]

In the chemistry lab — chaos reigns...

Well, there you go. Entropy in all its glory. You haven’t seen the back of it yet though, oh no. There’s more where this
came from. Which is why, if random disorder has left you in a spin, Id suggest reading it again and making sure you've
got your head round this lot before you turn over. You’ll thank me for it... Chocolates are always welcome...
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More on Entropy Change

Here we go, as promised, more entropy. Don’t ever say | don’t spoil you rotten...

The Total Entropy Change Includes the System and the Surroundings

1) As shown on page 149, during a reaction, there’s an entropy change between the reactants and products
— the entropy change of the system.

2) The entropy of the surroundings changes too (because energy is transferred to or from the system).

3) The TOTAL entropy change is the sum of the entropy changes of the system and the surroundings.

ViV
SRR ANARRNAAREN = —
A 1 _s = A Stotal = A Ssystem + A Ssurroundings
- Remember, AS‘s stem__ roducts reactantsl N
RN SRR R dA R UA R AR R RR AR

Luckily, as well as for AS_ -, there’s a formula for calculating the change of entropy of the surroundings:
ystem

- AH + AH = enthalpy change (in J mol™)
AS —_Aan py g
surroundings T T = temperature (in K)

You can Calculate the Total Entropy Change for a Reaction

Example: Calculate the total entropy change for the reaction of ammonia
and hydrogen chloride under standard conditions.

NH,, + HCl = NH,Cl AH =-315 kj mol' (at 298 K)
SG[NH3(g)] =192.3 ] K" mol, SQ[HCI(g)] =186.8 ) K" mol™, SG[NH4CI(S>] =94.60 ] K" mol
First find the entropy change of the system — you've already done this on the previous page.

AS S =94.60 — (192.3 + 186.8) = —284.5 ] K" mol~'

system Sproducts ~ “reactants

Now find the entropy change of the surroundings: SRR R R R R AN

; , : The AH value given above is in
AH =-315 k) mol' =-315 x 103 ] mol- k) mol™, AH in the equation

ASsuroundings = —AH/Tis in ] mol™.

/

!

ATRRRERERREEN

A Ssurroundings = AH _-(=315x1 0% — +1057 J K~ mol” é You need to multiply the figure above
T 298 = by 1000 to convert it into J mol™.
K, \
Finally you can find the total entropy change: ARV AR RN RSN R RN R NARANARARANAR
AS, o = ASSystem + Assurmundmgs =-284.5 + (+1057) = +772.5 J K" mol-!

Example:  Calculate the total entropy change for ammonium nitrate crystals being
dissolved in water under standard conditions.

H,0
NH,NO, —2=U5 NH,7. + NO; . AH =+2570k) mol” (at 298K)
S°INH,NO, 1 =151.1 ) K mol!, s°[NH," 1 =113.4) K mol", s°[NO, | =146.4) K" mol"

Find the entropy change of the system:

ASgem = Soroducts — Sreactanss = (146-4 + 113.4) — 151.1 = +108.7 | K~ mol-" (-\
rrrrrvrrrvvrrpvrvrvrrtrev vy,

3 o \\
Now find the entropy change of the surroundings: This makes sense if you look at the

equation — you'd expect an increase

v,

3
A Ssurroundings = ATH = (25-739>8< 10°) _ -86.24 ) K- mol-! = in the entropy of the system because

= asolid is dissolving to produce freely

moving ions, increasing disorder.
IANESVRRYARRNANNEVARASARRRYNENAAN

AR RVARRENNA

N

So, the total entropy change is:

AS o =AS o FAS =108.7 — 86.24 = +22.46 ] K-' mol-!

system surroundings

Toric 13 — ENERGETICS 1]



151

More on Entropy Change

You Can Relate Reaction Results to Changes in Entropy and Enthalpy

Example: Reaction between barium hydroxide and ammonium chloride.

First, place a flask on top of a piece of damp cardboard. Add to the flask solid barium
hydroxide crystals, Ba(OH),.8H,0O, and solid ammonium chloride, then stir. Within about
30 seconds, the smell of ammonia becomes noticeable and a short time later, the bottom of
the flask will be frozen to the cardboard. The temperature drops to well below 0 °C.

Ba(OH),.8H,0, + 2NH,Cl, — BaCl,, + 10H,0, + 2NH, =~ AH = +164.0 k mol' (at 298K)

Looking at the equation, you would expect an increase in the entropy of the system because two

solids are combining to produce a solid, a liquid and a gas — that’s an increase in disorder.

Calculating AS_ . using standard entropies confirms this:
5°[Ba(OH),.8H,0,| = +427.0 ) K- mol-', S®[NH,Cl, ] = +94.6 ) K" mol-!, $°[BaCl,] = +123.7 ) K- mol-,
SQ[HZO“)] =+69.9 ) K" mol, SGINH3(g)] =+192.3 ) K" mol’ SV i,

= The formula for barium hydroxide =

Sreactamsz 427.0 + (2 x 94.6) = +616.2 ] K" mol’ = crystals is Ba(OH),. 8H,0. =
S o =123.7+ (10 x 69.9) + (2 x 192.3) = +1207.3 ) K- mol-! = The 8H,O part of the formula tells =
products (10 x )+ @ x ) J mo = you thazt there is water within the =

_ _ _ 1 i = crystalline structure. -
ASsystem_sproducts_ Sreactants = 12073 -616.2 = +591.1]K mol //IllIHl\Iy\IlIIHlIHIIHIlIlH\\

The reaction is endothermic, so the entropy change of the surroundings must be negative.

=-AH/T =-164 000 + 298 = -550.3 ] K mol™!

Ssurroundings
Once you know AS
AS

and AS_ . you can calculate the total entropy change for the reaction.

surroundings

AS + AS

total — system surroundings

=591.1 - 550.3 = +40.8 ] K" mol-"

Practice Questions
Q1 What is the formula for calculating the total entropy change of a reaction?
Q2 What is the formula for calculating AS
Q3 What sign will the entropy of surroundings be for an endothermic reaction?

¢
surroundings”
Exam Questions

Q1 When a small amount of ammonium carbonate solid is added to 10 cm?3 of 1.0 mol dm™ ethanoic acid,
carbon dioxide gas is evolved. This is an endothermic reaction, so the temperature of the reaction mixture drops.
(NH),CO,, + 2CH,COH, — 2CH,CONH,,  + H,0, + CO,, AH® >0
a) Looking at the equation, what would you expect to happen to the
entropy of the system during this reaction? Explain your answer. [3 marks]

b) Explain how this reaction can be both endothermic and have a positive AS [2 marks]

total®

Q2 Thin ribbons of magnesium burn brightly in oxygen to leave a solid, white residue of magnesium oxide.
The equation for this reaction is:

2Mg + 0,, — 2MgO AH =—1204 kJ mol™' (at 298 K)

2(g) (s)

S°[Mg,] =+32.7 J K mol !, §°[O +205 J K mol”!, §°[MgO, ] =+26.9 JK ' mol !

e
a) Using the data given, calculate AS ystem AL 298 K. [3 marks]

system

b) Calculate AS,

iy 10T the Teaction. [4 marks]
otal

The entropy of my surrounds is always increasing. take a look at my kitchen...
Still awake? Great stuff. Let me be the first to congratulate you on making it to the end of this page — I nearly didn’t.
As a reward | suggest ten minutes of looking at clips of talented cats online. It’ll cheer you up no end and you can think
of all those lovely calculations while watching Mr Smudge walks on his hind legs. Ahh... the Internet.
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Free Energy

Free energy — | could do with a bit of that. My gas bill is astronomical.

For Feasible Reactions AG must be Negative or Zero

1) The tendency of a process to take place is dependent on three things — the entropy, AS, the enthalpy, AH,
and the temperature, T. When you put all these things together you get the free energy change, AG.
AG tells you if a reaction is feasible or not — the more negative the value of AG, the more feasible the reaction
AH = enthalpy change (in J mol™)

Of course, there’s a formula for it:
NN RN R RN AR ARA RN AC=AH—TA55ystem T = temperature (in K)
AS__. = entropy change of the system (in ] K™ mol™)

system

= The units of AG are often ] mol™. =
RSN AR RN NN RN AR AR RN

Example: Calculate the free energy change for the following reaction at 298 K.
AH® = +117 000 ) mol!, AS, .., = +175 K" mol™!

NARRRAE N R RN R AR R

MgCO,, — MgO, + CO,

[RRNERN

= +117 000 — (298 x (+175)) = +64 900 | mol-' (3 s.f.) = AG is positive — so the reaction
= isn't feasible at this temperature.

AG = AH - TAS
system
NN RN R AN AN ANRRR AR AY
2) When AG = 0, the reaction is just feasible. So the temperature at which the
reaction becomes feasible can be calculated by rearranging the equation like this:
_ =0, so = i
AH-TAS .. T= 5
Example: At what temperature does the reaction MgCO, , — MgO  + CO, , become feasible?
g) (s) 2(g)
_ _AH +117 000
T=-2H _ +117000 _
ASsystem +175 H8J1S
DUV b g
3) You can use AG to predict whether or not a reaction is feasible. = Temﬁ’eralture 's measured in Kelvin =
By looking at the equation AG = AH — TAS, you can see that: 2 ,VT', X \Ilvlalylsll’]lé:\/lel?lpl(islltl’\l/e e =
IRRRUERAY

When AH is negative and AS is positive, AC will always be negative and the reaction is feasible.
When AH is positive and AS is negative, AG will always be positive and the reaction is not feasible.

In other situations, the feasibility of the reaction is dependent on the temperature.

Feasible Reversible Reactions have Large Equilibrium Constants

An equilibrium constant is a measure of the ratio of the concentration of products

1)

to reactants at equilibria for a reversible reaction at a specific temperature. .
. . . Q Iy

2) Reactions with negative AC, and so are theoretically feasible, have large = fyou nee‘dl ;Irle‘c(;' I lfl’//
values for their equilibrium constants — greater than 1. = equilibrium constaf]tz z
3) Reactions with positive AG, and so not theoretically feasible, have = havealook 4t pages =
>, 118119 and 122173 =
IIl/IH/,”H””I»I\\\

small values for their equilibrium constants — smaller than 1.

4) This relationship is represented by the equation:
l\lll\ll\lll\lll\\\lll\lIl\lllllI\lllll\//: R=gasconstant,831j K»1mo|»1
T = temperature (in K)

= Don't worry about learning this equation. =
! MR, AG =-RTIn K .
In K = the natural log of the equilibrium constant

Z If you need it, you'll be given it in the exam. =
I AR AR R AR R A RN AR A R N R R

Example: Ethanoic acid and ethanol were reacted together at 298 K and allowed to reach equilibrium. The
equilibrium constant was calculated to be 4 at 298 K. Calculate the free energy change for the reaction.

CH3COOH e CzHSOH(I) = CH3COOC2H5(1) + Hzo(l) STUVELL I i gy,
= AG s negative — so the =

The equilibrium constant is greater than 1, so you'd expect AG to be negative... - reaction is feasible at 298K -
ARV RN RNV RN TR RV AT RN

AG = —-RT In K=—-(8.31 x 298) x In (4) = =3430 ) mol~' 3 s.f.) ...and it is.
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Free Energy

Equilibrium Constants can be Calculated from AG

You may get asked to calculate equilibrium constants from the free energy change of a reaction.

Example: Hydrogen gas and iodine are mixed together in a sealed flask forming hydrogen iodide.
Calculate the equilibrium constant at 763 K.

N _ -1
Hyg + L= 2Hl, AG =-24287 mol

AG 24287
= T i el

Firstly, you need to rearrange the equation, In
AG = —RT In K, to find In K:

To find the value of K, you need to find the inverse of the log.
To do this, use the exponential function for your value of In K: =9 In K=3.8304 so K=e""" =46

Finally, you need to calculate the units of K:

K =AmebdmTmobde ™™ i 5o k=462 5.6)

\|IIl|Illll|H|IIHIIIIIHIIIIHI
If you want a reminder of how to
calculate the ynits for equilibrium

”constants, have a look at page 122
IllllllIIlIIIIHlIlllllllllli\\\

/,

ANEREEAS

Qg

Negative AG doesn't Guarantee a Reaction

The value of the free energy change doesn’t tell you anything about the reaction’s rate.
Even if AG shows that a reaction is theoretically feasible, it might have a really high activation energy
or happen so slowly that you wouldn’t notice it happening at all. For example:

Hyp + 20, = H,0  AH®=-242 000 Jmol”, AS°=-44.4 )K" mol”

At 298 K, AG = -242 000 - (298 x (—44.4)) = -229 000 J mol-" (3 s.f.)
But this reaction doesn't occur at 298 K — it needs a spark to start it off due to its high activation energy.

Practice Questions
Q1 What are the three things that determine the value of AC?

Q2 If the free energy change of a reaction is positive, what can you conclude about the reaction?
Q3 What is the relationship between the free energy change and equilibrium constants?

Q4 Why might a reaction with a negative AC value not always be feasible?

Exam Questions

Q1 a) Use the equation below and the table on the right
to calculate the free energy change for the ubstance ~ S™(JK™ mol™)

complete combustion of methane at 298 K. [2 marks] CH,, 186

°o_ -1
CE 5820 SESICO S ILT OF AH™=-730 kJ mol Oy 205
b) Explain whether the reaction is feasible at 298 K. [1 mark] CO,,, 214
¢) What is the maximum temperature H,0, 69.9
at which the reaction is feasible? [1 mark] C,H,0H,, 193

R

Q2 At 723 K, the equilibrium constant for the exothermic reaction H, © + Clz(g) = 2HC1(g) 1s 60.
AS for the reaction is negative.

a) Calculate the free energy change for this reaction. [1 mark]

b) Describe the effect of increasing the temperature of the reaction on the free energy change. [2 marks]

AG for chemistry revision definitely has a positive value...

Okay, so AG won't tell you for definite whether a reaction will happen, but it will tell you if the reaction is at least
theoretically feasible. Make sure you know the formulae for AG, how to rearrange them and how to work out the
numbers to plonk in it. And don't forget to check your units, check your units, check your units.

Toric 13 — ENERGETICS 1]
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Electrochemical Cells

On these pages there are electrons to-ing and fro-ing in redox reactions. And when electrons move, you get electricity.

If Electrons are Transferred, it's a Redox Reaction = ook A ST T
Look back at your page 40 for

more about redox reactions,
PRV e vy

L0l

Qi

1) A loss of electrons is called oxidation.
When an element is oxidised, its oxidation number will increase.

2) A gain of electrons is called reduction. When an element is reduced, its oxidation number will decrease.

3) Reduction and oxidation happen simultaneously — hence the term “redox” reaction.

s-block metals tend to react by being oxidised — they lose electrons to form positive ions with

charges the same as their group number (i.e. Group 1 metals form 1+ ions and Group 2 metals form 2+ ions).
p-block metals can react by losing electrons (like the s-block elements), but the non-metals in the p-block
react by gaining electrons to form negative ions with charges the same as their group number minus 8.
p-block elements often react to form covalent species, where electrons are shared (rather than lost or gained) — see page 22.
d-block metals form ions with variable oxidation states (see page 169) so predicting how these

elements react can be tricky. But, they tend to form positive ions with positive oxidation numbers.

Electrochemical Cells Make Electricity

Electrochemical cells can be made from two different metals dipped in salt solutions of their own ions and
connected by a wire (the external circuit). There are always two reactions within an electrochemical cell.

One’s an oxidation and one’s a reduction — so it’s a redox process.
Oxidation always happens at the anode (the positive electrode) and reduction always happens

1

2)
at the cathode (the negative electrode). Electrons flow from the anode to the cathode.
3) Reactive metals form ions more readily than unreactive metals. The more reactive metal gives up its electrons
and is oxidised (it becomes the anode, where electrons flow from). The less reactive metal becomes the cathode.
Here’s what happens in the zinc/copper electrochemical cell on the right: ~ Wire — the external circuit_ voltmeter
e Zinc loses electrons more easily than copper. So in the left-hand
half-cell, zinc (from the zinc electrode) is OXIDISED to form Zn2+(aq) ions. e’ﬁ
9 _
Ing —Zn +(aq) + 2e
This releases electrons into the external circuit. 7
e In the other half-cell, the same number of electrons are taken from the
external circuit, REDUCING the Cu?* ions to copper atoms.
2 B Zn2t cult
Cu* ) +2e > Cuy e U ag)
] ] \\\IHIIHlllII[n,]l,””
4) Electrons flow through the wire from the most reactive metal to the least. = The solutions are connected lb' o I,”/«
. . . = i Y a salt =
5) A voltmeter in the external circuit shows the voltage between the = i”dge,made from filter paper soaked =
two half-cells. This is the cell potential or EMF, E_,,. Voltmeters also - Salfiza ¢ 30’““0”1 €9 KNOsq,,). The =
- ns flow through the sait bridge =

measure the direction of the flow of electrons (see page 156).

IRANN

. . . 2 the charges in the beakers, =
You can also have half-cells involving solutions of VELLv vy 11 <
RRAVENENEN
external circuit to (A

. 2+ 3+
two aqueous ions of the same element, such as Fe**  /Fe’* . T\ et paifcell
The conversion from Fe?* to Fe’*, or vice versa, salt bridge
happens on the surface of the electrode.

2+ 3+ — 3+ - 2+
Fe @ Fe gt € Fe apt€ Fe @

Because neither the reactants nor the products are solids,

you need something else for the electrode.

It needs to conduct electricity and be very inert, so that it won't

react with anything in the half-cell. Platinum is an excellent = electrode sitting in a solution

choice, but is very expensive, so graphite is often used instead. E/ of its aqueous ions (eg. CI). S
ZlyEEvprrn e rrrrny

Pt electrode
SRR RN R RAR R NARNARYYS

Electrochemical cells can also =
be made from non-metals.
For systems involving a gas
(e.g. chlorine), the gas can
be bubbled over a platinum

Vivrrbrrrvrnty,

frrvlbrvrvirrrrn

6) When drawing electrochemical cells, the half-cell where oxidation happens (the anode) should always be
drawn on the left, and the half-cell where reduction happens (the cathode) should be drawn on the right.
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Electrochemical Cells

The Reactions at Each Electrode are Reversible

1) The reactions that occur at each electrode in Znt 4 e — 7n Cu*  + 26 — Cu
the zinc/copper cell on the last page are: =——>» 8q) T (aq) T

2) The reversible arrows show that both reactions can go in either direction. Which direction each
reaction goes in depends on how easily each metal loses electrons (i.e. how easily it’s oxidised).

3) These reactions are called half-reactions and, even though they're reversible, they’re always written with
the reduction reaction going in the forward direction, with the electrons being added on the left-hand side.

You Need to Know How to Set Up an Electrochemical Cell

You can set up an electrochemical cell and use it to take measurements of voltage.
Here’s a method you can use to construct an electrochemical cell involving two metals.

1) Get a strip of each of the metals you're investigating. These are your electrodes.
Clean the surfaces of the metals using a piece of emery paper (or sandpaper).

2) Clean any grease or oil from the electrodes using some propanone. From this point on, be careful
not to touch the surfaces of the metals with your hands — you could transfer grease back onto the strips.

3) Place each electrode into a beaker filled with a solution containing ions of that metal.
For example, if you had an electrode made of zinc metal, you could place it in a beaker of ZnSOy (,q).
If you had an electrode made of copper, you could use a solution of CuSO, (. If one of the half-cells
contains an oxidising agent that contains oxygen (e.g. MnO,"), you'll have to add acid too.

4) Create a salt bridge to link the two solutions together. You can ST g,
do this by simply soaking a piece of filter paper in salt solution, 1 your electrochemical cell is made
e.g. KClq or KNO, (.o and draping it between the two beakers. oxuigiso;half—cjls Wdhere i
The ends of the filter paper should be immersed in the solutions. o4 o reduced species are solid

. . . . (e.g. they're both aqueous ions), your
5) Connect the electrodes to a voltmeter using crocodile clips and wires. method will be slightly different.
If you've set up your circuit correctly, you’ll get a reading on your voltmeter.

\

For example, you'll need to use an

inert electrode (e.g. platinum).
ARRRR VARV AREN AR RN RN ERR RS

VUi

SAUARANARRENERNEY

Practice Questions

Q1 Do s-block metals tend to react by losing or gaining electrons?
Q2 Does oxidation happen at the cathode or the anode?
Q3 How would you set up a half-cell cell between two ions of the same element in different oxidation states?

Exam Questions
Q1 A cell is made up of an iron and a zinc electrode. The half-equations for the two electrodes are:
7hF — —\ 2hF — —\
Fe @ T 2g = Fe(s) Zn @ 2¢ = Zn(s)
a) Describe how you would set up an electrochemical cell using an iron and a zinc half-cell. [4 marks]

b) Given that zinc is more easily oxidised than iron, draw a diagram to show this cell.

Show the direction of the flow of electrons around the cell [4 marks]
Q2 A student sets up an electrochemical cell by placing strips of copper and silver metal in
solutions containing copper and silver salts respectively. He connects the strips of metal
to a voltmeter with wires, and connects the salt solutions together with a salt bridge.
a) What is the role of the salt bridge? [2 marks]
b) Suggest how the student could make the salt bridge. [1 mark]
¢) Given that copper is a more reactive metal than silver, which metal strip will form the cathode? [1 mark]

Cells aren't just for biologists, you know...

You’ll probably have to do an experiment involving electrochemical cells in your class, so make sure you read that
method above really carefully so you can set up any electrochemical cell even with your eyes closed (though this is not
advised...). You could be asked about this practical in your exam too, so even more reason to know it inside out...

Toric 14 — Repox 11
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Electrode Potentials

Time for some more electrochemical cell fun. Bet you can’t wait — these pages have real potential...

Each Half-Cell has an Electrode Potential

1) Each half-cell in an electrochemical cell has its own electrode potential —
this is a measure of how easily the substance in the half-cell is oxidised (i.e. loses electrons).

2) As the substances in the half-cells are oxidised or reduced, a potential difference builds up, due to the difference
in charge between the electrode and the ions in solution. E.g., in the zinc half-cell, the Zn electrode is negatively
charged (due to the electrons left behind when Zn?* ions form) and the Zn?* ions in solution are positively charged.

3) The half-reaction with the more positive electrode Electrod
potential (E®) value goes forwards. The half-reaction Half-cell ¢ etc. ’|°E§(V)
with the more negative £° value goes backwards. potentia

4) The table on the right shows the electrode potentials for the copper
and zinc half-cells. The zinc half-cell has a more negative electrode

. R . . Cu**_ +2e — Cu +0.34

potential, so zinc is oxidised (the reaction goes backwards), while CY] ©

copper is reduced (the reaction goes forwards). The little & symbol

next to the £ shows they’re standard electrode potentials (see below). Cu* ) +Iny = Cuy+ Zn*

5) In this example, zinc is being oxidised and copper is being reduced, /
so zinc is acting as a reducing agent and copper is acting as an oxidising agent.

Zn2+(aq) +2e = 7Zng -0.76

Electrode Potentials are Measured Against Standard Hydrogen Electrodes

You measure the electrode potential of a half-cell against a standard hydrogen electrode.

The standard electrode potential, £°, of a half-cell is the voltage measured under
standard conditions when the half-cell is connected to a standard hydrogen electrode.

Standard Hydrogen
Standard conditions are:

Electrode —
Hayg 1) The solutions of the ions you're interested in
100 kPa must have a concentration of 1.00 mol dm™*.
5 2) The temperature must be 298 K (25 °C).
%9 3) The pressure must be 100 kPa.
Solid Pt foil +
surface The equation for the reaction H

(] .00 mol dm%) (1 .00 mol dmf3) at the hydrogen e[ectrode is: (aqg) +2e = Hz(g)

Y
N ‘|I|Illlllllllll/
This reading could be

positive or negative,

N

The standard hydrogen electrode is always shown on the left
— it doesn’t matter whether or not the other half-cell is where oxidation happens.

The standard hydrogen electrode is a reference electrode, and allows scientists to d . ;
epending which way

work out and compare the electrode potentials of whatever half-cell the hydrogen electrode’s the electrons flow,

connected to. The hydrogen half-cell has a value of 0.00 V. This means the voltage reading‘ YA
will be equal to E° of the other half-cell (as £° for the standard hydrogen electrode is 0.00 V).

VARRREE!
7
ARV RNERER

Work Out E., From Standard Electrode Potentials

1) You can use standard electrode potentials to calculate the cell potential, Eo=(F _F
o . , . cell reduction
E® ., of an electrochemical cell. You'll need to use this formula: —~___5/

2) The cell potential will always be a positive voltage, because the more
negative £° value is being subtracted from the more positive E° value.

® idation)
oxidation

Example: Calculate the cell potential of a magnesium-bromine electrochemical cell: Br, + Mg — Mg** + 2Br-
Mg, +2e = Mg  E°=-237V VBry,, + € = Br_ £ =+1.09V

All you have to do is substitute the standard electrode potentials of Mg/Mg?* and "2Br,/Br~ into the equation:

(Vas E° o) == E°_ =+1.09-(-2.37) = +3.46V

reduction

Ee

cell =
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Electrode Potentials

Conditions Affect the Value of the Electrode Potential

Just like any other reversible reaction, the equilibrium position in a

half-cell is affected by changes in temperature, pressure and concentration.
Changing the equilibrium position changes the cell potential.

To get around this, standard conditions are used to measure electrode
potentials — using these conditions means you always get the same value
for the electrode potential and you can compare values for different cells.

Caroline showed great potential
from a young age.

There’s a Convention for Drawing Electrochemical Cells

It's a bit of a faff drawing pictures of electrochemical cells.

There’s a shorthand way of representing them though. This is known as the 7n v, cur | Cu,

conventional representation— for example, the Zn/Cu cell is shown on the right. © | aq)
There are a couple of important conventions when drawing cells: [ - }
1) The half-cell with the more negative potential goes on the left. Cherges go i il i eetion

2) The oxidised forms go in the centre of the cell diagram

] reduced éoxidised oxidised | reduced
and reduced forms go on the outside.

form E form E E form | form
3) Double vertical lines show the salt bridge, and single ‘ v ‘
vertical lines separate species in different physical states.
4) Commas separate species that are in the same half-cell and in the same physical state.
5) In conventional representations of electrochemical cells involving the
standard hydrogen electrode, the standard hydrogen half-cell should always go on the left.

6) If either of the half-cells use platinum, lead or other inert electrodes, show these on the outside of the diagram.

Example: Draw the conventional representation of the ; : i ;
electrochemical cell formed between Pti H,g (2H*,, 1iMg¥ 1 Mg,
magnesium and the standard hydrogen half-cell. | H !

Practice Questions

Q1 What's the definition of standard electrode potential?
Q2 What is the voltage of the standard hydrogen electrode half-cell?
Q3 State the equation you could use to work out £_,.

Exam Questions

Q1 A cell is made up of a lead and an iron plate, dipped in solutions of lead(Il) nitrate and iron(II) nitrate
respectively and connected by a salt bridge. The electrode potentials for the two electrodes are:

Fe%( + 2 = Fe. E°=-044V Pb** + 2¢ = Pb E®=-0.13V

aq) (s) (aq) (s)

a) Which metal becomes oxidised in the cell? Explain your answer. [2 marks]
b) Find the standard cell potential of this cell. [1 mark]

Q2 An electrochemical cell containing a zinc half-cell and a silver half-cell was set up using
a potassium nitrate salt bridge. The cell potential at 25 °C was measured to be 1.40 V.

Zn%* o 2¢e =7n E°=-0.76V Ag*(aq) te = Ag(s) E°=+0.80V

(a (s)

a) Use the standard electrode potentials given to calculate the standard cell potential for a zinc-silver cell. [1 mark]

b) Suggest two possible reasons why the actual cell potential
was different from the value calculated in part (a). [2 marks]

This is potentially the best page I've ever read...

Standard electrode potentials are measured under standard conditions — the name kind of gives it away doesn’t it?
Make sure you remember what those conditions are though. Since I'm nice, I'll remind you. They’re a temperature of
298 K, a pressure of 100 kPa, and all the reacting ions have to have concentrations of 1.00 mol dm=. Got it? | hope so...

Toric 14 — Repox 11

Ivww .ebook3000.con}



http://www.ebook3000.org

158

The Electrochemical Series

The electrochemical series is like a pop chart of the most reactive metals — but without the pop. So it’s really just a chart.

The Electrochemical Series Shows You What’s Reactive and What’s Not

1) The more reactive a metal is, the more easily it loses electrons to form a positive ion.
More reactive metals have more negative standard electrode potentials.

Example: Magnesium is more reactive than zinc — so it forms 2+ ions more easily than zinc.
The list of standard electrode potentials shows that Mg?*/Mg has a more negative value than Zn**/Zn.
In terms of oxidation and reduction, magnesium would reduce Zn?* (or Zn** would oxidise Mg).

2) The more reactive a non-metal is, the more easily it gains electrons to form a negative ion.
More reactive non-metals have more positive standard electrode potentials.

Example: Chlorine is more reactive than bromine — so it forms a negative ion more easily than bromine does.
The list of standard electrode potentials shows that 2Cl,/CI~ is more positive than 2Br,/Br-.
In terms of oxidation and reduction, chlorine would oxidise Br~ (or Br- would reduce Cl,).

3) Here’s an electrochemical series showing some standard electrode potentials:

Half-reaction E°/v

More positive electrode Mg2+(aq) +2e = Mg(s) -2.37 More negative electrode
potentials mean that: potentials mean that:
1. The left-hand Zn2+(aq) +2e = Zn(s) —-0.76 1. The right-hand
substances are substances are
more easily reduced. H+(aq> te = 1/2H2(g) 0.00 more easily oxidised.
2. The right-hand . B 2. The left-hand
substances are Cu (aq) +2e = Cu(s) +0.34 substances are
more stable. 1/zBr2(aq) L= Br(aq) +1.09 more stable.

Use Electrode Potentials to Predict Whether a Reaction Will Happen

To figure out if a metal will react with the aqueous ions of another metal, you can use their £° values. If a reaction
is thermodynamically feasible, the overall potential will be positive. A reaction isnt feasible if £° is negative.

Example: Predict whether zinc metal reacts with aqueous copper ions.

First write the two half-equations down as reduction reactions:
2 — —\ e _ 2 _ . o _
Zn +(aq) +2e = Zn(s) EF=-0.76V Cu +(aq) +2e = Cu(s) E°=+0.34V

Then combine them to create the reaction described in the question (in this case, you’ll have to

swap the direction of the zinc one, since the question is talking about the reaction of zinc metal).
Alvverrrvrbervrrvrvrvrvv ey
Zinc loses electrons so is oxidised.

Copper gains electrons so is reduced.
CIRRERN RN RSN ARRNANRAVARRRVARRRRY

1 =0.34-(-0.76) = +1.10V

The overall cell potential is positive, so zinc will react with aqueous copper ions.

3 . . B . 2+ 2+
The two half-equations combine to give: Zn + Cu** = Zn*_ + Cug

AN

EERNRNAY

Then/ use the equation E cell = (E reduction — E oxidation)

to work out the overall potential of this reaction. —=p E°

Electrode Potentials can Predict Whether Disproportionation Reactions will Happen

During a disproportionation reaction, an element is simultaneously oxidised and reduced.
You can use electrode potentials to show why these sorts of reactions happen.

Example: Use the following equations to predict whether or not Ag* ions will disproportionate in solution.
Ag'g Tt € 2>Ag, E=+0.80V Ag* +e — Ag' E°=+2.00V
aq) (s) (aq) (aq)
First combine the half-equations to create the equation for the disproportionation of Ag*: 2A8% . = ABg + A8y
Then/ use the equation Eece]l = (Eereduction - Eeoxidation)

to work out the overall potential of this reaction. =—=p» E°

cell

=0.80-(2.00) =-1.20V
The overall cell potential is negative, so silver will not disproportionate in solution.
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The Electrochemical Series

Sometimes the Prediction is Wrong

A prediction using E° only states if a reaction is possible under standard conditions. The prediction might be wrong if...

...the conditions are not standard.

1) Changing the concentration (or temperature) of the solution can cause the electrode potential to change.

2) For example the zinc/copper cell has these half equations in equilibrium:
Ing=1In* _ +2¢ [=-076V
Cu?" o E=+034V

3) If you increase the concentration of Zn**, the equilibrium will shift to the left, reducing the ease of electron loss
of Zn. The electrode potential of Zn/Zn** becomes less negative and the whole cell potential will be lower.

4) If you increase the concentration of Cu?*, the equilibrium will shift to the right, increasing the ease of electron
gain of Cu?*. The electrode potential of Cu?*/Cu becomes more positive and the whole cell potential is higher.

...the reaction kinetics are not favourable.

1) The rate of a reaction may be so slow that the reaction might not appear to happen.

Zn(s)+Cu2+(a #Zn“( + Cu E_ =+1.10V

T2 =Cu 9 aq) © cell

2) If a reaction has a high activation energy, this may stop it happening.

Cell Potential is Related to Entropy and the Equilibrium Constant

The bigger the cell potential, the bigger the total entropy change taking place during the reaction in the cell.
This gives the following equations: N AR AR R RN AR R RN NN

This one comes from the fact that

RV
\

© o o -
SRR AR RN AN AN AR RNV E® o AS,[ - E° o< |n K‘::_ entropy and the equilibrium constant, =
> : ) . ota = . =
= ©< means 'directly proportional’ Z ’ KRR IR\ AXERERARRRA NN B K are linked — see page 152. =
~ 7
VRV R AR R VAR RARR RN AEY = AS,_, = total entropy change AR RNV ARR AR R RN NN R AR RRRRNARED
— otal N
AN ERN RN RRNRNERRRRRERENAS

Practice Questions

Q1 Use electrode potentials to show that zinc metal will react with Cu?* ions.

Q2 How are cell potential and the total entropy change during a reaction related?

Exam Questions
Q1 Use the E® values in the table on the right and
on the previous page to determine the outcome of
mixing the following solutions. If there is a reaction,
determine the E° value and write the equation. MnO, ", +8H" , +5e = Mn*  +4H,0 +1.51
If there isn’t a reaction, state this and explain why.

Cr,0*> + 14H*(aq) +6e-=2Cr** +7H,0 +1.33

a) Zinc metal and Ni?* ions. [2 marks] L ) il
Sn* +2e = Sn?" +0.14
b) Acidified MnO, ions and Sn*" ions.  [2 marks] R I )
12+ — —\ 1

¢) Br,,, and acidified Cr,0,* ions. [2 marks] | N g T 26 = Nig —025
Q2 Potassium manganate(VII), KMnO,, and potassium dichromate, K,Cr,O,, are both

used as oxidising agents. From their electrode potentials (given in the table above),

which would you predict is the stronger oxidising agent? Explain why. [2 marks]

Q3 A cell is set up with copper and nickel electrodes in 1 mol dm solutions of their ions, Cu?" and Ni?*,
connected by a salt bridge.

a) What is the overall equation for this reaction? [1 mark]

b) How would the voltage of the cell change if a more dilute copper solution was used? [1 mark]

My Gran’s in a rock band — they call themselves the electrochemical dearies...

All these positive and negative electrode potentials get me in a spin. Fortunately, you’ll be given all the electrode potential
data you need in the data booklet in your exam, so you don't need to memorise it — you just need to know how to use it.
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Ivww .ebook3000.con}



http://www.ebook3000.org

160

Storage and Fuel Cells

More electrochemical reactions on these pages. It’s like Christmas come early (if electrochemistry is your sort of thing)...

Energy Storage Cells are Like Electrochemical Cells

Energy storage cells (fancy name for a battery) have been around for ages and modern ones work just like an
electrochemical cell. For example the nickel-iron cell was developed way back at the start of the 1900s and is
often used as a back-up power supply because it can be repeatedly charged and is very robust. You can work out
the voltage produced by these cells by using the electrode potentials of the substances used in the cell.

There are lots of different cells and you won’t be asked to remember the £ for the reactions, but you might be asked
to work out the cell potential or cell voltage for a given cell... so here’s an example | prepared earlier.

Example: The nickel-iron cell has a nickel oxide hydroxide (NiO(OH)) cathode and an iron (Fe) anode
with potassium hydroxide as the electrolyte. Using the half equations given:

a) write out the full equation for the reaction.

b) calculate the cell voltage produced by the nickel-iron cell. SR
4 Il|||l|l||ll||\///
7

» You have to double everything
in the second equation so that
the electrons balance those in
the first equation,
(EANRRRVAVEVENNERREES

Fe(OH), + 2e- = Fe + 20H" E°=-0.89V
NiO(OH) + H,0O + e- = Ni(OH), + OH"~ E°=+0.49V

ANERRVATA

VIV

For the first part you have to combine the two KARRRY

half-equations together in the feasible direction (when T e rEseitem

E* is positive). This involves switching the reaction with . :

the less positive electode potential around. The e~ and ZNIO(OH) + 2H,0 + Fe = 2Ni(OH), + Fe(OH),
the OH- are not shown because they get cancelled out.

o

reduction ~ "~ oxidation

To calculate the cell voltage you use the same So the cell voltage = E*

formula for working out the cell potential (page 156). =+0.49 - (-0.89) =1.38 V

Fuel Cells can Generate Electricity From Hydrogen and Oxygen

In most cells the chemicals that generate the electricity are contained in the electrodes and the electrolyte that
form the cell. In a fuel cell the chemicals are stored separately outside the cell and fed in when electricity is
required. One example of this is the alkaline hydrogen-oxygen fuel cell, which can be used to power electric
vehicles. Hydrogen and oxygen gases are fed into two separate platinum-containing electrodes. The electrodes
are separated by an anion-exchange membrane that allows anions (OH-) and water to pass through it, but not
hydrogen and oxygen gas. The electrolyte is an aqueous alkaline (KOH) solution.

—> —>
electron flow \/\/\/\
T power source l
—ve electrod
Hydrogen is fed to the ve 6|6Ctr0de\}$—| }/ ve electiode
positive electrode. e e & Oxygen is fed to the
The reaction that A N K L 4 negative electrode.
oceurs s H, in _E' 4 ¢ E‘_ O, in The reaction here is:
% ‘ ‘ | @@
B . o ||e . @
2H, + 40H",, - 4H,0,, + 4e 3| O fons | %] O+ 2H,0, + e 40H,
@ in solution o
HZO out 4—5 e ‘ - \ 4 ‘
~ [ ‘ ‘ [ ’
4 N,

&anion—exchange )

membranes
The electrons flow from the positive electrode through an external circuit to the negative electrode.
The OH- ions pass through the anion-exchange membrane towards the positive electrode.

The overall effect is that H, and O, react to make water: ~ 2H,, + 0,, — 2H,0,
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Storage and Fuel Cells

Hydrogen-Oxygen Fuel Cells Work in Acidic Conditions Too

1) At the anode the platinum catalyst splits the
H, into protons and electrons.

Fuel (H,)in=>

|—> Unused
Anode fuel out

H, » 2H" + 2e

2) The polymer electrolyte membrane
(PEM) only allows the H* across and
this forces the e~ to travel around
the circuit to get to the cathode.

Polymer electrolyte membrane \l,HJr ions

Cathode
0, + 2H" + 2e - H,0O

3) An electric current is created in the circuit,
which is used to power something like a car
or a bike or a dancing Santa.

4) At the cathode, O, combines with the H* Oxidant (O,) in=>: |
from the anode and the e~ from the circuit to
make H,O. This is the only waste product. 2e

Fuel Cells Don’t Just Use Hydrogen

Scientists in the car industry are developing fuel cells that use hydrogen-rich
fuels — these have a high percentage of hydrogen in their molecules and can be e 7
converted into H, in the car by a reformgr. Such fuels includ.e the two simplest A rowdy, ethanol-fuelled brawl
alcohols, methanol and ethanol. There is also a new generation of fuel cells that had broken out in Hastings.
can use alcohols directly without having to reform them to produce hydrogen.

In these new fuel cells, the alcohol is oxidised

~ +
at the anode in the presence of water. Eg. CH,OH + H,0 = €O, + 6e” + 6H

The H* ions pass through the electrolyte . o
and are oxidised themselves to water.==>>0H" + 6€" + 20, = 3H,0

Practice Questions

Q1 Name a metal that is used in the electrodes of an alkaline hydrogen-oxygen fuel cell.

Q2 What electrolyte is used in an alkaline hydrogen-oxygen fuel cell?
Exam Questions

Q1 The diagram on the right shows the structure of an alkaline hydrogen-oxygen fuel cell.

a) 1) Label the site of oxidation and

the site of reduction on the diagram.  [1 mark]
i1) Draw an arrow to show the
direction of the flow of electrons. [1 mark] H, in }02 o
b) Write a half-equation for
the reaction at each electrode. [2 marks]
¢) Explain the purpose of the anion-exchange .0 Om{
membrane in the fuel cell. [1 mark]

Q2 Acidic hydrogen fuel cells are used to power buses in Iceland.
There are also plans to convert their fishing fleet to use them.

a) Explain the purpose of the polymer electrolyte membrane (PEM) in a hydrogen fuel cell. [2 marks]

b) Give equations for the reactions at the electrodes in an acidic hydrogen fuel cell. [2 marks]

Fuel sells — £1.15 per litre of petrol, £1.20 per litre of diesel...

These fuel cells are pretty nifty aren’t they? Make sure you can draw the hydrogen-oxygen fuel cells in both acidic and
alkaline conditions. Make sure you know the equations happening at the anode and cathode in each one too.
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Redox Titrations

Better check your Year 1 notes and brush up on acid-base titrations. Redox titrations work like acid-base titrations but they re
used to find out how much oxidising agent is needed to exactly react with a quantity of reducing agent (or vice versa).

Acid-Base Titrations — How Much Acid is Needed to Neutralise a Base

1) You met titrations back in on page 63.

They allqw you to find out exa(ztly how Pipette: Burette:
much acid is needed to neutralise a Pipettes measure only one Burettes measure
quantity of alkali (or vice versa). volume of solution. Fill the different volumes
2) A known volume of an alkali with an pipette to just above the line, and let you add the
unknown concentration is titrated with an then take the pipette out of the solution drop by drop.
acid of known concentration. The volume solution, and drop the level
of acid needed to neutralise the acid can down carefully to the line.
then be used to calculate the concentration \
of the alkali. 1
3) To carry out a titration, you'll ’_/ H
need to apparatus a bit like this: [

NI AR R RN AR AR
N et

> You can also do titrations
the other way round —

adding alkali to acid. :
/llll\llI\llll\ll\\\l\l\\

(NERRNA!

—
2

| alkali and
indicator

Titrations Using Transition Element lons are Redox Titrations

1) An oxidising agent accepts electrons and gets reduced.
A reducing agent donates electrons and gets oxidised.

2) Transition (d-block) elements are good at changing oxidation number
(see page 169). This makes them useful as oxidising and reducing agents
as they’ll readily give out or receive electrons.

3) To work out the concentration of a reducing agent, you just need to titrate
a known volume of it against an oxidising agent of known concentration.
This allows you to work out how much oxidising agent is
needed to exactly react with your sample of reducing agent.

4) To find out how many manganate(VIl) ions (MnO,") Fred's celebraion dance
are needed to react with a reducing agent: was a good indicator of
the end point.
e First you measure out a quantity of the reducing agent,
e.g. aqueous Fe* ions, using a pipette, and put it in a conical flask.

* You then add some dilute sulfuric acid R AN RN AR AR N AR ———Burette

to the flask — this is an excess, —  The acid is added to make sure
so you don't have to be too exact. < = there are plenty of H" ions to allow

o = the oxidising agent to be reduced.
e Now do a rough titration — gradually add the //mmuu?l\?munﬁ lrfllfcle\ll\

aqueous MnO, (the oxidising agent) to the reducing agent
using a burette, swirling the conical flask as you do so.

TN

Oxidising
agent

* You stop when the mixture in the flask just becomes Reducing agent

tainted with the purple colour of the MnO," (the end point) and dilute
and record the volume of the oxidising agent added. sulfuric acid
* Run a few accurate titrations and then calculate the mean volume of MnO,~.
5) You can also do titrations the other way round _\\"\;""'"l”"“""""""""!"'//
— adding the reducing agent to the oxidising agent. = of(;un C;zd?siso work iubt the concentration =
The rule tends to be that you add the substance of known = 1dising agent by titrating it with a =
. : = reducing agent of known concentration. =
concentration to the substance of unknown concentration. NN RN R RSV R RN RN RERRR RS
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Redox Titrations

You Don’t Always Need an Indicator During Redox Titrations

1) As transition metals change oxidation state they often also change colour,
s0 it’s easy to spot when the reaction is finished. Here are a couple of examples:

Acidified potassium manganate(VIl) solution, KMnO, . . is used as an oxidising agent.
It contains manganate(VIl) ions (MnO,"), in which manganese has an oxidation number of +7.

They can be reduced to Mn** ions during a redox reaction.
AN AR AN AN AN NN ARV

MnO, (g is purple.

s

Example: The oxidation of Fe** to Fe** by manganate(VI) ions in solution.
Half-equations: MnO,” + 8H* + 56 — Mn* + 4H,0  Manganese is reduced
5Fe** — 5Fe’* + 5e- Iron is oxidised
MnO,” + 8H* + 5Fe** — Mn?* + 4H,0 + 5Fe’*

5
Mn?q is colourless.
During this reaction, you'l
see a colour change from

purple to colourless.
AARRR RN RN EVERNNNRVERVIRNN

AERYEVERREERY

RYUANARRRNENEY,

Acidified potassium dichromate solution, K,Cr,O, ., is another oxidising agent.
It contains dichromate(VI) ions (Cr,0,%) in which chromium has an oxidation number of +6.

u i uri X ion.
They can be reduced to Cr** ions during a redox reaction
\\\IIIII\IIII\I\IIHIll\Hl//

Cr,0,% (g is orange.
Cr¥* g is violet, but usually
looks green. During this
reaction, you'll see a colour

change from orange to green.
AR RERRNRNES IR RN IR

Example: The oxidation of Zn to Zn?* by dichromate(VI) ions in solution.
Half-equations: ~ Cr,0.* + 14H* + 6e- — 2Cr** + 7H,O  Chromium is reduced
3Zn — 3Zn*" + 6e" Zinc is oxidised
Cr,0,* + 14H* + 3Zn — 2Cr** + 7H,0 + 3Zn**

NARNARRARERNY
IV IV

2) So, when you're carrying out redox titrations, you need to watch out for a sharp colour change.

3) When you're adding an oxidising agent to a reducing agent, they start reacting. This reaction will continue
until all of the reducing agent is used up. The very next drop into the flask will give the mixture the colour of
the oxidising agent. The trick is to spot exactly when this happens. (You could use a coloured reducing agent and a
colourless oxidising agent instead — then you'd be watching for the moment that the colour in the flask disappears.)

4) Doing the reaction in front of a white surface can make colour changes easier to spot.

You Can Calculate the Concentration of a Reagent from the Titration Results

It wouldn’t be a titration without some horrid calculations...

Example:  27.5 cm?® of 0.0200 moldm= aqueous potassium manganate(VIl) reacted with 25.0 cm? of
acidified iron(ll) sulfate solution. Calculate the concentration of Fe?* ions in the solution.

MnO4‘(aq) + 8H+(aq> + 5Fe2+(aq) — an"(aq) +4H,0, + 5Fe3+(aq)
1) Work out the number of moles of MnO,~ ions added to the flask.

_ _ concentration x volume _ 0.0200x 27.5 _ 4
Number of moles MnO,~ added = 1000 = 1000 =5.50 x 10* moles

2) Look at the balanced equation to find how many moles of Fe** react with one mole of MnO,".
Then you can work out the number of moles of Fe?* in the flask.

5 moles of Fe?* react with 1 mole of MnO,~. So moles of Fe?* = 5.50 x 10* x 5 = 2.75 x 10~ moles.
3) Work out the number of moles of Fe?* that would be in 1000 cm? (1 dm?) of solution
— this is the concentration.
25.0 cm? of solution contained 2.75 x 10 moles of Fe?*.

-3
1000 cm? of solution would contain (2.75x ;_g (;x 1000 _ 0.110 moles of Fe?*.

So the concentration of Fe** is 0.110 mol dm.

Toric 14 — Repox 11

Ivww .ebook3000.con}



http://www.ebook3000.org

164

Redox Titrations

You Can Also Estimate the Percentage of Iron in Iron Tablets

This titration can be used to find out the percentage of iron in the iron tablets that are used to treat people
with the blood disorder anaemia. The iron is usually in the form of iron(ll) sulfate.

Example: A 2.56g iron tablet was dissolved in dilute sulfuric acid to give 250 cm? of solution.
25.0 cm?® of this solution was found to react with 12.5 cm? of 0.0250 mol dm= potassium
manganate(VIl) solution. Calculate the percentage of iron in the tablet. LRI

The first two ste
= + 2+ 2+ 3+ ps
Mno4 (aq) + 8H (aq) + 5Fe (aq) — Mn (aq) + 4HZO<I) + 5Fe (aq) are the same as

the example on the
previous page.

. AR R RNNRNRVENNT
Number of moles of MnO,~ = concentrz;t(l)%nox volume _ 0‘02]580%1 2:3 = 3,125 x 10~ moles

W

WV

I

1) Work out the number of moles of manganate(VII) ions which took part in the reaction:

2) From the equation, you can see that 5 moles of iron(ll) ions react with 1 mole of manganate(VIl) ions.

So in 25.0 cm? of the iron solution there must be: 5 x 3.125 x 10 = 1.5625 %10 moles of iron(ll) ions.
3) Now you can work out the number of moles of iron in 250 cm? of the solution — this will be

the number of moles of iron in the whole tablet:

Number of moles of Fe2* = 1.5625 x 103 x 10 = 1.5625 x 10~ moles

4) From this, you can work out the mass of iron in the tablet:

1 mole of iron weighs 55.8 g, so 1 tablet contains: 1.5625 x 102 x 55.8 = 0.871... g of iron

5) Finally, you can calculate the percentage of iron in the tablet. The total weight of the tablet is 2.56 g.
So, the percentage of iron = (0.871... + 2.56) x 100 = 34.1%

Practice Questions

Q1 Write a half equation to show manganate(VIl) ions acting as an oxidising agent.

Q2 Why is dilute acid added to the reaction mixture in redox titrations involving MnO " ions?

Exam Questions

Q1 A 3.20 g iron tablet was dissolved in dilute sulfuric acid and made up to 250 cm? with deionised water.
25.0 cm? of this solution was found to react with 15.0 cm? of 0.00900 mol dm™ potassium manganate(VII) solution.

a) Calculate the number of moles of iron in 25.0 cm? of the solution. [2 marks]
b) Calculate the number of moles of iron in the tablet. [1 mark]
¢) What percentage, by mass, of the tablet is iron? [2 marks]

Q2 A 10.0 cm® sample of 0.500 mol dm~ SnCl, solution was titrated with acidified potassium manganate(VII) solution.
Exactly 20.0 cm? of 0.100 mol dm™ potassium manganate(VII) solution was needed to fully oxidise the tin(IT) chloride.

a) What type of reaction is this? [1 mark]
b) How many moles of tin(IT) chloride were present in the 10.0 cm? sample? [2 marks]
¢) How many moles of potassium manganate(VII) were needed to fully oxidise the tin(Il) chloride? [2 marks]

The half-equation for acidified MnO,~ acting as an oxidising agent is: MnO,” + 8H" + 5¢- — Mn*" +4H,0

d) Find the oxidation number of the oxidised tin ions present in the solution at the end of the titration. [4 marks]

And how many moles does it take to change a light bulb...

...two, one to change the bulb, and another to ask “Why do we need light bulbs? We’re moles — most of the time that
we're underground, we keep our eyes shut. And the electricity costs a packet. We haven’t thought this through...”
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More on Redox Titrations

This is another example of a redox titration — it’s a nifty little reaction that you can use to find the concentration
of an oxidising agent. And since it’s a titration, that also means a few more calculations to get to grips with...

lodine-Sodium Thiosulfate Titrations are Dead Handy

lodine-sodium thiosulfate titrations are a way of finding the concentration of an oxidising agent.

The more concentrated an oxidising agent is, the more ions will be oxidised by a certain volume of it.
So here’s how you can find out the concentration of a solution of the oxidising agent potassium iodate(V):

STAGE 1: Use a sample of oxidising agent to oxidise as much iodide as possible.

1) Measure out a certain volume of potassium iodate(V) solution (KIO,) (the oxidising agent) — say 25.0 cm?®.

2) Add this to an excess of acidified potassium iodide solution (KI).
The iodate(V) ions in the potassium iodate(V) solution

oxidise some of the iodide ions to iodine. ——=p»> 10" + 51

¥
3 (aq) + 6H (a

aq) Q0 3'2(aq) i 3Hzou>

STAGE 2: Find out how many moles of iodine have been produced.

You do this by titrating the resulting solution with sodium thiosulfate (Na,S,0,).
(You need to know the concentration of the sodium thiosulfate solution.)

The iodine in the solution reacts

with thiosulfate ions like this: =—==p» 12( o 252032‘( = 2F . 54062‘(aq) Sodiurr_\ thiosulfate
solution in the burette
(you know the

concentration of this).

aq) aq) aq)

Titration of lodine with Sodium Thiosulfate
1) Take the flask containing the solution that was produced in Stage 1.
2) From a burette, add sodium thiosulfate solution to the flask drop by drop.
3) It's hard to see the end point, so when the iodine colour fades to a

pale yellow (this is close to the end point), add 2 cm? of starch solution Al of the ol
(to detect the presence of iodine). The solution in the conical flask will go solution produced
dark blue, showing there’s still some iodine there. in Stage 1.

4) Add sodium thiosulfate one drop at a time until the blue colour disappears.
5) When this happens, it means all the iodine has just been reacted.

6) Now you can calculate the number of moles of iodine in the solution.

Here’s how you’d do the titration calculation to find
the number of moles of iodine produced in Stage 1.

Example: The iodine in the solution produced in Stage 1 reacted fully with 11.0 cm?® of 0.120 mol dm~3
thiosulfate solution. Work out the number of moles of iodine present in the starting solution.

, + 250, —= 2IF + SO
11.0 cm?
0.120 mol dm3

concentration x volume (cm’) = 0.120x11.0 _ 1 39 « 10-3 moles

Number of moles of thiosulfate = 7000 1000

1 mole of iodine reacts with 2 moles of thiosulfate.

So number of moles of iodine in the solution = 1.32 x 102 + 2 = 6.60 x 10~* moles
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More on Redox Titrations

STAGE 3: Calculate the concentration of the oxidising agent.

1) Now look back at your original equation: 10,7y + 51y + 6H oy = 3l + 3H,0,

2) 25.0 cm? of potassium iodate(V) solution produced 6.60 x 10~ moles of iodine.
The equation shows that one mole of iodate(V) ions will produce three moles of iodine.

3) That means there must have been 6.60 x 10 + 3 = 2.20 x 10~ moles of iodate(V) ions in the original solution.
So now it’s straightforward to find the concentration of the potassium
jodate(V) solution, which is what you're after:

_ concentration x volume (cm?) _4 _ concentration x 25.0
number of moles = 1000 220 x 10* = 1000

= concentration of potassium iodate(V) solution = 0.00880 mol dm~*

You Can Use the Titration to Find the Percentage of Copper in an Alloy

Copper(ll) ions will oxidise iodide ions to iodine.
This can be used to find the percentage of copper in an alloy, e.g. brass...

STAGE 1: Use a sample of oxidising agent to oxidise as much iodide as possible.

1) Dissolve a weighed amount of the alloy in some concentrated nitric acid.
Pour this mixture into a 250 cm? volumetric flask
and make up to 250 cm? with deionised water.

2) Pipette out a 25 cm? portion of the diluted solution and transfer to a flask.
Slowly add sodium carbonate solution to neutralise any remaining nitric acid.
Keep going until a slight precipitate forms.

This is removed if you add a few drops of ethanoic acid.

3) Add an excess of potassium iodide solution which reacts with the copper ions:

King Henry was 30% steel,

20U - 4|_(aq 20% velvet and 50% bravery.

— 2Cul, + |
(aq (s)

) 2(aq)

4) A white precipitate of copper(l) iodide forms. The copper(ll) ions have been reduced to copper(l).

STAGE 2: Find out how many moles of iodine have been produced.

Titrate the product mixture against sodium thiosulfate solution to
find the number of moles of iodine present.

STAGE 3: Calculate the concentration of the oxidising agent.

1) Now you can work out the number of moles of copper present in both the 25 cm?® and 250 cm? solutions
(from the equation above, you can see that 2 moles of copper ions produce 1 mole of iodine).

2) From this you can calculate the mass of copper in the whole piece of brass.
3) Finally, you can work out the percentage of copper in the alloy.

There are a Few Sources of Error in These Titrations...

1) The starch indicator for the sodium thiosulfate titration needs to be added at the right point,
when most of the iodine has reacted, or else the blue colour will be very slow to disappear.
2) The starch solution needs to be freshly made or else it won’t behave as expected.
3) The precipitate of copper(l) iodide makes seeing the colour of the solution quite hard.
4) The iodine produced in the reaction can evaporate from the solution, giving a false titration reading.
The final figure for the percentage of copper would be too low as a result. It helps if the solution is kept cool.

Toric 14 — Repox 11



167

More on Redox Titrations

Practice Questions

Q1 How can an iodine-sodium thiosulfate titration help you to work out the concentration of an oxidising agent?
Q2 How many moles of thiosulfate ions react with one mole of iodine molecules?

Q3 What is added during an iodine-sodium thiosulfate titration to make the end point easier to see?

Q4 Describe the colour change at the end point of the iodine-sodium thiosulfate titration.

Exam Questions

Q1 10.0 cm? of potassium iodate(V) solution was reacted with excess acidified potassium iodide solution.
All of the resulting solution was titrated with 0.150 moldm sodium thiosulfate solution.
It fully reacted with 24.0 cm® of the sodium thiosulfate solution.

a) Write an equation showing how iodine is formed in the reaction
between iodate(V) ions and iodide ions in acidic solution. [1 mark]

b) How many moles of thiosulfate ions were there in 24.0 cm? of the sodium thiosulfate solution? [1 mark]
¢) In the titration, iodine reacted with sodium thiosulfate according to this equation:

I + 2Na S O - 2Nal(aq) + NaS,0

2(aq) 2~2"3(aq) 2747 6(aq)
Calculate the number of moles of iodine that reacted with the sodium thiosulfate solution. [1 mark]
d) How many moles of iodate(V) ions produce 1 mole of iodine from potassium iodide? [1 mark]
e) What was the concentration of the potassium iodate(V) solution? [2 marks]

Q2 An 18.0 cm? sample of potassium manganate(VII) solution was reacted with an excess of acidified potassium
iodide solution. The resulting solution was titrated with 0.300 mol dm= sodium thiosulfate solution.
12.5 cm? of sodium thiosulfate solution were needed to fully react with the iodine.

When they were mixed, the manganate(VII) ions reacted with the iodide ions according to this equation:

2MnO,~ + 10" +16H" — 51 +8H O,  +2Mn?"

4 (aq) (aq) 2(aq) 27 (aq) (aq)

During the titration, the iodine reacted with sodium thiosulfate according to this equation:

12(a CJ)+2NaZSZO3(aq) - 2NaI(a " + NaZS406(aq)

Calculate the concentration of the potassium manganate(VII) solution. [4 marks]

Q3 A 4.20g coin, made of a copper alloy, was dissolved in acid and the solution made up to 250 cm? with distilled water.
25.0 cm?® of this solution was added to excess potassium iodide solution. The following reaction occurred:

2+ =
2Cu @ T 41 @ 2CuI(S) + IZ(aq)

The resulting solution was neutralised and then titrated with 0.150 mol dm™ sodium thiosulfate.
The iodine and thiosulfate reacted according to this equation:

2= = 2
12(aq) + 28203 (aq) —21 (aq) + S406 (aq)

The average titration result was 19.3 cm?.

a) How many moles of iodine were present in the solution used in the titration? [2 marks]
b) How many moles of copper ions must have been in the 25.0 cm? of solution used for the titration? [2 marks]
c¢) What percentage of the coin, by mass, was copper? [3 marks]

Two vowels went out for dinner — they had an iodate...

This might seem like quite a faff — you do a redox reaction to release iodine, titrate the iodine solution, do a sum to find
the iodine concentration, write an equation, then do another sum to work out the concentration of something else.

The thing is, it does work, and you do have to know how. If you're rusty on the calculations, look back at pages 165-166.
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Transition Metals

The d-block can be found slap bang in the middle of the periodic table. It’s here you’ll find the transition metals.
You’ll also find the most precious metals in the world here. That’s got to make it worth a look...

Transition Metals are Found in the d-Block N
i H H o2 3 4 5 6 7 ZHe
The d-block is the block of elements in the middle T Tae ! O P e e
. . . - e
of the periodic table. Most of the elements in the —h R T F e
g .y 3 M; Al | Si [P S [ Cl | A
d-block are transition metals (or transition elements). ;;Na N s M ‘;' A Al Bi'
. . . 4] K | G Ga|Ge| As [ S Bi Ki
You mainly need to know about the ones in the first il Pl el ol Pl il P
row of the d-block. These are the elements from 5| Rb| sr S Sn|sb|Te | 1| xe
titanium to copper. o|cs | Ba T 7o | B [P | At [Ra
7 ?r lea p-block
s-block d-block

You Need to Know the Electronic Configurations of the Transition Metals

Transition metals are d-block elements that can form one or more stable ions with incompletely filled d-orbitals.

A d subshell has 5 orbitals so can hold 10 electrons. So transition metals can form at least one ion that has between
1 and 9 electrons in its d-orbitals. All the period 4 d-block elements are transition metals apart from scandium
and zinc (see below). The diagram below shows the 3d and 4s subshells of the period 4 transition metals:

Chromium has one electron in each orbital of

The 3d orbitals are 3d the 3d subshell and just one in the 4s subshell.
e e et g Tif[Ar [t ] [ | ] This is because there’s stability associated

: with having an electron in each orbital of the
first. The electrons VIIAL [t [t 1] | ]

¢ 3d subshell. Cr = 1s2 252 2p® 3s? 3p® 3d° 4s!

only double up

when they have to. \ Cr |[Ar]
Mn [[Ar] [t |t |t ]t |t

NIRARRAR NN AR RARRNARRNARRRRRN RNV Fe |[Ar]

Make sure you can write down the =

Copper has a full 3d subshell and just one
electron in the 4s subshell — it's more
stable that way.

Cu = 1s? 2s? 2p°® 3s? 3p® 3d"° 4s'

/

=

[
===l
||| ||| |||« |||+l

electronic configurations of all the Co |l ' Copper forms a stable Cu?* ion by losing 2
period 4, d-block elements in Ni [[Ar] [t [t4[ 1 [t electrons. The Cu** ion has an incomplete
subshell notation. Have a look d subshell. Cu?* = 1s? 2% 2p® 3s? 3p°® 3d°
back at page 11 if you've forgotten Cu |[Ar] 4

how to do this. Remember — the
4s electrons fill up before the 3d
electrons, but chromium and copper

are a trifle odd.
AR EVAN RN RR RN RN ERRRRRRERENAN

2NN R RN RN EVARRY]

NN EARRN RN RN

[Ar] = 1s” 2s* 2p® 3s” 3p° (the electronic configuration of argon)

When lons are Formed, the s Electrons are Removed First

When transition metals form positive ions, outer s electrons are removed first, then the d electrons.

Example: Titanium can form Ti?* ions and Ti3* ions. Give the electronic configurations for these two ions.

When titanium forms 2+ ions, it loses both its 4s electrons. SV,
Ti = 1s2 25? 2p°® 3s? 3p° 3d? 45> — Ti?* = 1s% 2s? 2p°® 3s? 3p° 3d? = Titanium can also form 4+ -

. . . = ions, with .
To form 3+ ions, it loses both its 4s electrons, and then a 3d electron as well.= ! th? electronic
— CO”ﬁguratlon [Ar],

Ti2* = 1s2 2s% 2p® 3s2 3p® 3d* — Ti** = 1s2 252 2p® 352 3p® 3d’ T

T

Sc and Zn Aren’t Transition Metals

1) Scandium only forms one ion, Sc3*, which has an empty d subshell. Scandium has the electronic configuration
[Ar]3d' 4s?, so when it loses three electrons to form Sc3*, it ends up with the electronic configuration [Ar].

2) Zinc only forms one ion, Zn**, which has a full d subshell. Zinc has the electronic configuration [Ar]3d' 4s2.
When it forms Zn?* it loses 2 electrons, both from the 4s subshell. This means it keeps its full 3d subshell.
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Transition Metals

Transition Metals have Variable Oxidation Numbers

\\\IIIllllllllHIIIHIHIllIlIII/

. . . = Oxidati
1) Most transition metals can form multiple stable ions. = -xidation numbers tell you how

. 2. ) X ; - = many electrons ~
In each ion, the transition metal is present with a different oxidation number. = ;. in 20 atom has gained
Z, an 1on or a compound.

For example, vanadium has four stable oxidation numbers: R AR AR PR RN AN
vanadium(ll) V#*, vanadium(lll) V**, vanadyl(IV) VO** and vanadate(V) VO, *.

2) To form a compound or a complex (see page 170) containing an ion

AN

NPty

with a certain oxidation number, the energy given out when the ion R .
= Other terms, suchas =
forms a compound or a complex needs to be greater than the energy Z  antroby. plav « part too. =
taken to remove the outer electrons and form the ion (the ionisation energy). < P, P13y & p -
= but they're less important. =
AR ERASYARRRNARNRNARTAN

3) Transition metals form ions by losing electrons from both their 4s and 3d subshells.
The 4s and 3d subshells are at similar energy levels, so it takes a similar amount of
energy to remove an electron from the 4s subshell as it does to remove an electron
from the 3d subshell. There is not a large increase between the ionisation energies

of removing successive electrons either, so multiple electrons can be removed ‘ \
from these subshells, to form ions with different oxidation numbers. {

4) The energy released when ions form a complex or compound increases
with the ionic charge (see page 142). Therefore, the increase in the energy required
to remove outer electrons to form transition metal ions with higher oxidation Priesh had many stable irons.
numbers is usually counteracted by the increase in the energy released.

z5 120007 — = calcium Vanadium [Ar]4s*3d® There is no significant change between the energy
& _ 10000 — = vanadium required to remove each of the first 5 electrons — this corresponds to removing
© 5 8000 both electrons from the 4s subshell and the three 3d subshell electrons.
% é 6000 There's a large jump between the 5th and 6th ionisation energies — after the
27 4000+ 5th ionisation, the 3d subshell of vanadium is empty, so for the 6th ionisation,
£ 2000 an electron is removed from the inner, 3p subshell.
S i
o 1 2 3 4 " 5 6 Calcium [Ar]4s? Calcium isn't a transition metal 2\\ C'o’y‘:];,;:llnldls 'cloln't;;r:i;]\glé:;u’:
RYARRRRRNARRRENRE Il(l)?l|sla?1()lnl?Ll”\nl \elrl i, and only forms one stable ion — C..az*, \A_/hic.h b = ions don't tend to form, as =
= The table on page 172 shows some = @ full outer shell of electrons. There is a'5|gn|ﬁcar.1t = those containing Ca2* ions =
= common oxidation numbers of transition —  fise between the second and third ionisation energies. = are much more stable, =
2 metals in the first row of the d-block. =  Ihis corresponds to the change in removing electrons = V* complexes don't tend to =
S S from the outer 4s subshell, and an inner 3p subshell. = form for a similar reason. =
AN NAVERENARRARRRRENANE)

Practice Questions

Q1 What is the definition of a transition metal?

Q2 Why doesn’t chromium have 2 electrons in its 4s subshell?

Q3 When vanadium forms an ion, which subshell does it lose its electrons from first?
Q4 Why is zinc not counted as a transition metal?

Exam Questions

Q1 Manganese is a transition metal. It forms stable manganese(II) ions, Mn?",
and stable permanganate(VII) ions, MnO,. With reference to the electronic configurations
of these ions, explain why manganese shows variable oxidation numbers. [3 marks]

Q2 Iron and copper are two common transition metals.
a) Write the electronic configuration of an iron atom and a copper atom. [2 marks]

b) Explain what is unusual about the electronic configuration of
copper among transition metals, and explain why this feature occurs. [2 marks]

¢) Explain, in terms of iron’s orbital and electronic configuration,
what happens when Fe?" and Fe** ions are formed. [2 marks]

Scram Sc and Zn — we don'’t take kindly to your types round these parts...

As long as you're up to speed with your electronic configuration rules, these pages are a bit of a breeze. Chromium and
copper do throw a couple of spanners in the works (those banterous scamps), so make sure you don’t get complacent.

Toric 15 — TrRANSITION METALS
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Complex lons

Transition metals are always forming complex ions. These aren’t as complicated as they sound, though. Honest.

Complex lons are Metal lons Surrounded by Ligands

Transition metals can form complex ions. E.g. iron forms a complex ion with water — [Fe(H,O),]**.
Qrrrvrrtveprr v e rrrr b rrvrp v r e ey r v rrv L
A dative covalent bond is a covalent bond in which both

electrons in the shared pair come from the same atom.
RN RN RN R R A RN R NN RN A RN RN A RN AR O NARAY

A complex ion is a metal ion surrounded by
dative covalently (coordinately) bonded ligands.

ANRREA

Qg

Ligands Form Bonds Using Lone Pairs of Electrons

M CH. 2+
— 2
A ligand is an atom, ion or molecule that donates a pair of electrons to a central HZ(,: NH,
metal atom or ion. A ligand must have at least one lone pair of electrons, H2N-‘~,‘A ‘l,l_‘ «*-NQCH
otherwise it won't have anything to form a dative covalent bond with. /,Ni\ (Isz
===

1) Ligands with one lone pair are called monodentate — e.g. H,O:, :NH,, :Cl-, :OH". HZ'I\] T NH,
2) Ligands with two lone pairs are called bidentate — e.g. 1,2-diaminoethane. =——=—2> [F:( /NH2

Bidentate ligands can each form two dative covalent bonds with a metal ion. . d

In this complex, the nickel
ion is bonded to three
bidentate 1,2-diaminoethane
(NH,CH,CH,NH,) ligands.
AR RR RN NRRNRY
1,2-diaminoethane is also
called ethylenediamine and
can be abbreviated to ‘en’.

3) Ligands with more than two lone pairs are called multidentate — e.g. EDTA* has
six lone pairs (so it's hexadentate). It can form six dative bonds with a metal ion.

0, 4)

Haemoglobin is used to transport oxygen around the body.

It's an iron(ll) complex containing a multidentate ligand called

~a “e;'\?“f\ a hé.iem group. The hgem group is made up of a ring C(?ntaining
Ny 4 nitrogen atoms. This means it’s able to form four dative covalent

N\
ANERRAN

ANV,

bonds to the iron(ll) ion. There are two other ligands bonded to the

7/ N

gﬁ(r;l)l\n iron(ll) ion — a protein called globin and either oxygen or water. T
(@ protein) AR RN AR R RN AR A RN RN R RN AR RN N NN R AR WA RV
= There's more on haemoglobin on page 176. =
AR AR NN AR NN RNV N R RR

Complex lons Have an Overall Charge or Total Oxidation Number

The overall charge on the complex ion is its oxidation number. It's put outside the square brackets.
You can use this to work out the oxidation number of the metal:

oxidation number of the metal ion = total oxidation number - sum of the charges of the ligands

E.g. [Fe(CN)(I*,,: The total oxidation number is —4 and each CN" ligand has a charge of -1.

So in this complex, iron’s oxidation number = -4 — (6 x 1) = +2.

Complex lons Can Have Different Numbers of Ligands

1) The coordination number is the number of dative covalent (coordinate) bonds formed with the central metal ion.

2) The usual coordination numbers are 6 and 4. If the ligands are small, like H,O or NH,, 6 can fit around the
central metal ion. But if the ligands are larger, like CI-, only 4 can fit around the central metal ion.
\\\ll’llll\”l‘l\l/
= There's more about
the shapes of
= molecules on pages

24 and 25.
ATTERRRSRRRRIANE

3) The bonding electrons in the dative covalent bonds of a complex repel each other.
This means that, in general, the ligands are positioned as far away from each other as possible. =
This causes complexes with different coordination numbers to have distinctive shapes.

AINRRERREN

IR

Complexes with Six-Fold Coordination

Six-fold coordination means an octahedral shape. In octahedral complexes, the bond angles are all 90°.

H,Q 25 H,Q 3+ H,Q 2+
H,On ) H,Ox. ; H,O. ; N ANRANARRR NN
‘L H; ‘L ", ‘L " Z The ligands don't have =
= to be all the same. =
HO’ T\ HO’ T\ HO’ T\ EIRVERNARRRRRRARRARAAEY
HO HO
[Fe(H,0) ] [Fe(H,O)J** [Cu( HZO J7
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Complex lons

Complexes With Four-Fold Coordination

Four-fold coordination usually means a tetrahedral shape. [ Cl T2— [ ¢l 2—
E.g. the [CuCl ]?~ complex, which is yellow, and the l
[Co(Cl),]*~ complex ion, which is deep blue. Cuv /,Co‘,\
The bond angles are 109.5°. Cl.'/v “Cl cre T ‘cl
\\\l\l”\‘\"\l’|Il\|lIIl\IH\lHI\lllll\||l||llll|// oo o0

Make sure you learn the shapes of these complexes. Cl cl

The d subshells mean you can't always use electron pair

repulsion theory (see pages 24-25) to predict the shapes.
AR AR RN R R AN RN AR RN AN AN RN RN AR AR

\\\\\IH/
ARVERRA

Occasionally, four-fold coordination results in a BN . ,"-NH3
square planar shape. E.g. cis-platin (shown on the right). 7 Pt L'\ :
The bond angles are 90°. I | , | s

& ~ 4 R
The Leow family were proud
of their colour coordination.

Complex lons Can Show CislTrans Isomerism

Cis/trans isomerism is a special case of E/Z isomerism (see page 85).

Square planar and octahedral complex ions that have at least two pairs of identical ligands show cis/trans isomerism.
Cis isomers have the same groups on the same side, trans have the same groups opposite each other. For example:

OH, 2+ OH, 2+
H3N..~ ,’.NHz CL{ . ’.N H3 H;r\l.'~~ \L “O.OHZ H;N.'\ \L ‘B.N H}
e . . "¢ ‘A L’ ‘A Lo
/AMIT_\ /A'Nilf_\ AN /’CTU‘\
ol HNY % H.N T *NH, HN" [ *NH,
o : NH, OH,
cis-[NiCl, (NH,),] trans-[NICl,(NH,),] cis-[Cu(NH,),(H,0),]*  trans-[Cu(NH,),(H,0),]>
Cis-platin is a complex of platinum(ll) with two chloride ions and two ammonia N
molecules in a square planar shape. It is used as an anti-cancer drug. H3N~‘~\_\' v SR
The two chloride ions are next to each other, so this complex is cis-platin. If they were S Pt
opposite each other you would have trans-platin, which is toxic. It's therefore important - “\"CI
that only the cis form of the complex is given to patients being treated for cancer.

Practice Questions

Q1 What is meant by the term ‘complex ion”?
Q2 Describe how a ligand, such as ammonia, bonds to a central metal ion.
Q3 Draw the shape of the complex ion [Cu(H,0)]**. Name the shape and state the size(s) of the bond angles.

Exam Question

Q1 When concentrated hydrochloric acid is added to an aqueous solution of Cu2+(a o @ yellow solution is formed.

a) State the coordination number and shape of the Cuz*( complex ion in the initial solution. [2 marks]

aq)
b) State the coordination number, shape, bond angles and formula
of the complex ion responsible for the yellow solution. [4 marks]

c) Explain why the coordination number is different in the yellow solution
than in the starting aqueous copper solution. [2 marks]

Put your hands up — we’ve got you surrounded...

You’ll never get transition element ions floating around by themselves in a solution — they’ll always be surrounded by
other molecules. It’s kind of like what'd happen if you put a dish of sweets in a room of eight (or eighteen) year-olds.

Toric 15 — TrRANSITION METALS
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Complex lons and Colour

One property of transition metals is that they form coloured complexes. You're about to find out why...

Ligands Split the 3d Subshell into Two Energy Levels

1) Normally the 3d orbitals of transition metal
ions all have the same energy. But when tt] [t4]t ]

N

7

ligands come along and bond to the ions, the 5 (erﬁ!_;gy/
3d orbitals split into two different energy levels. < [t [t | => gap) => \

2) Electrons tend to occupy the lower orbitals 2| The 3d orbitals of (1]t ]11] [Hte]t ]
(the ground state). To jump up to the S | a Ni* ion without ground state  excited state
higher orbitals (excited states) they need % any ligands. The 3d orbitals of [Ni(H,0) J*

energy equal to the energy gap, AE.

They get this energy from visible light.
3) The larger the energy gap, the higher the frequency of light that is absorbed. .::-
4) The amount of energy (and so the frequency of the light) needed to make

electrons jump depends upon the central metal ion, its oxidation number, frequency increases =———»
the ligands and the coordination number — these affect the size of the energy gap (AE).

The Colours of Compounds are the Complement of Those That are Absorbed

1) As you saw above, the splitting of the d-orbitals in transition metals by ligands
causes some frequencies of light to be absorbed by the complexes.

2) The rest of the frequencies of light are transmitted (or reflected). These transmitted or
reflected frequencies combine to make the complement of the colour of the absorbed
frequencies — this is the colour you see. For example, [Cu(H,0)]** ions absorb
red light. The remaining frequencies combine to produce the complementary colour
— in this case that’s bright blue. So [Cu(H,O),]** solution appears blue.

3) A colour wheel shows complimentary colours
— the complementary colours are opposite each other on the colour wheel.

4) If there are no 3d electrons or the 3d subshell is full, then no electrons will jump, so no energy
will be absorbed. If there’s no energy absorbed, the compound will look white or colourless.

The Colours of Aqueous Complexes Can Help to Identify Transition Metal lons

When a solid containing a transition metal ion is dissolved in water, the transition metal ion
will form an aqueous complex in solution (the metal ion will be surrounded by water ligands).
The colour of this aqueous solution can help to identify the transition metal ion that is present.

Ti3* (purple) | Ti** (violet)

VO,* (yellow) | VO?* (blue) V3+ (green) V2+ (violet)

Cr,0.*
(orémée) Cr3* (green)
MnO - MnO 2
(purple) (green)
Fe3* (yellow)
\\\HI\Hl\Il \IHIIIII\HI\]///

12+
You don't need to learn the NI** (green)
colours of aqueous titanium,
K Cu2+
manganese or nickel complexes.

ALV VY (pale blue)

Toric 15 — TrRANSITION METALS
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Complex lons and Colour

Vanadium Forms Stable lons with Different Oxidation Numbers

1) You learnt on page 169 that one of the properties of transition metals is that they can exist in variable
oxidation numbers. For example, vanadium can exist in four oxidation numbers in solution —
+2, +3, +4 and +5. You can tell them apart by their colours, which are shown on the previous page.

2)  When you switch between oxidation numbers, it's a redox reaction — ions are either oxidised (they lose electrons
and their oxidation number increases) or reduced (they gain electrons and their oxidation number decreases).

3) You can write ionic half-equations to show the reduction of ions or atoms. Each reaction also has its own
reduction potential. Here are the ionic half-equations for the reduction reactions of the different vanadium ions:

Oxidation Number of Vanadium Reduction Half-Equation Reduction Potential (E®)
+5 VO," , +2H e = VO“(aq) +H,0, +1.00V
+4 VO“(aq) +2H e =V +H,O +0.34V
+3 V¥ te = V2+(aq) -0.26 V
+2 V2+(aq) +2e =V -1.18V

RN RN R AR RN RN RNRNANRRNTE
Reduction potentials is just another

name for electrode potentials.
TEVVEV VT I L g

4) You can use the reduction potentials to work out whether
redox reactions involving transition metals are likely to happen.
The method for this is the same as the one on page 158.

NARRRNZ
ARNERRAN

Example:  Use the table above to determine the colour change(s) observed when zinc metal is added
to an acidified solution containing VOZ+(aq) ions. Zn2+(aq) +2e=17ng E°=-0.76 V

First work out the cell potential for each of the reduction reactions of the vanadium ions by zinc:

—\ 2 2 _
2VO,* ) + AH o + Iy = 2VO*  + 2H,0 + Zn** E®=+1.76V :\llélclilll”'””’”'/lll
2VOZ+( +4H* 4+ 7Zn =2V +2H O, +Zn** E® =+1.10V S Hedox Feactions are o)y, =

aq) (aq) s) (aq) 20 (aq) = feasible jf ESis posit ly -

= 71 Sitive, —

2V3+(aq) + Zn(s) S 2Vz+(aq) + Zn2+(aq) E® =+0.50V SRy (RRWA |e| IS
Vg T LNy =V + Zn% E® =-0.42V

E® for the first three reactions is positive, so zinc metal is able to reduce vanadium(V) to vanadium(1V),
which will then be reduced to vanadium(lll), which in turn will be reduced to vanadium(ll).

The reduction potential for the reaction of vanadium(ll) with zinc is negative.

So under standard conditions, vanadium(ll) won’t be reduced by zinc to vanadium metal.

So the solution will change from yellow to blue to green to violet. E\' . %}'el :Y:I'xt\JrL';#;elﬁolv'v K}S};L)‘ i'()‘n\s';r:(; 'b'h:;' i
= VO, ions might make the solution look green.
SNV rvr ettt br v rrrvvrv b rv b e ety

AV

Practice Questions

Q1 Which subshell is split by the presence of ligands?
Q2 State three factors that can affect the frequency of light absorbed by a transition metal complex.

Q3 What colour are VO?* ions in solution?

Exam Questions
Q1 a) Using a noble gas core, [Ar], complete the electron arrangements for the following ions:
i) Cu' i) Cu? [2 marks]
b) Which one of the above ions has coloured compounds? Explain your answer. [1 mark]

Q2* Transition metal ions form a wide range of different colours when bonded to ligands.
Using your knowledge of 3d orbitals, explain how ligands cause transition metals to be coloured. [6 marks]

Blue’s not my complementary colour — it clashes with my hair...

Finally, some real Chemistry, with pretty colours and everything. It only took you 173 pages to get there. Make sure
you understand how the colours are made — there have to be electrons in the d-orbitals that are able to jump up from
the lower energy d-orbitals to the higher energy d-orbitals. Otherwise you’ll just have a colourless solution. Yawn.

* The quality of your extended response
will be assessed for this question. Topic 15 — TRANSITION METALS
. ebook3000.cond
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Chromium

Can't get enough of transition metals? Well, youre in luck, because it’s time for the chemistry of chromium...

Chromium lons Usually Exist in the +2, +3 or +6 Oxidation Numbers

1) Chromium exists in compounds in many oxidation numbers. Oxidation | Formula | Colour of ion
The +3 state is the most stable, followed by the +6 and then +2. number of ion in water

2) Chromium forms two ions with oxygen in the +6 oxidation number 6 Cr2072_(aq) Orange

— chromate(Vl) ions, CrO,*, and dichromate(VI) ions, Cr,O_>~.
These ions are good oxidising agents +6 CrO - Yellow

) 4 (@
because they are easily reduced to Cr*. =

3) When Cr®* ions are surrounded by 6 water ligands they're violet. +3 Cri*eq | Green (Violet)

But the water ligands are usually substituted with impurities +2 Cr2+ Blue
in the water, e.g. Cl~. This makes the solution look green. @9
Chromium lons can be Oxidised and Reduced
Chromium has lots of different oxidation numbers and can take part in lots of redox reactions.
1) Dichromate(VI) ions
can be reduced usinga ~ ©Oxidation no: +6 U +2 +3
reducing agent such as Cr2072‘(aq) + 14H+(aq) + 3ZI’1(S) — 3Zn2+(aq) + 2CI‘3+(aq) + 7H20(|) E®=+2.09V
zinc and dilute acid.
2) Zinc will !‘educe Cr3* further to Crzf. You'll need o idation no:  +3 o ) )
to use an inert atmosphere — Cr?* is so unstable 20 +Zng —> Zn®* . +2Cr* E°= 4035V

that it oxidises straight back to Cr** in air.

3) You can oxidise Cr** to Oidat ; ;
h te(VD) i ith xidation no: + +
Ey:j(iﬁgeﬁ(pe)rﬁ;xn 2, + 100H, + 3H,0,, = 2CrO,> +8H,0, E°=+1.08V

4 (q
H i \HH\HI\|l;111\:1:|1||\/\:/
an alkaline solution. L

Adding acid shifts the equilibrium to the

4) If you add some acid to this yellow solution, you form -, Ir\'?t‘f, I’Al‘d"j"”g ’a{ka“ SPI”&S it to the left.
an orange solution that contains dichromate(VI) ions.  oyidation no:  +6 &\ I :6l B
This is a reversible reaction, so an equilibrium exists 2Cr0 - +2H* 2 Cr0.>- +HO
between chromate(VI1) and dichromate(VI) ions. 4 @ T Q)

RV
[ARRRNR

N

Chromium Hydroxide is Amphoteric

1) When you mix an aqueous solution of chromium(lll) ions with aqueous sodium hydroxide (NaOH)
or aqueous ammonia (NH,) you get a chromium hydroxide precipitate — Cr(OH),(H,0),,

[Cr(H,0) ", + 30H", — [CHOH),(H,0),], +3H,0,  [CrH,0) ", +3NH, . — [CrOH);(H,0)],, + 3NH,"

green solutlon grey-green precipitate green solutlon grey- green preclpltate

2)  Chromium hydroxide [Cr(H,0),(OH),] is amphoteric. This means it can react with both acids and bases.

+3H" ) +30H7,,
[Cr(H,0)**,, €= [Cr(OH),(H,0),], === [Cr(OH)]* . +3H,0,
Y With acid With base !

3) So if you add excess sodium hydroxide to a chromium

hydroxide precipitate, the H,O ligands deprotonate, ~ [Cr(OH),(H,0).] ) + 30H", — [Cr(OH) ], + 3H,0,

and a solution containing [Cr(OH) *"_ forms. grey-green P'eC'P'tate "dark green solution
4) If you add acid to the chromium hydroxide ,

precipitate, the OH- ligands protonate and a  [Cr(OH),(H,0).],) + 3H" ) = [Cr(H,0)J*

grey-green preclpltate green solutlon

solution containing [CV(H20)6]3+(aq) forms.

5) The reactions above are NOT ligand exchanges (see page 176). Instead, they’re acid-base reactions
— the ligands are chemically modified by the acid or the alkali (by the addition or removal of an H* ion).

6) But, if you add excess ammonia to the
chromium hydroxide precipitate,
a ligand exchange reaction occurs.

Toric 15 — TrRANSITION METALS

[Cr(OH),(H,0)], + 6NH, ., — [Cr(NH,) 6]3+ +30H", +3H,0
grey-green precipitate purple solutlon

0



175

Chromium

You Can Prepare Transition Metal Complexes

Making transition metal complexes can be as simple as adding a solution or solid containing your transition metal ion
to a solution containing your ligand and giving it a mix. This is how you would prepare the complexes on page 177.
It's not always that easy, however. Take the chromium complex chromium(ll) ethanoate, Cr,(CH,COO), (H,0),,

for instance. To make it, you start off with sodium dichromate(VI) solution. The reaction happens in two parts.

1) Orange sodium dichromate(VI) is reduced with zinc in acid solution to first form a green solution
containing Cr3* ions, and then to give a blue solution of Cr?* ions (like you saw on the previous page).

2- + 2+ 3+ 3 2 2
Cr,0O, . 14H . 3Zn(s) — 37Zn . 2Cr . 7HZO(|) 2Cr +(aq) + Zn(s) — 2Cr +(aq) +7Zn +(aq)

2) Sodium ethanoate is mixed with
this solution and a red precipitate

of chromium(ll) ethanoate forms.
3) Unfortunately it's not that simple as Cr** ions are very easily oxidised. You have to do the whole experiment in

an inert atmosphere (such as nitrogen) to keep the air out and remove the oxygen from all the liquids in your
experiment before using them (e.g. by bubbling nitrogen though them). <

2Cr2+(aq) + 4CH3COO‘(aq) +2H,0,, — [Cr,(CH,CO0),H,0),]

e Slowly add hydrochloric acid to a flask containing

sodium dichromate(VI) solution and zinc mesh. > deta e this one, A
As well as reducing the dichromate(VI) ions, some of the zinc metal 7y |?',S, /ﬂ,]at You need will be‘ iveny Jpecic
will react with the acid to produce hydrogen gas, which Ly, Hg’ I /n, ],Eo, | ,O,“I' N
can escape through a rubber tube into a beaker of water. hydrochloric

acid

* Assoon as you see the solution turn a clear blue colour, pinch the
rubber tube shut so hydrogen can no longer escape from the flask.

e The build up of pressure in the flask will force the Cr?* solution
through the open glass tube and into a flask of sodium ethanoate.

rubber tube

e Assoon as the blue solution reacts with the sodium ethanoate, a Gidiogn ¢es nitrogen
red precipitate forms. Ta-da, you've made chromium(ll) ethanoate. gas
e Filter off the precipitate and wash it using water, then ethanol, ~sodium =
then ether (while still keeping the chromium(ll) ethanoate dichromate(Vl) = . R eoh whter  sodiom
ethanoate

in an inert atmosphere to stop it getting oxidised).

Practice Questions

Q1 What colours are the +3 and +2 chromium aqua-ions?
Q2 Write an equation for the reaction between chromium(lll) ions and hydrogen peroxide in an alkaline solution.

Exam Questions

Q1 Potassium dichromate(VI) (K,Cr,0,) is a powerful oxidising agent in acidic solution.
When potassium dichromate( V) is acidified and mixed with zinc powder in air, a colour change is seen.

a) Describe the colour change seen in the solution. [1 mark]
b) Give the changes in oxidation number for Cr and Zn and write an ionic equation for the reaction. [3 marks]
c) Ifthe reaction is carried out in an inert atmosphere, a different result will occur.

State how the result will differ and explain why. [3 marks]

Q2 Chromium hydroxide, Cr(OH),(H,0),, is an amphoteric complex.

a) Explain what is meant by the term ‘amphoteric’, and give equations that demonstrate

the amphoteric behaviour of the chromium hydroxide complex. [3 marks]
b) Write an equation for the reaction between chromium hydroxide and excess ammonia.

[2 marks]

Include any observations you would expect to see.

What do you call a bird’s mother? Crow-mum...
Sorry, all these equations seem to be getting to my head a bit. Time for an emergency biscuit. First, have another look
at the reactions of chromium hydroxide and make sure you know whether the ligands are being exchanged or modified.

Toric 15 — TrRANSITION METALS
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Reactions of Ligands

There are more substitutions on this page than the number of elephants you can fit in a mini.

Ligands can Exchange Places with One Another

One ligand can be swapped for another ligand — this is ligand exchange. It usually causes a colour change.

1) If the ligands are of similar size, e.g. H,O, NH,, CN~ or OH", then the coordination
number of the complex ion doesn’t change, and neither does the shape.

[Cr(HZO)6]3+(aq) + 6N H3(aq) S [Cr(NH3)e]3+<aq) +6H,0,,
octahedral octahedral 3 =
dark green e Like ligands, a large, charged

by pl Iso lead t
2) If a small, uncharged ligand (e.g. H,O) is substituted for a large, charged ligand rug cﬁ;n‘;ieirnci;]o?;i?wai;n °

(e.g. CI), or vice versa, there’s a change of coordination number and a change of shape.

[CU(H2O)6]2+(aq) + 4C|‘(aq) = [CUCI4]2_(aq) + 6HZO(|) [CO(HZO)6]2+(aq) + 4C|‘(aq) — [COC|4]2‘(aq) + 6H20(I)
octahedral tetrahedral octahedral tetrahedral
pale blue yellow pale pink blue

VTV L O ity
As it's in solution and contains ligands that
aren't water, you need to include all the water

3) Sometimes the substitution is only partial.

IRNNRRRRRERY;

[CU(H20)6]2+(aq) + 4NH3(aq) = [Cu(N H3)4(H20)2]2+(aq) +4H,0,, ligands when writing the formula of a complex g
octahedral octahedral \\J like [Cu(NH,),(H,0O).]*" Butif youre =
pale blue deep blue — writing out the formula of a precipitate, such =

QYT NGV VT T T T, = a5 [Cu(H,0),(OH),], you can leave out the =
= This reaction oan happens when you add an excess of -] water ligands and just write Cu(OH),. =
= ammonia — if you just add a bit, you get a blue precipitate = AR RN R RN RN AR RN NN R RN RN ARNAVARAN
= of [Cu(OH),(H,0),] instead (see the next page). z
R R A RN AR R NN AR RN RA A RN RAR AR RV ARNANERAAAY

Carbon Monoxide Poisoning Happens Because of Ligand Exchange

The oxygen or water molecule in haemoglobin (see page 170) can be replaced in a ligand exchange reaction
by carbon monoxide (CO), forming carboxyhaemoglobin. This is bad news because carbon monoxide forms
strong dative covalent bonds (see page 23) with the iron ion and doesn’t readily exchange with oxygen or water
ligands, meaning the haemoglobin can’t transport oxygen any more. This leads to carbon monoxide poisoning.

A Positive Entropy Change Makes a More Stable Complex

1) When a ligand exchange reaction occurs, dative bonds are broken and formed.
The strength of the bonds being broken is often very similar to the strength of the new bonds
being made. So the enthalpy change for a ligand exchange reaction is usually very small.
For example, the reaction substituting ammonia with ethane-1,2-diamine
in a nickel complex has a very small enthalpy change of reaction:

Break 6 coordinate bonds Form 6 coordinate bonds

[Ni§H3)6]2+ + 3NH,CH,CH,NH, — [NI(NHZCH2CH2NH2)3]2+ +6NH, AH=-13 k)] mol-!
between Ni and N. between Ni and N.

2) This is actually a reversible reaction, but the equilibrium lies so far to the right that it is thought of
as being irreversible — [Ni(NH,CH,CH,NH,),]** is much more stable than [Ni(NH,) ]**. This isn’t
accounted for by an enthalpy change. Instead, it’s to do with the entropy change of the reaction:

When monodentate ligands are substituted with bidentate or multidentate ligands,
the number of particles in solution increases — the more particles, the greater the
entropy. Reactions that result in an increase in entropy are more likely to oy y
[ARNEEN I

= The enthalpy chanlg‘e 1;olrl tllflwilslrle,alc'ti'o'r: Iis' K
= almost zero and the entropy change is bi
= ahnd positive. This makes the free energyg
[Cr(NH,),13* + EDTA* — [Cr(EDTA)" + 6NH, 2 particles — 7 particles = 29 (AG = AH — TAS) nogative, o

= the reaction i
- n is feasible
//II|llll\llll|ll|llllll(seepa e 152)

3) When the hexadentate ligand EDTA*- replaces monodentate
or bidentate ligands, the complex formed is a lot more stable.

AN NERTENETR

RN RVAVERNRNURE
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Reactions of Ligands

Transition Element Hydroxides are Brightly Coloured Precipitates

1) When you mix an aqueous solution of transition element ions with aqueous sodium i,
hydroxide (NaOH) or aqueous ammonia (NH,), the water ligands are deprotonated = A metalaquaionisa =
in an acid-base reaction and you get a coloured hydroxide precipitate. = metal o Comflexl_thatdonl}’ -

. . L. —  contains water ligands. .y

2) You can reverse these reactions by adding an acid to the hydroxide precipitate — SO ;g| VY

the hydroxide ligands will protonate and the precipitate will dissolve as the soluble metal-aqua ions are reformed.

3) In aqueous solutions, transition elements take the form [M(H,O),]"*. They can also be written as M”*(aq), as long
as the metal ion is only bonded to water. If it's bonded to anything else you need to write out the whole formula.

4) You need to know the equations for the following reactions, and the colours of the hydroxide precipitates:

copper(D):  [Cu(H,0)J>* . +20H", — [Cu(OH),(H,0),], +2H,0,
— Cu(OH), — i gous fiom s

this can also be written as: Cu?*_ + 20H- .
, (aq) (aq) pale blue solution to a
[Cu(H,0)] +(aq) + 2NH3(aq) — [CU(OH)Z(H20)4](S) I 2NH4+(aq)‘/blue precipitate.

In excess ammonia, copper(ll) hydroxide undergoes a ligand exchange reaction: This goes from a
[CU(OH),(H,0),] + 4NH, ., = [Co(NH,),(H,0),12  + 20H"_ 4H,0 <G===blue precipitate to a

deep blue solution.

. u This goes from a pale green solution to a
1): i g pale g
g IR0 @ * — @ [Fe(OH),(H,0),], +2H,0, green precipitate, which darkens on standing
[Fe(H20)6]2+(an +2NH,,, = [Fe(OH),(H,0),]1, + 2NH," (as the precipitate is oxidised by water and
oxygen in the air to form iron(lll) hydroxide).
iron(Il):  [Fe(H,0)**, + 30H, — [Fe(OH),(H,0),], + 3H,0,, This goes from a yellow so';ti;n
3 < to an orange precipitate, whic
[Fe(HZO)G] +(aq) gl 3NH3(aq> — [Fe(OH)3(HZO)3](s) i 3NH4+(aq) darkens on standing.
This goes from a
cobalt(ll): [CO(HZO)6]2+(aq) + ZOHi(aq) — [CO(OH)Z(HZO)4](S) + ZHZO“) ( ) to a blue
ipitate, which t
[CO(H20)6]2+(aq) + 2NH3(aq) — [CO(OH)Z(H20)4](5) + 2NH4+(aq) prec onest\;/n:jcing,ums

In excess ammonia, cobalt(ll) hydroxide undergoes a ligand exchange reaction: The blue (or pink)
+ = e plue (or pin
[Co(OH),(H,0),], + 6NH, . — [Co(NH,) > +20H"  4H,0 <G precipitate dissolves to form

On standing, this is oxidised to form a brown solution containing [Co(NH3)6]3+(aq) ions. a yellow-brown solution.
>\I|1\III|\|\|lllI|1ll\I|I\Il||\|\|I||I|1H\ll/_
— Have a look at page 174 to see how chromium(ll)

1

reacts with sodium hydroxide and ammonia. -

Practlce Questlons ;I\I\IIII\III\HIlllllI\I\IIII\HI\HHI\\IIF

Q1 Give an example of a ligand substitution reaction that involves a change of coordination number.

Q2 What do you see when ammonia solution is slowly added to a copper(ll) sulfate solution until it’s in excess?
Q3 Why does adding excess NH, give different results from adding excess NaOH to copper(ll) sulfate solution?
Exam Questions

Q1 When a solution of EDTA* ions is added to an aqueous solution of [Fe(H,0),]*" ions,
a ligand substitution reaction occurs.

a) Write an equation for the reaction that takes place. [1 mark]
b) The new complex that is formed is more stable than [Fe(H,0),]**. Explain why. [1 mark]

Q2 Ammonia solution is added to a pale pink solution containing a hydrated
transition metal complex. Initially, a blue precipitate is formed. When an excess of
ammonia is added, the precipitate dissolves to form a yellow-brown solution.

a) Identify the transition metal complex present in the initial pale pink solution. [1 mark]

b) Write equations for both reactions, and state the type of reaction taking place each time. [4 marks]

Where do transition metals sell their shares? On the ligand exchange...

Ligands generally don’t mind swapping with other ligands, so long as they’re not too tightly attached to the central
metal ion. They also won’t fancy changing if it means forming fewer molecules and having less entropy. Fussy things...

Toric 15 — TrRANSITION METALS
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Transition Metals and Catalysis

As if you haven’t seen enough evidence for the greatness of transition metals, here’s more. They’re darn good catalysts...

Transition Metals and their Compounds make Good Catalysts

Transition metals and their compounds make good catalysts because they can change oxidation number by gaining
or losing electrons within their d-orbitals. This means they can transfer electrons to speed up reactions.

Example: In the Contact Process, SO, is oxidised to SO,: SO, + 20, — SO,.
Vanadium(V) oxide is used as a catalyst as it can be reduced to vanadium(lV) oxide and oxidise SO,.

It's then oxidised back to vanadium(V) oxide by oxygen ready to start all over again.
AN ARARARNARRRRARY VS

f\ This example uses = Vanadium oxidises SO, to SO, The reduced catalyst is then oxidised by
= aheterogeneous - and is reduced itself. oxygen gas back to its original state.
= catalyst (see the - 1

= jext page), but the = V,0;, + SO, -»V,0, + SO, V,0, + 7,0, -»V,0,

= principle also applies to = vanadium(V) — vanadium(lV) vanadium(lV) — vanadium(V)

homogeneous catalysts.
ZARNRR R ARRNRRRR RN

/

\

Transition Metal Compounds are Good Homogeneous Catalysts

1) Homogeneous catalysts are in the same physical state as the reactants.
Usually a homogeneous catalyst is an aqueous catalyst for a reaction between two aqueous solutions.

2) Homogeneous catalysts work by combining with the reactants to form an intermediate
species which then reacts to form the products and reform the catalyst.

3) The activation energy needed to form the intermediates (and to form the products from the
intermediates) is lower than that needed to make the products directly from the reactants.

4) The catalyst is always reformed so it can carry on catalysing the reaction.

Example: Peroxodisulfate ions oxidising iodide ions.

The redox reaction between iodide ions and peroxodisulfate (S,0,*) ions takes place annoyingly slowly
because both ions are negatively charged. The ions repel each other, so it’s unlikely they’ll collide and react.

Pl = 2-
8208 @t 21 ) lz(aq) + 2580, @)

But if Fe?* ions are added, things really speed up because each stage of the
reaction involves a positive and a negative ion, so there’s no repulsion.

1) First, the Fe?* ions are oxidised to

2- 2+ 3+ 2-
Fe’* ions by the S,0,2" ions 5,057 g + 2Fe% g = 2FeT ) +250,7
278 ° \\\’I'lllzlllllll|||\||||,l//
2) The newly formed intermediate Fe** = The Fe’" is a homogeneous =
) . - ) 3 - 2 = e =
ions now easily oxidise the I~ ions to 2Fe’ 0+ 21 = L + 2Fe7 ) catalyst — it's in the same =

AV

phase as the reactants,

iodine, and the catalyst is regenerated. T
IRRNRRNERVER

/ S

Autocatalysis is when a Product Catalyses the Reaction

Another example of a homogeneous catalyst is Mn** in the reaction between C,0,* and MnO,".

[t's an autocatalysis reaction because Mn?* is a product of the reaction and acts as a catalyst for the reaction.
This means that as the reaction progresses and the amount of the product increases, the reaction speeds up.
QUL iy,
= The reactant ions are both negatively charged =
so repel each other and cause the rate of the =

uncatalysed reaction to be very slow.
RN RN R AR NN AR AR A R NARVR VAR VAL

2MnO4‘(an + 16H+(aq) + 5C2042‘(aq) - 2Mn2+(aq) +8H,0, + 10C02(g)

<

\\IH\

1) Mn?* catalyses the reaction by first

) ) . MnO, . +4Mn** o+ 8H*
reacting with MnO,~ to form Mn3* ions: q q g

3+
) = 5Mn @ T 4HZO(|)

2) The newly formed Mn3*ions then react with C,0,*" ions to 2Mn¥ + C,0,7 . — 2Mn +2CO,
form carbon dioxide and re-form the Mn?* catalyst ions:

Toric 15 — TrRANSITION METALS



179

Transition Metals and Catalysis

Transition Metals and Their Compounds can be Heterogeneous Catalysts

A heterogeneous catalyst is in a different phase from the reactants. Usually the reactants are gases or in solution and
the catalyst is a solid — the reaction occurs on the surface of the catalyst. Transition metals make good heterogeneous
catalysts because they can use their partially filled d-orbitals to make weak bonds with the reactant molecules.

Catalytic converters are used in cars to reduce emissions of nitrogen monoxide and

carbon monoxide produced by internal combustion engines. They use a platinum or

rhodium catalyst to convert these gases into nitrogen and carbon dioxide. R RRIRARRARRRRARRAARARRRRARARARRY
Have a look at page 80 to see

why carbon monoxide and nitrogen

, . = monoxide emissions can be a problem.
Here’s how it works — IR RN RN ERRRRRNANRRRVARRRSRENENAN

% 009 op g ennape > 50° do®es

2NO(g) + 2CO(g) - Nz(g) + 2C02(g)

NERRY,
7N

1) The reactant molecules 2) The surface of the catalyst 3) The product molecules
are attracted to the activates the molecules so leave the surface of the
surface of the solid they react more easily. catalyst making way for
catalyst and stick to it — In the reaction between nitrogen fresh reactants to take
this is called adsorption. monoxide and carbon dioxide, the their place.

bonds between the reactants’ atoms This is called desorption.

are weakened making them easier to
break and reform as the products.

Practice Questions

Q1 What property of transition metals makes them good catalysts?

Q2 Why is the rate of the uncatalysed reaction between iodide and peroxodisulfate ions so slow?
Q3 What term describes the process when a product catalyses a reaction?

Q4 Which two transition metals are used in catalytic converters?
Exam Questions

Q1 Transition metal compounds are used as both heterogeneous and homogeneous catalysts.
a) Explain the meaning of the terms ‘heterogeneous’ and ‘homogeneous’. [1 mark]

b) How does the fact that a transition metal has partially filled d-orbitals help it
act as a heterogeneous catalyst? [1 mark]

¢) How does the fact that transition metals have variable oxidation numbers allow them
to act as homogeneous catalysts? [2 marks]

Q2 A student is measuring the rate of the reaction between MnO," ions and C,0,* over time.
She predicts that the rate will decrease with time, but discovers instead that the rate of reaction
over the first five minutes increases. Explain the student’s results with use of appropriate equations. [5S marks]

Q3 Catalytic converters use a platinum or rhodium catalyst to reduce emissions of
carbon monoxide and nitrogen monoxide from internal combustion engines.

a) The first step in the catalysis reaction is the adsorption of nitrogen monoxide and
carbon monoxide onto the surface of the catalyst. What is meant by the term ‘adsorption’? [1 mark]

b) Explain how adsorption helps to catalyse the reaction. [2 marks]

Burmese cats are top of my cat list...

Transition metals are able to do so many different things. And it’s all down to those d-orbital electron thingies.
Unfortunately that means there’s a lot for you to remember. It’s not even as if there’s only one sort of catalyst to
remember. There are two — homogeneous catalysts and heterogeneous catalysts... And you need to know both.
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Reaction Rates

Welcome, one and all to Kinetics. Your emergency exits are located here, here and here. Thank you.

The Reaction Rate Tells You How Fast Reactants are Converted to Products

The reaction rate is the change in the amount of reactants or products per unit time (normally per second).

There are Loads of Ways to Follow the Rate of a Reaction

Although there are a lot of ways to follow reactions, not every method works for every reaction. You've got to pick
a property that changes as the reaction goes on. The following methods are all continuous monitoring methods of
following the rate of reaction — continuous monitoring means measurements are taken over the duration of the reaction.

Gas volume

If a gas is given off, you could collect it in a gas syringe and record
how much you've got at regular time intervals (e.g. every 15 seconds).
For example, this would work for the reaction between an acid and a
carbonate in which carbon dioxide gas is given off.

To find the concentration of a reactant at each time point, use the acid
ideal gas equation (page 61) to work out how many moles of gas you've
got, then use the molar ratio to work out the concentration of the reactant.

Loss of mass

If a gas is given off, the system will lose mass.
You can measure this at regular intervals with a balance.

Use mole calculations to work out how much gas you've
lost, and therefore how many moles of reactants are left.

Colour change

You can sometimes track the colour change of a reaction using a gadget called a colorimeter.
A colorimeter measures absorbance (the amount of light absorbed by the solution).
The more concentrated the colour of the solution, the higher the absorbance is.

For example, in the reaction between propanone c
' H,COCH, .+, — CH,COCH,I_ +H* +]I
and iodine, the brown colour fades. g 3@g © “2@9 8 2aq) g ° "~ @q

So the absorbance of the solution will decrease.
You measure the change in absorbance like this:

carbonate

colourless brown
colourless

20
1) Plot a calibration curve — a graph of known concentrations of E
the coloured solution (in this case I,) plotted against absorbance. S
2) During the experiment, take a small sample from your reaction gmo
solution at regular intervals and read the absorbance. 2
<
3) Use your calibration curve to convert the absorbance o —T—7T—T—7—
O 20 40 60 80 100

at each time point into a concentration. [l (mol cn™)

Change in pH Ay,
See page 130 =

If the reaction produces or uses up H* ions, the pH of the solution will change. So you could = for more about

measure the pH of the solution at regular intervals and calculate the concentration of H*. working out
[H] using pH.

X X /IIlIIlllIIIII\\\
Titration

You can take small samples of a reaction at regular time intervals and titrate them 2" "Ill':elr:e'\s‘r;lolr; ‘alb\c;jtl He
using a standard solution. The rate can be found from measuring the change in titrations on page 63.

concentration of the products or reactant over time. RN RN YRR RN RRARTR

Electrical conductivity

If the number of ions changes, so will the electrical conductivity.

Lty

RURLNARY

[RARN>S
Vvl

/
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Reaction Rates

Work Out Reaction Rate from a Concentration-Time Graph

1) By repeatedly taking measurements during a reaction (continuous monitoring) you can draw
a graph of the amount of reactant or product (on the y-axis) against time (on the x-axis).

2) The rate at any point in the reaction is given by the gradient (slope) at that point on the graph.
3) If the graph is a curve, you’ll have to draw a tangent to the curve and find the gradient of that.
4 At the start of the reaction the tangent is

/ steepest — so the reaction’s fastest here. SRR ATy

WEe'll cover this at the end of the page. = A tangent is a line that just /

= touches a curve and has the

same gradient as the curve
The rate decreases as does at that point

the reaction goes on. CHE oy

-~

Concentration of
reactant A (mol dm43)
ANRNRRNER

0.4 \ ., .
i The reaction's finished here —
0.2 | so the gradient is zero.
0 f

T 1 T 1 T T T I=
0 10 20 30 40 50 60 70 80 90
Time (s)

Example: Use the graph above to find the rate of reaction after 30 seconds. .
AR RNV ARARERERY

B /

. changeiny _o.8 = Don't forget the units — =
Gradient = changein x =760 - -0.013 = youve divided mol dm= =
. C by s, so it's mol dm=3 s =

So, the rate after 30 seconds is 0.013 mol dm=3s-". ZARRRRRVERRRRNENENRNETIN

4) The sign of the gradient doesn’t really matter — it’s a negative gradient when you’re measuring reactant
concentration because the reactant decreases. If you measured the product concentration, it'd be a positive gradient.

Practice Questions

Q1 What is the definition of reaction rate?
Q2 Give an example of a reaction where gas volume can be measured to follow reaction rate.
Q3 For a straight line graph of concentration of reactants against time, how do you work out reaction rate?

Exam Question

Q1 The reaction between iodine and propanone in acidic conditions was investigated.

H+
(aq)
I2(aq)+ CH3COCH3(aq)_% CH3COCHZI(aq) +H" +1

@) " g
a) Apart from colorimetry, suggest, with a reason,
one method that could be used to follow the reaction rate. [1 mark]
b) Outline how the rate of reaction with respect to propanone,

at any particular time, could be determined. [2 marks]

The following data was collected at 25 °C.

Time (s) 0 10 20 30 40
Concentration of CH,COCH, (mol dm~) 0.2 | 0.07 |0.025| 0.0098 | 0.0031

c) Plot a graph, using the data provided.
From the graph, determine the rate of reaction at 25 °C after 15 seconds. [3 marks]

My concentration-time graph for chemistry revision has a negative gradient...
This kinetics topic really comes at you at a fast rate... | can’t promise the jokes are going to get a whole lot better
throughout the topic but | can promise it’s gonna cover a lot of different stuff to do with reaction rates. So it’s worth
making sure you understand the gradient = rate thing now, as well as how to find the gradient of different graphs.
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Orders of Reactions

You might think the rate of a reaction will change if you change the concentration of the reactants. But this isn’t always
the case... Read on for some juicy information about the orders of reactions. Speaking of orders... can | order a pizza?

Orders Tell You How a Reactant’s Concentration Affects the Rate

1) The order of reaction with respect to a particular reactant tells you how
the reactant’s concentration affects the rate.

Where [X] is the concentration of a particular reactant:
e If [X] changes and the rate stays the same, the order of reaction with respect to X is 0.
So if [X] doubles, the rate will stay the same. If [X] triples, the rate will stay the same.

* If the rate is proportional to [X], then the order of reaction with respect to X is 1.
So if [X] doubles, the rate will double. If [X] triples, the rate will triple.

e If the rate is proportional to [X]? then the order of reaction with respect to X is 2. No matter how hard
So if [X] doubles, the rate will be 22 = 4 times faster. Jane concentrated, she
If [X] triples, the rate will be 32 = 9 times faster. couldn't increase the rate

of the meeting.

2) You can only find orders of reaction from experiments. You can’t work them out from chemical equations.

3) The overall order of reaction is the sum of the orders of all the reactants. For example,
if the reaction, A + B + C — D is first order with respect to A and B and zero order with
respect to C, then the overall order of reaction is 2.

The Shape of a Rate-Concentration Graph Tells You the Order

You can use data from a concentration-time graph to construct a rate-concentration graph,
which can tell you the reaction order. Here’s how...

1) Find the gradient at various points on the graph. This will give you the rate at that particular concentration.
With a straight-line graph, this is easy, but if it's a curve, you need to draw tangents and find their gradients.

2) Now plot each point on a new graph with the axes rate and concentration. T
Then draw a smooth line or curve through the points. The shape of the line = The notation’ '[;ql ‘wl,é L
ans

will tell you the order of the reaction with respect to that reactant. the concentration of

Vg

ANEENEA

- reactant X
. . //|H/l|11|1//|,, <
Concentration-time AENAN
graphs
(X] (X] (X]
Time Time g Time ”
Rate-concentration )
graphs Zero order First order Second order
Rate Rate Rate
[XI] [X] [XI
A horizontal line means If it’s a straight line through A curve means it’s order 2.
changing the concentration the origin, the rate is The rate will be proportional
doesn’t change the rate, so proportional to [X], to [X]%.
it's order 0. and it’s order 1. AUV TV R e,

= In theory, a curve could mean a higher order —

= than 2, but you won't be asked about them.
AU S

I
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Orders of Reactions

The Half-Life is the Time it takes for Half of the Reactant to be Used Up

To work out the half-life (t,) of a reaction, plot a concentration-time graph.
Then draw lines across from the y-axis at points where the concentration
has halved and read off the time taken.

£
Example: EEE SR \
The graph shows the decomposition of hydrogen peroxide: = :
@) 1
2H202(aq) - Oz(g) +2H,0, 13- — 1
[H,0,] from 4to 2 mol dm= =200sec, I 4----- i
[H,0,] from 2 to T mol dm™= = 200 sec, 0 I T

LI L Y I
[H,0,] from 1 to 0.5 mol dm= = 200 sec. (‘? 2(;)0 o 66;)0 800 1000

Time (sec)
N ).

ty, " ty,
Half-lives are useful for identifying a first order reaction without having
to draw a rate-concentration graph. This is because the half-life is
always constant for a first order reaction.
For example, for this reaction, t, is constant — it always takes the same
amount of time for the concentration to halve. The half-life is independent
[T H % of the concentration and so the reaction must be first order.

i = . vvvrvrrrrrvvrvvrpvvr v rvrrrrrvvrvvrpve vy v v rrrrv v
Volume-time graphs can also be used in exactly the same way, eg.

the half-life is the time it takes the volume of reactant to half.
AR RN SRR RN R RN RN R R R R R RN AR R N A RN N AR RR RN NN RN

First order

IRRARE

RN

A
A

N

Practice Questions

Q1 Sketch rate-concentration graphs for zero, first and second order reactions.
Q2 How does the half-life change with time in a first order reaction?

Exam Questions

Q1 The table shows the results of an experiment on the decomposition of nitrogen(V) oxide at constant temperature.
2N,0, — 4NO, + O,

Time (s) 0 50 [ 100 | 150 | 200 | 250 | 300
[N,0,] (mol dm™) 25 | 1.66 | 1.14| 0.76 | 0.5 ]0.33 ] 0.22
a) Plot a graph of these results. [2 marks]

b) From the graph, find the times for the concentration of N,O; to decrease:

1) to half its original concentration, [1 mark]
ii) from 2.0 mol dm™ to 1.0 mol dm. [1 mark]
¢) Giving a reason, deduce the order of this reaction. [1 mark]

Q2 A student measures the rate for the following reaction.
A+B->C

The rate of reaction is found to be first order with respect to A and second order with respect to B.

a) What would be the change in the rate if the concentration of B was doubled [1 mark]
and the concentration of A was halved?

b) What is the overall order for the reaction? [1 mark]

Describe the link between concentration and rate, soldier — that’s an order...
There’s quite a lot on this page, graphically speaking. And graphs are always great, easy marks. Just remember —
labelled axes, accurately plotted points and a smoooooth curve or a smoooooth line of best fit. If you do these things
then all the other calculations will become a lot easier. And remember smoooooth — like a freshly licked lollipop.
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The Initial Rates Method

The initial rate is just what it sounds like — the rate of reaction right at the start of the reaction. They’re not very
imaginative these chemists, but they do love using experiments to calculate the orders of reactions, as you’ll soon see...

Orders of Reaction can be Worked Out by the Initial Rates Method

The initial rate of a reaction is the rate right at the start of the reaction. The initial rates method is a
technique that lets you use the initial rate of an experiment to work out the orders of reaction.
In general the initial rates method is done by:

/

A R AR R AR R A
For different techniques for continuous =

monitoring, have a look at page 180.
AR A AR R A AR A

1) Carrying out separate experiments using different initial concentrations
of one reactant. You should usually only change one of the
concentrations at a time, keeping the rest constant.

Ly

AREN|

4

2) Then seeing how the change in initial concentrations affects the initial rates
and figuring out the order for each reactant. (See page 186 for how to do this.)

You could do this by carrying out experiments using continuous monitoring

techniques and drawing concentration-time or volume-time graphs. By calculating

the gradient of the tangent at time = 0, you can find the initial rate. e
Or, you could carry out a clock reaction... Time

- _y
Initial rate = <~

[Reactant]

A Clock Reaction is an Example of the Initial Rates Method

The method above involves lots of graph drawing and calculations.
Another, simpler, example of an initial rates method is a clock reaction.

1) Ina clock reaction, you measure how the time taken for a set amount of product to form
changes as you vary the concentration of one of the reactants.

2) As part of a clock reaction, there will be a sudden increase in the concentration of
a certain product as a limiting reactant is used up.

3) There’s usually an easily observable end point, such as a colour change, to tell you
when the desired amount of product has formed.

4) The quicker the clock reaction finishes, the faster the initial rate of the reaction.
5) When carrying out a clock reaction you need to make the following assumptions:

A tanned gent.

* The concentration of each reactant doesn’t change significantly over the time period of your clock reaction.
e The temperature stays constant.
e When the end point is seen, the reaction has not proceeded too far.

The lodine Clock Reaction is a Well-Known Clock Reaction

In an iodine clock reaction, the reaction you’re monitoring is:

7

The iodine clock is also known as =

the Harcourt-Esson Reaction.
NARNRANEERRERVEARNERVEAVARRRANE .

Worrvrvrrrvpvvrrevrvrrrrrvivi il

NEREAN!

- +
H,0,0 + 250 + 2H7 ) = 2H,0 + 15,

) )

1) A small amount of sodium thiosulfate solution and starch are added to an excess of hydrogen peroxide and
iodide ions in acid solution. (Starch is used as an indicator — it turns blue-black in the presence of iodine.)

2) The sodium thiosulfate that is added to the reaction mixture reacts instantaneously with any iodine that forms:

2- - 2-
25,0, et Iz(aq) — 21 gy + 5,0, (@)

3) To begin with, all the iodine that forms in the first reaction is used up straight away in the second reaction.
But once all the sodium thiosulfate is used up, any more iodine that forms will stay in solution, so the starch
indicator will suddenly turn the solution blue-black. This is the end of the clock reaction.

4) Varying the iodide or hydrogen peroxide concentration, while keeping the
others constant, will give different times for the colour change.

5) The time it takes for the reaction to occur along with the concentration of reactants
allows you to calculate the initial rate with respect to iodide or hydrogen peroxide.
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The Initial Rates Method

Here’s How to Carry Out the lodine Clock Reaction in the Lab...

To find the order with respect to potassium iodide:

1) Rinse a clean pipette with sulfuric acid. Then, use this pipette to transfer a small amount of sulfuric acid, of
known concentration (e.g. 0.25 mol dm™3), to a clean beaker. This beaker is your reaction vessel.

2) Using a clean pipette or measuring cylinder, add distilled water to the beaker containing the sulfuric acid.
3) Using a dropping pipette, add a few drops of starch solution to the same beaker.

4) Measure a known amount of potassium iodide solution of a known concentration, using either a pipette or a
burette, rinsed with potassium iodide solution. Transfer this volume to the reaction vessel.

5) Next, using a pipette rinsed with sodium thiosulfate solution, or a clean measuring cylinder, add sodium
thiosulfate to the reaction vessel. Swirl the contents of the beaker so all the solutions are evenly mixed.

6) Finally, rinse a pipette with hydrogen peroxide solution. Then, use the pipette to transfer hydrogen peroxide
solution to the reaction vessel while stirring the contents and simultaneously start a stop watch.

7) Continue to stir, and stop the stop watch when the contents of the beaker turn from colourless to blue-black,
this marks the end point. Record this time in a results table, along with the quantities of sulfuric acid, water,
potassium iodide and sodium thiosulfate solutions you used in that experiment.

8) Repeat the experiment varying the volume of potassium iodide solution. Keep the volume of sulfuric acid,
sodium thiosulfate and hydrogen peroxide constant and use varying amounts of distilled water in each

experiment so the overall volume of the reaction mixture remains constant. s\ /tviv bbb v,
= An example of how to work out

An approximation of the initial rate at each concentration can be found from the - O'dirs ‘;ftre‘?c“o” from ;gigal

. . . . . = rates data 1s on page .
time it topk to reach.the end point. By comparing these initial rates you can find T |p: ,91 S
the reaction order with respect to potassium iodide.

ARNERN

The Initial Rate of the lodination of Propanone can be Found by Titrating

The rate of reaction for the iodine-propanone reaction can be followed by a continuous monitoring titrimetric method.

" QULVUTT U o Vv i
H = A titrimetric method uses titrations to

(aq)
N B A . X
CH3COCH3(aq) + lz(aq)—>CH3COCHZI(aq) + H @@ T l(aq) ”lﬁln‘d\?;A;c:rlwflo‘r,rr:??%lib\ﬂtjt'?‘r‘e;a,ctllcl)?.l’

ANNEY

Wl

You can monitor the reaction by taking samples at regular intervals. You first need to stop the reaction in each
sample by adding sodium hydrogencarbonate to neutralise the acid. Then titrate each sample against sodium
thiosulfate and starch to work out the concentration of the iodine. You'll need to carry out the experiment several
times and in each experiment change the concentration of just one reactant.

Practice Questions

Q1 How do you find the initial rate of reaction from a concentration-time graph?

Q2 Why is sodium hydrogen carbonate added to samples from the reaction between propanone and iodine?
Exam Questions

Q1 A student carried out an iodine clock reaction:
H,0,,, t 2I°,, * 2H",, = 2H,0 +1

27 2(aq) (aq) 270 2(aq)

2S,0.> L  —2[ +S,0?2

273 (aq) + 2(aq) (aq) 476 (aq)
a) After some time, the starch indicator in solution turns blue-black. State why this change occurs. [1 mark]

b) The amount of sodium thiosulfate added to the reaction mixture was increased.
Explain what change this would have on the time it takes for the colour change to occur. [1 mark]

Q2 Propanone can be reacted with iodine to form iodopropanone via an acid-catalysed reaction. Describe how you
could use titration to investigate how the rate of reaction changes as the concentration of iodine varies. [3 marks]

The alarm clock reaction — the end point is a broken bedside table...

I know experiments like these might not seem the most exciting in the world. But you’ve got to learn them.
Besides, once upon a time they were thrilling. People would go crazy for a chemical colour change. Honest...
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Rate Equations

This is when it all gets a bit mathsy. You’ve just got to take a deep breath and dive in...

The Rate Equation links Reaction Rate to Reactant Concentrations

Rate equations look ghastly, but all they really do is tell you how the rate is affected by the concentrations
of reactants. For a general reaction: A + B — C + D, the rate equation is:

Rate = k[A]™[B]"

/.

NARENE

1) ks the rate constant — the bigger it is, the faster the reaction.

NARARRERRERRRRARRARE
The units of rate are

normally mol dm= s™.
(ARRRVRURRRRNNENRRRRNAY

2) m and n are the orders of the reaction with respect to reactant A and reactant B.
m tells you how the concentration of reactant A affects the rate and n tells you the same for reactant B.

3) The overall order of the reaction is m + n.

[ERVARN

1

Example: The chemical equation below shows the acid-catalysed reaction between propanone and iodine.

CH,COCH,

This reaction is first order with respect to propanone and H*
and zero order with respect to iodine. Write down the rate equation.

The rate equation is: rate = kK[CH,COCH,_ 1"[H* 1"l .1°

H+
(aq)
+ Iz(aq) —_— CHSCOCHzl(aq

)

aq)

+ H*
(aq)

+1 (aq)

q)

VIV,

But [X]" is usually written as [X], and [X]° equals 1 so is usually left out of the rate equation.
NAREANARRN AR RN RNV
Think about the powers =

So you can simplify the rate equation to: rate = k[CH,COCH

VIV

\

RSN AR RN R AN AN AR AR AR AR AR AR’
Spectator ions (ions that don't take part in the chemical

reaction) are normally not included in rate equations.
AR R R AR R AR RN A RA AR ARR AR RN,

EEERN

3aqll

+
H (aq)]

7

laws from maths.
RS ERNARRN AN ERY!

VULV Ly,
Even though H*_is a catalyst,
(aq) N
rather than a reactant, it can

still appear in the rate equation.
RN R RN AR RNANARRNARRARNRNAN

ARRERER

=

You can use the Initial Rates Method to Work Out Orders of Reaction

1) By using the initial rates method (see pages 184-185) to collect data about the initial rate of a reaction.

2) By comparing the initial rate of a reaction with varying concentrations of reactants,
you can find the orders of reaction for reactants in a reaction.

3) Once you know the chemical equation for a reaction, along with the orders of reaction,

you can write the rate equation.

Example:
The table on the right shows the results of a
series of initial rate experiments for the reaction:

NOg, + COy + O, = NO,, + CO,
The experiments were carried out
at a constant temperature.
Write down the rate equation for the reaction.

Experiment [NO] [CO] [0,] Initial rate
number (mol dm=3) (mol dm=3) (mol dm=3) (mol dm=3s")
1 20x102 | 1.0x102% | 1.0 x 10?2 0.17
2 6.0x 102 | 1.0x 102 | 1.0 x 1072 1.53
3 20x102 | 2.0x102 | 1.0x 107 0.17
4 40x102 | 1.0x102% | 2.0 x 107 0.68

1) Look at experiments 1 and 2 — when [NO] triples (and all the other concentrations stay constant)

the rate is nine times faster, and 9 = 32. So the reaction is second order with respect to NO.

2) Look at experiments 1 and 3 — when [CO] doubles (but all the other concentrations stay
constant), the rate stays the same. So the reaction is zero order with respect to CO.

3) Look at experiments 1 and 4 — the rate of experiment 4 is four times faster than experiment 1.
The reaction is second order with respect to [NOJ], so the rate will quadruple when you
double [NO]. But in experiment 4, [O,] has also been doubled. As doubling [O,] hasn't
had any additional effect on the rate, the reaction must be zero order with respect to O,.

4) Now that you know the order with respect to each reactant
you can write the rate equation: rate = k[NO]?.
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You can Calculate the Rate Constant from the Orders and Rate of Reaction

Once the rate and the orders of the reaction have been found by experiment, you can work out the rate constant, k.
The rate constant is always the same for a certain reaction at a particular temperature — but if you increase the
temperature, the rate constant’s going to rise too. The units vary, so you have to work them out.

The example below shows you how.

Example: The reaction below was found to be second order with respect to NO and zero order with respect to CO
and O,. Therate is 1.76 x 10~ mol dm~s™' when [NO(g)l = [CO(g)] = [Oz(g)] =2.00 x 102 mol dm=.

NO(g) + CO(g) + Oz(g) - NOz(g) + COz(g)
Find the value of the rate constant.
First write out the rate equation: ~ Rate = kK[NO*[CO]°[O,]° = KINOI*

Next insert the concentration and the rate. Rearrange the equation and calculate the value of k:

_ L i} __1.76x10° _
Rate = kKINO |2, 50 1.76 x 107 = k x (2.00 x 107! =—=>k = e 440

Find the units for k by putting the other units in the rate equation:

- -
Rate = kK[NO__12, so mol dm3s~" = k x (mol dm3)2 =—=>» k =WSZ= > =dm’mol's™
® (moldm™>?* moldm

So the answer is: k = 440 dm3 mol-' s™'

Practice Questions

Q1 What does the size of the rate constant tell you about the reaction rate?

Q2 How do you find the overall order for a reaction?
Q3 How does the rate constant change with an increase in temperature?

Exam Questions

Q1 The following reaction is second order with respect to NO and first order with respect to H,.
2NO, +2H,, »2H,0, + N

2(g) 27(g) 2(g)

a) Write a rate equation for the reaction and state the overall order of the reaction. [2 marks]

b) The rate of the reaction at 800 °C was determined to be 0.0027 mol dm=s™!
when [H,] = 0.0020 mol dm~ and [NO] = 0.0040 moldm>.

i) Calculate a value for the rate constant at 800 °C, including units. [2 marks]
ii) Predict the effect on the rate constant of decreasing the temperature of the reaction to 600 °C. [1 mark]

Q2 An experiment is carried out with reactants X, Y, Z. The initial rates method is used to find the orders of
reaction with respect to each reactant. The table to the right shows the results obtained.

a) Give the order with respect to X, Y and Z. oot || P[] V) | e et fomol o 7
Explain your reasoning [3 marks] 1 0.25]0.1 104 1.30x 10°
2 051101104 1.30x 1073
b) Give the initial rate if Experiment 2 was repeated, 3 0251 02 [04 520 103
but the concentration of Z was tripled. [1 mark]
4 025102108 0.0104
c) Write the rate equation for the reaction investigated. [1 mark]

This kinetics joke is so good — it's a gag of the first order...

Working with rate equations is actually pretty fun when you get the hang of it. No, really. And speaking of things that
are fun can | recommend to you flying kites, peeling bananas, making models of your friends out of apples, the literary
works of Jan Piehkowski, counting spots on the carpet, the 1980s, goats, eating all the pies, darts... All fantastic fun.
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The Rate-Determining Step

You know when you're trying to get out of a room to go to lunch, but it takes ages because not everyone can get

through the door at the same time? Well getting through that door is the rate determining step. Talking about lunch...

= Otherwise known as =

The Rate-Determining Step is the Slowest Step in a Multi-Step Reaction

= the rate-limiting step. =
<

Reaction mechanisms can have one step or a series of steps.
In a series of steps, each step can have a different rate.
The overall rate is decided by the step with the slowest rate — the rate-determining step. M (e anenimiiing Sep.

Reactants in the Rate Equation Affect the Rate

The rate equation is handy for helping you work out the mechanism of a chemical reaction.
You need to be able to pick out which reactants from the chemical equation are involved in the rate-determining step
/

Here are the rules for doing this:
e If a reactant appears in the rate equation, it must affect the rate. = Catalyst .
So this reactant, or something derived from it, must be in the rate-determining step. :: N rate equationiear =
If a reactant doesn’t appear in the rate equation, then it isn’t involved = i:teti? an be j, =
s eterm,mn :‘
I /e/:’jsl/t?,/””\\\f

°
in the rate-determining step (and neither is anything derived from it).
Some important points to remember about rate-determining steps and mechanisms are:

1) The rate-determining step doesn’t have to be the first step in a mechanism.
2) The reaction mechanism can’t usually be predicted from just the chemical equation.

You Can Predict the Rate Equation from the Rate-Determining Step...

So, if a reaction’s second order with
respect to X, there'll be two molecules
of X in the rate-determining step.

The order of a reaction with respect to a reactant shows the number of molecules
of that reactant which are involved in or before the rate-determining step.

Example: The mechanism for the reaction between chlorine free radicals and ozone, O,, consists of two steps:
Cl'(g) + O3(g) —>C|O'(g) + OZ(g) — slow (rate-determining step)
ClOsy, + Oy — Cloy, + O, — fast

Predict the rate equation for this reaction.
Cl+ and O, must both be in the rate equation, so the rate equation is of the form: rate = k[Cl<]"[O,]".
molecule in the rate-determining step,

There’s only one Cls radical and one O,
so the orders, m and n, are both 1. So the rate equation is rate = k[Cl*][O,].

...And You Can Predict the Mechanism from the Rate Equation

Knowing exactly which reactants are in the rate-determining step gives you an idea of the reaction mechanism.

For example, here are two possible mechanisms for the reaction: (CH,),CBr + OH~ — (CH,),COH + Br-.
CH,

(|:H3 CH3 CH3
| |
H3C—(|Z—Br + OH — H3C—C|—OH + Br H,C—C—Br — H,C—C + Br
|
CH, CH, CH, CH,
— slow
The actual rate equation was worked out by rate experiments: (rate-determining step)
rate = k[(CH,),CBr]
OH- isn’t in the rate equation,3 530 it can’t be involved in the (|:H3 Gl
reaction until after the rate-determining step. So, mechanism 2 HC—C" + OH — H3C—(|:—OH
CH,

is most likely to be correct — there is 1 molecule of (CH,),CBr
(and no molecules of OH") in the rate determining step. CH;  — fast

This agrees with the rate equation.
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The Rate-Determining Step

Example — Propanone and lodine... again

You've seen it before and it’s back again. The reaction between propanone and iodine, catalysed by hydrogen ions.

The full equation for this reaction is... H*

(aq) + -
CH,COCH,, + 1, — % CH,COCH,I_ + H*_+ I

And the rate equation for the reaction is...
Rate = k[CH,COCH,][H"]

So, using the rules from the previous page, here’s what you can say about the reaction —

1) Propanone and H* are in the rate equation — so they, or something derived
from them, must be in the rate-determining step.

2) lodine is not in the rate equation so it's not involved until after the rate determining step.
3) The order of reaction for both propanone and H* is 1 — so the rate-determining step must use 1 molecule of each.
4) H*is a catalyst — so it must be regenerated in another step.

And when you put all that together you could come up with a reaction mechanism like this...

H,C—C—CH;+H" — H;C—C—CH The first ste
Step 1 only involves Step 1 3 [l 3 > | ’ / is the slowp
one molecule of (@) OH Slow rate-determining
propanone and one step.
of H*. Step 2 H3C—$+—CH3 — H2C=C|— CH; + H”
OH OH Fast The hydrogen ion is
o . regenerated in Step 2.
lodine is not in the Step 3 HC=C—CH;+1, — H,)IC—CI—CHy So is acting as a catalyst.
rate equation, so |
doesn't appear in the OH OH Fast
rate-determining step B The H* made here
— instead it appears in Step 4 H,IC—Cl—CHj; —p H)IC-=C—=CH3+ | + H+Kis the one in the
step three. lOH (”) o full equation.

Practice Questions

Q1 Can catalysts appear in rate equations?

Q2 Knowing the order of reaction is important for suggesting a rate-determining step. Why?
Q3 In the reaction of iodine with propanone, why doesn’t iodine appear in the rate equation?
Exam Questions
Q1 For the reaction; CH,COOH,, o T CHOH,  — CH,COOCH,  +HO0,, the rate equation is:
rate = k[CH,COOH][H"]
What can you deduce about the role that H" plays in the reaction? Explain your answer. [2 marks]

Q2 Hydrogen reacts with iodine monochloride as in the equation; Hz(g) s ZICl(g) - Iz(g) S 2HC1(g).
The rate equation for this reaction is: rate = A[H,][ICI].

a) The mechanism for the reaction consists of two steps.
Identify the molecules that affect the rate-determining step. Justify your answer. [2 marks]

b) A chemist suggested the following mechanism for the reaction:

ZICI(g) - Lyt Clz(g) slow
H,, +Cl, —>2HCl fast
Suggest, with reasons, whether this mechanism is likely to be correct. [2 marks]

| found rate-determining step aerobics a bit on the slow side...

These pages show you how rate equations, orders of reaction, and reaction mechanisms all tie together and how each
actually means something in the grand scheme of A-Level Chemistry. It’s all very profound. So get it all learnt, answer
the questions and then you’ll have plenty of time to practise the cha-cha-cha for your Strictly Come Dancing routine.
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Halogenoalkanes and Reaction Mechanisms

‘Lean hog on a lake’ is an anagram of halogenoalkane. A good thing to know...

Halogenoalkanes can be Hydrolysed by Hydroxide lons

There are three different types of halogenoalkane. They can all be hydrolysed (split) by heating them
with sodium hydroxide — but they react using different mechanisms.

H CH, CH,

O+ - S5+ S 5+ -

H—cl—Br6 H— C—Br H,C— C—Br
CH, CH, CH,

In primary halogenoalkanes, the In secondary halogenoalkanes the In tertiary halogenoalkanes, the
halogen is joined to a carbon halogen is joined to a carbon halogen is attached to a carbon with
with just one alkyl group attached. with two alkyl groups attached. three alkyl groups attached.
Halogenoalkanes Undergo Nucleophilic Substitution | .. ...,

Noucleophiles are electron pair donors
— they're attracted to positive charge.

Nucleophilic substitution is when a nucleophile attacks another
OH~ and CN~ are both nucleophiles.

molecule and is swapped for one of the attached groups.

SYARRRR
ARRRRRN

A 5 AR AR RN NN AN AR RN RN NARNARN
The carbon-halogen bond in halogenoalkanes is generally polar — most halogens are
much more electronegative than carbon, so they draw the electrons towards 5t Ro—
. . .. , . . Co—Br
themselves. The carbon is partially positive, so it’s easily attacked by nucleophiles.
CH, CH, 1) OH-is the nucleophile — it provides a pair

| of electrons for the C%.
H—C—Br —> H—C—OH + :Br 2) The C-Brbond breaks heterolytically — both

|Y\ | electrons from the bond are taken by Br-.
CH, :OH" CH, 3) Br comes away as OH- bonds to the carbon.

There are two different types of mechanism for nucleophilic substitution — S 1 and S, 2.

S, 1 reactions only involve 1 molecule or ion in the rate-determining step.
S,.2 reactions involve 2 molecules, 1 molecule and 1 ion, or 2 ions in the rate-determining step.

Primary halogenoalkanes only react by the S, 2 mechanism.
Secondary halogenoalkanes can react by both the S 1 and S, 2 mechanisms.
Tertiary halogenoalkanes only react by the S 1 mechanism.

The Rate Equation for an Sy2 Reaction Will Include Both Reactants

The equation for the reaction of the primary halogenoalkane bromoethane with hydroxide ions is:

_ l“!llllllllllllIIII\lHHIllllIllllIllll\lllll/i
CH,CH,Br + OH" — CH,CH,OH + Br = Aqthere is a single step, a transition state is formed. —
RN RN RN AR RN AN AR RN AR AR A RN AR A RN NN A
This occurs via an S, 2 reaction with a single, —
rate-determining step. H3% H3% il :\\CH3
. . 8 g : —
The rate equation for the reaction is: HO: "€ B ———|HO---C--Br | —> Ho—g\ + :Br
rate = k[CH,CH,Br][OH] H 5 }L H H
The rate equation shows that the rate is dependent on  ( )
the concentration of both the reactants and the order —
with respect to each is 1. So, one molecule of both OH- and All one step
CH,CH,Br must be involved in the reaction in (or before) the SV R TR e

Primary halogenoalkanes have lots of space
around the carbon, which is surrounded
mostly by H groups. This means there is

space for the hydroxide ion to attack.
AR RN RV RN R R RN RN AR U RN RRRRARNAR

rate-determining step, which fits with an S, 2 mechanism.

ARRERRNEEN

NARARERENY

N
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Halogenoalkanes and Reaction Mechanisms

The Rate Equation shows Tertiary Halogenoalkanes Use Sy1

The equation for the reaction of the tertiary halogenoalkane 2-bromo-2-methylpropane
with hydroxide ions looks similar to the reaction with bromoethane on the previous page:

(CH,),CBr + OH~ — (CH,),COH + Br

But the rate equation for this reaction is different: ~ rate = k[(CH,),CBr]

. Step 1 — Rate-determining step
The rate is only dependent on the
. CH, CH,
concentration of the halogenoalkane. l
. . . S+ §-
So the hydroxide ion is only H.C— C—Br
involved in the reaction after the Cl i
rate-determining step. Hs Hs

—— HC—cC*' +:Br
WUCEI by g
' Vit
The reaction happens this
way because there's very little
= Space around the carpon (it's

Step 2
surround
CH; CHs g Irl]l /elxj |by alkyl groups)

O

Q

T

The reaction happens in two steps.
In the first step, the halogen leaves the
halogenoalkane. The nucleophile is HyG— C+ )\ :OH™ > H;C— C —OH

then able to attack in the second step. | |
CH, CH,

VNN RR T

Practice Questions

Q1 How many alkyl groups are attached to a tertiary halogenoalkane?
Q2 What is the role of the hydroxide ion in the hydrolysis of a halogenoalkane?
Q3 How many molecules/ions are involved in the rate determining step of an S, 2 reaction?

Q4 In which step does the nucleophile attack in an S, 2 reaction?

Exam Questions

Q1 For the reaction between sodium hydroxide and 1-chloropropane:
CH,CH,CH,CI + NaOH — CH,CH,CH,OH + NaCl

Predict which one of the following is the correct rate equation.

A Rate = kK[OH] B Rate = k{{CH,CH,CH,CI]
C Rate = k[CH,CH,CH,CI], D Rate = K[CH,CH,CH,CI][OH] [1 mark]

Q2 The following equation shows the hydrolysis of 1-iodobutane by hydroxide ions:

CH,CH,CH,CH,I + OH  — CH,CH,CH,CH,OH + I
a) Is 1-iodobutane a primary, secondary or tertiary iodoalkane? [1 mark]

b) Write the rate equation for this reaction. [1 mark]

¢) What type of mechanism is involved in this reaction? [1 mark]

d) Draw the mechanism of this reaction. [3 marks]

Q3 2-bromo-2-methylpentane is hydrolysed via a reaction with hydroxide ions.

a) Suggest a likely rate equation for the reaction. [1 mark]

b) Draw the mechanism of this reaction and label the rate determining step. [3 marks]

Way-hay!!! — It’s the curly arrows...

Whenever [ talk to someone who's studied chemistry the one thing they’ve remembered is curly arrows. They have no
idea how they work. But they know they exist. The thing is, they don’t have an exam, but you do — so make sure you
understand where the arrows are coming from and going to. Check back to your Year 1 stuff if you’re unsure.
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Activation Energy

It’s more maths on this page. But keep going, the end is in sight — even though it’s over the page.

Use the Arrhenius Equation to Calculate the Activation Energy

The Arrhenius equation (nasty-looking thing in the blue box) links the rate constant (k) with activation energy

(E,, the minimum amount of kinetic energy particles need to react) and temperature (7). This is probably the worst
equation there is in A-Level Chemistry. But the good news is, you don’t have to learn it — you'll be given it in the
exam if you need it — so you just have to understand what it's showing you. Here it is:

= on your calculator.
RSV ENANANEANARER

Putting the Arrhenius equation into logarithmic form makes it a bit easier to use.
Ly

: = ere's a hand N

Ink=InA- £ _ (a constant) — £ S on Y In" button
= ou

RT RT EK /{/ | fI”C;’vl,IC‘IUIL?f/O/r for this

" k = rate constant 1) As t?le activatioln energy, Eﬁ, gets biggler, k gets
k=AeRT E, = activation energy () smaller. So, a large E, will mean a slow rate.
ﬁ _ = You can test this out by trying different numbers
S I\t) A It'l ’I’c 7= temperature (K) for E, in the equation... ahh go on, be a devil.
- S an exponential — = -1 -1
= re|ationsP|1oip‘ This = R = gas constant (8.31 ) K™ mol™) 2) The equation also shows that as the temperature
= ''is the e* button = /A = another constant rises, k increases. Try this one out too.
N

:\//!IHIIIII//III

Iz

<

Ty,

You can use this equation to create an Arrhenius plot by plotting In k against %

This will produce a graph with a gradient of _ll?_:a' And once you know the gradient, you can find activation energy.

Example: The graph on the right shows an Arrhenius plot for T
the decomposition of hydrogen iodide. 0.0010 0.0012 0.0014 0.0016 0.0018 0.0020
Calculate the activation energy for this reaction. 0 ' ' ' L '
R=8.31) K" mol. N
E 15 ~7107
The gradlent, R = 0.0008 =-18750 _5_1 5
So, E, =—(-18 750 x 8.31) = 155 812.5 ) mol™' = 156 k] mol™ 204
-25

To Calculate the Activation Energy, First Collect and Process the Data...

Here’s another example of how to work out the activation energy. o
N SARIRNAY
I/

2- - 2-
SZO8 . 21 g 2580, . Iz(aq)

been made. The rate of the reaction is inversely proportional to the time taken
for the solution to change colour — a faster rate means a shorter time taken.
So, mathematically speaking, the rate is proportional to 1/time. This means that 1/t can be used instead of k in the

Arrhenius equation, which means you can calculate the activation energy. Hurrah!!

S are
.« e . . . Ty ept t
You can use the iodine-clock reaction to monitor when a fixed amount of I, has XRLNT vy ,h,e, same. =
P
(t)

Time, t(s) Temp, T(K) 1/t In1/t 1/T (K ) )
Here’s some collected data for this reaction
204 303 0.0049 | -5.32 0.0033 at different temperatures. The first two
138 308 0.0072 -4.93 0.00325 columns show the raw data and the other
115 312 0.0087 4,74 0.00321 columns show the data that’s needed to
In (1 i 1/T
75 318 00133 | 432 | 000314 | drawagraph ofin (1/0) against 1/
(see the next page).
55 323 0.0182 -4.01 0.0031
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Activation Energy

..Then Draw an Arrhenius Plot to Find Ea ‘

YT (K Here’s an Arrhenius plot of the data at the bottom of the last page.
0.0030 0.0031 0.0032 0.0033 The graph will always show a straight line, which
3 l I | , makes it easy to work out the gradient — and once
you know the gradient, you can find E,.

-4 — The gradient of the line = -6341 = _REa
-0.95 R =8.31)K"mol" so...
5 ] (6341 x 8.31) = 52700 ) mol-'= 52.7 k] mol"
0.00015 \lllllllHIIIIII\I\\IIHHIIIIIIHII/Z—

In 1/t

= To convert from J mol™ to kJ mol™you =

Looking at the

AR R RN AR RN YRR AR AR RN gradient, Steve decided
the activation energy
needed to walk up the

Catalysts Lower the Activation Energy of a Reaction mountain was too high

Gradient = -0.95 + 0.00015 = -6341 need to divide your answer by 1000

-6 —
v

7

You can use catalysts to make chemical reactions happen faster. A catalyst increases the rate of a reaction by
providing an alternative reaction pathway with a lower activation energy. The catalyst is chemically unchanged
at the end of the reaction — they don't get used up. Catalysts can be classified into two different types:

0 Homogeneous catalysts are in the same state as the reactant. So for example, if the reactants are gases,
the catalyst must be a gas too. An example of homogeneous catalysis would be the H* _ catalysis of the
iodination of propanone — all reactants are aqueous (dissolved in water). QU = I

Physical state and phase

€) Heterogeneous catalysts are in a different physical state from the reactants: = | 'T‘e??ltf‘\elﬁrﬁ,t‘h"ﬁ‘?, y

e Solid heterogeneous catalysts provide a surface for the reaction to take place on.
The catalyst is usually a mesh or a fine powder to increase the surface area.
Alternatively it might be spread over an inert support.

|[NEN

ARRERRN

e Heterogeneous catalysts can be easily separated from the products and leftover reactants.

e Heterogeneous catalysts can be poisoned though. A poison is a substance that clings
to the catalyst’s surface more strongly than the reactant does, preventing the catalyst from
getting involved in the reaction it's meant to be speeding up. For instance, sulfur can
poison the iron catalyst used in the Haber process.

Practice Questions

Q1 The Arrhenius equation can be written as In k = a constant £ /RT. What do the terms k, T and R represent?

Q2 In an Arrhenius plot, where 1/T on the x-axis is plotted against In k on the y-axis, what will the gradient show?

Exam Questions

Q1 The table gives values for the rate constant of the reaction between
hydroxide ions and bromoethane at different temperatures

7K | & |vr® Y| mk

a) Complete the table and then plot a graph of 305 0.181 | 0.00328 [-1.709
In k (y-axis) against 1/T (x-axis). [4 marks] 313 0.468
b) Calculate the gradient of the straight line produced. [1 mark] 323 1.34
333 3.29 | 0.00300 | 1.191

¢) Using the Arrhenius equation, In k = a constant —£ /RT,

calculate the activation energy of the reaction. 344 10.1
(R=28.31 JK'mol ™) [2 marks] 353 22.7 | 0.00283 | 3.127
Q2 State the major difference between homogeneous and heterogenous catalysts. [1 mark]

Aaaaaaaaggggggggggggghhhhhhhhhhh...

The thing to remember here is you'll be given the Arrhenius equation in the exam if you need it. So concentrate on
learning how to use it — which bits to put on an Arrhenius plot and what things to calculate to work out the E .
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Optical Isomerism

You know you were crying out for some organic chemistry? Well here you go... This time we’re looking at what the
spatial arrangement of atoms can tell us about the molecule. Can you think of anything more exciting? Thought not...

Optical Isomers are Mirror Images of Each Other S

1) Optical isomerism is a type of stereoisomerism. Stereoisomers have the 71 m?rle’ E’ﬁm one chiral centre, =
same structural formula, but have their atoms arranged differently in space. Py ]
2) A chiral (or asymmetric) carbon atom (known as a chiral centre) is a carbon atom that has four different
groups attached to it. It's possible to arrange the groups in two different ways around the carbon atom
so that two different molecules are made — these molecules are called enantiomers or optical isomers.

3) The enantiomers are mirror images and no matter YA AR RN R A RN ARV,
= If molecules can be superimposed,

//

which way you turn them, they can’t be superimposed. A e =

z eyre acniral — an eres no -

4) You have to be able to draw optical isomers. - optical isomerism. =z
But first you have to identify the chiral centre... AN

. X ) SIRARAR NN NN E NN |
1) Locating any chiral centres: HoH chiral centre =" A g wedge shows a llaclmld‘c’olr;:r:é E
Look for any carbon atoms with four different I out of the page towards you,

groups attached. Here it’s the carbon with the ~ H—C—C -+ A dotted line shows a bond going

\YARARRE
ARNENENEA

-1 — into the page away f
four groups H, OH, COOH and CH, attached. T T o0 ,)l'l ';CI)V;Y]I)’/(’)L;LI e
2-hydroxypropanoic acid H H

2) Drawing isomers:
Once you know the chiral centre, draw one enantiomer in |

a tetrahedral shape. Don't try to draw the full structure of /C\ /C N
each group — it gets confusing. Then draw a mirror image i "CH; H,C ¢

beside it. If there’s more than one chiral centre, mirror each OH OH
chiral centre one by one to get all the possible isomers. enantiomers of 2-hydroxypropanoic acid

Optical Isomers Rotate Plane-Polarised Light

1) Normal light is made up of a range of different wavelengths and vibrates in all directions.
Monochromatic, plane-polarised light has a single wavelength and only vibrates in one direction.
2) Optical isomers are optically active — they rotate the plane
of polarisation of plane-polarised monochromatic light.

3) One enantiomer rotates it in a clockwise direction,
and the other rotates it in an anticlockwise direction.

Christmas is a time
to embrace your

A Racemic Mixture is a Mixture of Both Optical Isomers choral centre.

A racemic mixture (or racemate) contains equal quantities of each enantiomer of a chiral compound.

Racemic mixtures don’t rotate plane polarised light — the two enantiomers cancel each other’s light-rotating effect.

Chemists often react two achiral things together and get a racemic mixture of a chiral product.
This is because when two molecules react there’s often an equal chance of forming each of the enantiomers.

Look at the reaction between butane and chlorine:

T C|| '|" Cl | cl
T
C.. 4+ Cl,—> Hcl + C.. or C.. =—>
H,C™ / ™y HC™/ ™y HCT/ ™ H3C// s I o NTCH,
C,H; C,H; C,H; C,H; I C,H,
Butane Enantiomer 1 Enantiomer 2 Enantiomer 1 Enantiomer 2

A chlorine atom replaces one of the H atoms, to give 2-chlorobutane.
Either of the H atoms can be replaced, so the reaction produces a mixture of the two possible enantiomers.
Each hydrogen has an equal chance of being replaced, so the two optical isomers are formed in equal amounts.
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Optical Isomerism

You Can Use Optical Activity to Work Out a Reaction Mechanism

Optical activity can give you some insight into how the mechanism of a reaction works.
For example, nucleophilic substitution reactions (see page 92) can take place by one of two mechanisms.

WELE U L e,
Have a look at pages

190-191 for a reminder on this.
RN R AR AR NARNE RN IR RN A

Sy1 mechanism

vl
[RENE

\

If it's an ST mechanism and you start with a single enantiomer reactant,

N
the product will be a racemic mixture of two optical isomers of each other, so won't rotate plane-polarised light.
Step 1: ll_l A H3C/// H H3C/// H H3C/// H C,H; | C,H.
o+ - -
H3C—— C ==X 6- : C+ + X Step 2: Ct’\:YiOr YZ/\‘C+ —> e : o
| | | | H,C™ / Sy ly” \ ™ CH,
C,H, C,H. C,H, C,H; H | H

In step 1, a group breaks off, leaving a planar (flat) ion.
In step 2, the planar ion can be attacked by a nucleophile from either side — this results in two optical isomers.

Sy2 mechanism

In an S, 2 mechanism, a single enantiomer reactant produces a single enantiomer product.

H H,C H H

= >

- /\ = N _
YL/C6+— X —s | Y---C--X | — Y—C_ * X
Hc? : | = YCH,

3% C,H, C,H, CH;

There’s only one step in this mechanism — the nucleophile always attacks the opposite side to the leaving
group, so only one product is produced. The product will rotate plane-polarised light differently to the
reactant, the extent and direction of rotation occurs can be measured experimentally.

So if you know the optical activity of the reactant and products, you can sometimes work out the reaction mechanism.

Practice Questions

Q1 What is meant by a chiral carbon atom?

Q2 What is a racemic mixture?
Q3 Which nucleophilic substitution reaction mechanism produces a racemic mixture?
Q4 Which nucleophilic substitution reaction mechanism has a single enantiomer as a product?

Exam Question
Q1 The molecule 2-bromobutane displays optical isomerism.
a) Draw the structure of 2-bromobutane, and mark the chiral centre of the molecule on the diagram. [1 mark]

A sample of a single, pure optical isomer of 2-bromobutane is dissolved in an ethanol and water solvent and mixed
with dilute sodium hydroxide solution. This mixture is gently heated under reflux and a substitution reaction occurs.
The product of the reaction is a racemic mixture of butan-2-ol.

b) Explain why the butan-2-ol solution produced will not rotate plane-polarised light. [1 mark]

c) Has the substitution reaction proceeded via an S 1 mechanism or an S, 2 mechanism?
Explain your answer. [2 marks]

Time for some quiet reflection...

This optical isomer stuff’s not all bad — you get to draw pretty little pictures of molecules. If you're having difficulty
picturing them as 3D shapes, you could always make some models with matchsticks and some balls of coloured clay.
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Aldehydes and Ketones

The sun is shining outside, the birds are singing, flowers are in bloom. Alas, you have to stay in and learn about the
properties and reactions of organic compounds... It’s tough, but that’s the life you’ve chosen, my friend.

Aldehydes and Ketones Contain a Carbonyl Group

Aldehydes and ketones are carbonyl compounds
— they contain the carbonyl functional group, C=0.

:\IHHIIIHIHH\IIIII/_ .‘;’_ ‘“‘ Kad
- R represents a carbon = Introducing the carbonyl group —
Aldehydes have their carbonyl group at the > ft‘la'ln of any length. = the coolest pop group in the charts.
end of the carbon chain. SRR
Their names end in —al. Ketones have their carbonyl group in the middle of the carbon
H H chain. Their names end in —one, and often have a number to
O O O . .
R C/ H C/ H (|: C| C/ show which carbon the carbonyl group is on.
N N [ N (0) H O H H O H H H
H H H H 7 Lo [
methanal propanal R—C\ H_Cl_C_Cl_H H_C|_C_C|_C|_C|_H
R H  H H  H H H
propanone pentan-2-one

Aldehydes and Ketones Don’t Hydrogen Bond with Themselves...

Aldehydes and ketones don’t have a polar O-H bond, so they can’t SV
form hydrogen bonds with other aldehyde or ketone molecules. — Look back at pages 28-33
. . . = if you're rusty on polarity
This lack of hydrogen bonding means solutions of aldehydes and ketones 2 or intermolecular forces
have lower boiling points than their equivalent alcohols (which can form IR
hydrogen bonds because they do have a polar O-H bond). However, the molecules of aldehydes and

ketones still bond with each other through London forces and permanent dipole-permanent dipole bonds.

ERRRERNS

O\\ " T CH
/S —cH 0 \C\CH Ny
H,C— L R
H.C 3 HZC\C// O// CH, Hydrogen bond o
H,C \
O \ O o2 5+ {_
H,C— // C— H \\ ‘O—H O
C\ // CH3 C / .
cH, O W Hen, Gty GH,
Propanone — Propanal — Propan-1-ol —
Boiling temperature 56 °C Boiling temperature 48 °C Boiling temperature 97 °C

...But Aldehydes and Ketones can Hydrogen Bond with Water

1)  Although aldehydes and ketones don’t have polar -OH groups, they

do have a lone pair of electrons on the O atom of the C=O group. N H3C\
2) The oxygen can use its lone pairs to form hydrogen bonds . / \ 5 C™CH,
with hydrogen atoms on water molecules. So small aldehydes s - H H ) /4
and ketones will dissolve in water. O Q! .
3) Large aldehydes and ketones have longer carbon chains which (|l5+ 5+H/'O'\H§+
aren’t able to form hydrogen bonds with water. When larger H.C~ NCH Boe
aldehydes or ketones are mixed with water, these hydrocarbon } ’ '-O\\
chains disrupt the hydrogen bonding between the water molecules, Eiydrogen C*™CH,
but aren’t able to form hydrogen bonds themselves. bond /
4) So if an aldehyde or ketone is large enough, the intermolecular forces CH,

(in this case London forces) between the aldehyde or ketone
molecules, and the hydrogen bonding between water molecules will be stronger than the hydrogen
bonds that could form between the aldehyde/ketone and water. So the compound won't dissolve.
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Aldehydes and Ketones

There are a Few Ways of Testing for Aldehydes

Although aldehydes and ketones have similar physical properties,

there are tests that let you distinguish between them. aldeh}'d‘(") Eioyie gc'd
They all work on the idea that an aldehyde can be easily oxidised 7 + [O] 7

to a carboxylic acid, but a ketone can't. = C\ R=E

As an aldehyde is oxidised, another compound is reduced — H OH

so a reagent is used that changes colour as it’s reduced.

Tollens’ Reagent

Tollens’ reagent is a colourless solution of silver nitrate dissolved in aqueous ammonia.

If it’s heated in a test tube with an aldehyde, a silver mirror forms after a few minutes.
N B IIIIHIII\II\VI\IIIHIl|IIHIII\II\I\lIlHIIIIl\llll\ll\l\l[ll”
Ag(NH,), g TE€ = Ag(s) F 2NH3(aq You shouldn't heat the test tube directly over a flame — most organic
colourless silver

: compounds are flammable. Use a water bath or heating mantle instead. =
R R R R R RN R R RN R R R R RN R AR AN R R A AN R AR AR

2Ag(NH,)," . + RCHO + 30H- = 2Ag  +RCOO" +4NH, +2H,0

Fehling’s solution or Benedict’s solution

Fehling’s solution is a blue solution of complexed copper(ll) ions dissolved in sodium hydroxide.
If it's heated with an aldehyde, the copper(ll) ions are reduced to a brick-red precipitate of copper(l) oxide.
e = L

Cu "
blue brick-red

)

Iy

<

RCHO,,, + 2Cu*"+ 50H" - RCOO"_, + Cu,0  + 3H,0,

Benedict’s solution is exactly the same as Fehling’s solution except the copper(ll) ions are dissolved
in sodium carbonate instead. You still get a brick-red precipitate of copper(l) oxide though.

Acidified dichromate(VI) ions

If you heat an aldehyde with acidified dichromate(V1) ions, you get a carboxylic acid.

The dichromate(VI) ions are the oxidising agent, [O].
Potassium dichromate(VI1) with dilute sulfuric acid

is often used. The solution turns orange to green as the
dichromate(VI) ions are reduced.

Cr,0,* + 14H* + 6e- — 2Cr** + 7H,0O
Orange Green

Ketones won’t oxidise with acidified dichromate (V1) ions.

Practice Questions

Q1 Why do short chain aldehydes and ketones readily dissolve in water?
Q2 Describe how you’d use Tollens’” reagent to test for the presence of aldehydes.
Q3 What would you see if you heated Fehling’s solution with an aldehyde?

Q4 Describe the colour change seen when an aldehyde is heated with acidified dichromate(VI) ions.
Exam Question

Q1 The skeletal formulae of three A o
compounds are shown on the right. /v\n B /\)k C /\/\/OH
(0]
a) Predict which compound has the highest boiling point. [1 mark]
b) Which compound(s) do not form silver precipitates when reacted with Tollens’ reagent? [1 mark]

¢) Compound B is heated with potassium dichromate(VI) and dilute sulfuric acid.
No colour changes occur. Explain why. [1 mark]

Silver mirror on the wall, who's the most ‘aldehydey’ of them all...

Benedict Cumberbatch. What a guy. Unfortunately he’s not the Benedict who the solution is named after. Better luck
next time Cumberbatch... You don’t have to be Sherlock Holmes to know you have to learn the tests for an aldehyde.
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Reactions of Aldehydes and Ketones

So I bet you were wondering ‘I know how to distinguish between aldehydes and ketones and have learnt about their
properties but what more reactions can they do?” Well, wonder no more my brave chemistry friend.

You can Reduce Aldehydes and Ketones Back to Alcohols

Using a reducing agent [H] you can:

1) Reduce an aldehyde to a primary alcohol. 2) Reduce a ketone to a secondary alcohol.
H
/0 /0 |
R—C\ +2[H]—> R—CH,—OH R—C\ +2[H]—>R—(|Z—OH
H R’
R/

For the reducing agent, you could use LiAIH, (lithium
tetrahydridoaluminate(lll) or lithium aluminium hydride)
in dry ether — it’s a very powerful reducing agent, which
reacts violently with water, bursting into flames. Eeek.

SUOCVEVTU VD U T
= These are nucleophilic addition reactions (see below) — the reducing agent

= supplies an H™ that acts as a nucleophile and attacks the 8+ carbon.
TR R R R R RN RN RN R R AR N N R A R R R R R R Y

Mr White went OTT with
the LIAIH, again..

ARNAY

Hydrogen Cyanide will React with Carbonyls by Nucleophilic Addition

Hydrogen cyanide reacts with carbonyl compounds to produce hydroxynitriles
(molecules with a CN and an OH group). It's a nucleophilic addition reaction
— a nucleophile attacks the molecule, and adds itself. SV

= You can also use acidified potassium cyanide
(which dissociates in water to form K* ions
and CN~ ions). It needs to be acidified so

there's a source of H* for this step.
AARRARRNRNRY INRNRNRRRRARNARRRRNARRNARN

\

Hydrogen cyanide is a weak acid — it partially s _
dissociates in water to form H* and CN- ions. AIEN &= 1777 & EN

ARREREAEN

RYAREERY

1) The CN- ion attacks the slightly The carbonyl group

positive carbon atom and has a dinole hydroxynitrile

donates a pair of electrons to it. R ‘) Poe R v R O—H

Both electrons from the double \C6‘=m057 s C /0 N

bond transfer to the oxygen. R R Nc=N R Nc=N
2) H* (from either hydrogen cyanide j

or water) bonds to the oxygen to N=C: , CN~ is a nucleophile,

form the hydroxyl group (OH).

Hydrogen cyanide is a highly toxic gas. When this reaction is done in the laboratory, a solution of
acidified potassium cyanide is used instead, to reduce the risk. Even so, the reaction should be done in
a fume cupboard while wearing a lab coat, gloves and safety glasses.

Information about the optical activity of the hydroxynitrile can provide evidence for the reaction mechanism.

e The groups surrounding the carbonyl carbon in a

H
H3(;¢ / NC \CHBH ketone or aldehyde are planar.
NC:-—=C H* \C/ The nucleophile (CN-ion) can attack it from either side.
I | *  When you react an aldehyde or asymmetric ketone
(@) OH with CN-, you get a racemic mixture of two optical
H isomers. This is exactly what you’d expect from the
H3C/E H3% mechanism — the carbonyl group gets attacked equally
"C NN H H\"'C/CN from each side, producing equal amounts of the two

” ’ | products, which are optical isomers.

O HO * Because the product is present in a racemic mixture,
you would expect the product to be optically inactive.
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Reactions of Aldehydes and Ketones

2,4-dinitrophenylhydrazine Tests for a Carbonyl Group

2,4-dinitrophenylhydrazine (2,4-DNPH) is dissolved in methanol and concentrated sulfuric acid.

The 2,4-dinitrophenylhydrazine reacts to form a
igh ipi if | i t.

bright orange precipitate if a carbonyl group is presen 24-DNPH — ifs harmful, flammable

This o.nly happens witb C=0 groups, not with more complicated and can be explosive when dry.
ones like -COOH, so it only tests for aldehydes and ketones. VRN RN RN AR VARVRNRVARRRTAN

AR RN AR AN RS AR R RN A RRNARY!
You have to be careful when handling

AT,

TRRRVEA

The Melting Point of the Precipitate Identifies the Carbonyl Compound

— . — VIELUEU i i g
The orange precipitate is a derivative of the carbonyl compound For details of how to do a reclrysltiallllislalti'oln, |

which can be purified by recrystallisation. Each different ca.rbonyl' - have a look at page 226,
compound gives a crystalline derivative with a different melting point. !V EL VU0 T T v

Iy

ZERNERN

If you measure the melting point of the crystals and compare it to a table of known
melting points of the possible derivatives, you can identify the carbonyl compound.

Some Carbonyls will React with lodine

Carbonyls that contain a methyl carbonyl group react when heated with NORNARARARY 'tL‘ \' =
iodine in the presence of an alkali. If there’s a methyl carbonyl group you'll This is a methy’ =

. ——=»—C—CH,
get a yellow precipitate of triiodomethane (CHI,) and an antiseptic smell. ” ,C"\’“:blo\r:y,‘\g\r.oluﬂ S

)

SUARRA

RCOCH, + 31, + 40H-— RCOO™ + CHI, + 3I" + 3H,0

. . @) ;
If something contains a methyl Ethanal. T A ketone with at least I

carbonyl group, it must be: H—C—CH, °" " one methy!| group. R—C—CH,

Practice Questions

Q1 What are the reagents and conditions necessary to convert an aldehyde into an alcohol?
Q2 What are the reagents and conditions necessary to convert a carbonyl into a hydroxynitrile?
Q3 Which aldehyde will react with iodine in the presence of an alkali?

Exam Questions

Q1 Substance Q reacts to give an orange precipitate with 2,4-dinitrophenylhydrazine. It produces a secondary alcohol
when reduced. It reacts with iodine to give a yellow precipitate. The molecular formula of Q is C.H,,O.

a) Use the information to draw a possible structure for Q. Explain how each piece of information is useful. [4 marks]

b) Suggest and explain how the precipitate formed when Q reacts with 2,4-DNPH reagent
could be used to confirm your suggested structure. [2 marks]

¢) Draw the structure of the substance produced when Q reacts with LiAlH, in dry ether. [1 mark]

Q2 Propanone and propanal are isomers with the molecular formula C;H,O.

a) Name the type of reaction that occurs when hydrogen cyanide reacts with carbonyl compounds. [1 mark]
b) Draw: i) the product obtained when hydrogen cyanide reacts with propanone. [1 mark]
ii) the mechanism of the reaction between HCN and propanone. [4 marks]

¢) When propanal reacts with HCN the resulting product forms a racemic mixture. Give reasons why. [3 marks]

Spot the difference...

If you can’t remember which is aldehyde and which is ketone, this might help — ‘a’ comes at one end of the alphabet,
so CO is at the end of the molecule, ’k’ is in the middle of the alphabet, so the CO is in the middle. just an idea.
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Carboxylic Acids

Carboxylic acids are more interesting than cardboard boxes — as you’re about to discover...

Carboxylic Acids Contain —-COOH

rrvrrbrrvverrrrvverrrrrvrr el

1) Carboxylic acids contain the carboxyl functional group -COOH. E A carboxyl group contains a carbonyl
group and a hydroxyl group.

2) To name a carboxylic acid, you find and name the longest alkane chain = /7 v oo
containing the -COOH group, take off the ‘e’ and add ‘~oic acid’.

I

SV g,

||_| 7 O I—|1 }[I }[I /O 4 © ; 9115 piri?chisbj:ycliicoztiegs ;
H_$_C\ HO_(lz_(lz_(lz_C\ @C\ = are named using the IUPAC =
H O—H H H cH O-H O— = rules. If you're unsure have a =
ethanoic acid 4—hydroxy-Z-methyllol;tanoic acid benzoic acid :/ look back at page 70. :_

l\\H\Il\\\lll\lllllll\\l\

3) The carboxyl group is always at the end of the molecule and when naming it's more important than any
other functional groups — so all the other functional groups

in the molecule are numbered starting from this carbon. 40 e
. . . SV, R—C —R-C +H'
4) Carboxylic acids are weak acids > dp “ N N
This equilibrium lies to the = O—H o
— in water they partially dissociate = |¢ft because most of the ::%V’ > _
into carboxylate ions and H* ions. = molecules don't dissociate. carboxylic acid carboxylate ion
ooy
Carboxylic Acids are Very Soluble
1) Carboxylic acids molecules can form hydrogen bonds with each other.
Because of this, carboxylic acids have relatively high boiling points. H6*8 5
2) The ability to form hydrogen bonds make small carboxylic acids very . CH, ol
soluble in water, as they can form H bonds with the water molecules. H\ e—% 5
3) As with aldehydes and ketones (see page 196), the solubility of OtHéf.,,_:(“)’/ \O .
carboxylic acids decreases as the length of the carbon chain increases. L H\s, e
The hydrocarbon chains can’t form hydrogen bonds with water but, - Hydrogen bond \ s QT
when mixed with water, disrupt the hydrogen bonds present between
the water molecules. So, large carboxylic acids don’t dissolve in water.
In pure, liquid carboxylic acids, dimers can also form. This is when a molecule O Ho
oo 7 . . . . Y N
hydrogen bonds with just one other molecule. This effectively increases the size H3C—C/ . /C—CH3
of the molecule, increasing the intermolecular forces, and so the boiling point. NOH: - 8o/

Carboxylic Acids Can Be Formed from Alcohols, Aldehydes and Nitriles

-

VTV R
[O] represents an oxidising agent, for example,

acidified dichromate(VI) ions, CrO2‘
lll\l\lIII!IIIIlIlIIlHI\l\IIIHI/IIlIIII

Oxidation of Primary Alcohols and Aldehydes

NEANEAW

/lll\l\

L primary alcohol aldehyde carboxylic acid
You can make a carboxylic acid by oxidising o
a primary alcohol to an aldehyde, and then to I + [O] 4 + [O] //O
a carboxylic acid. Often, acidified potassium R—C—OH > R=C reflux R— C\
dichromate is used (K,Cr,O,/H,SO,). H +HO H OH

Hydrolysis of Nitriles

Carboxy!ic acid.s can also be made by nitrile carboxylic acid
hydrolysing a nitrile. You reflux the H H
nitrile with dilute hydrochloric acid, | | /O
and then distil off the carboxylic acid. H—C—C=N+2H,0+HC — H-C —Cc_ ¢ NH.CI
\\\lll|\||||I\II\”l|l“|llll|||IIIIIIHHI/ ||_| ||_l OH

= Look back at page 98 for more on distillation. =
AR AR RN R R R RN RN AN RV RN RN RR RN AN AN
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Carboxylic Acids

Carboxylic Acids React with Bases to Form Salts

1) Carboxylic acids are neutralised by aqueous bases (alkalis) to form salts and water.

CH,COOH + NaOH — CH,COONa + H,0O

ethanoic acid sodium ethanoate

RS RN RN A NERRARENVS
Salts of carboxylic acids are
called carboxylates and their

names end with —oate.
LI RR RN AR RRRRRRNRRRENAR!

NEERRRY

RN

2) Carboxylic acids react with carbonates (CO,*) or hydrogencarbonates (HCO,")
to form a salt, carbon dioxide and water.

L s ca lbl \nl " 2CH3COOHtaq) + Na,CO,, — 2CH3COONa(aq> + H,0O, + COz(g)
In these reactions, carvo

dioxide fizzes out of the
solution. This can be used as

a test for carboxylic acldls.ll\
/IIIIIIIIIlll\\\ll\HI\

7
N

CH,COOH,,, + NaHCO,, — CH,COONa,, + H,0, + CO,

ethanoic acid sodium ethanoate

NERRARRARY
iy

Other Reactions You'll Need to Know

It's quite hard to reduce a carboxylic acid, so you have to use

carboxylic acid primary alcohol
a powerful reducing agent like LiAIH, in dry ether. /O 1. 4[H]
It reduces the carboxylic acid right down to an alcohol in one R— C\ m’ R—CH,—OH
go — you can't get the reduction to stop at the aldehyde. OH =7
A RN RN N RN AN NN
carboxylic acid acyl chloride Mix a carboxylic acid with E Acyl chlorides are =
0) 0) - = covered on page 204, =
/ / phosphorus(V) chloride UL T S
R—C +PCly ——> R—C + POCI; + HCl  (Phosphorous pentachloride)
\OH \CI and you’ll get an acyl chloride.

Practice Questions

Q1 Draw the structure of ethanoic acid.
Q2 Explain the relatively high boiling points of carboxylic acids.
Q3 Describe two ways of preparing carboxylic acids.

Q4 How can you make an acyl chloride from a carboxylic acid?
Exam Questions

Q1 A student is carrying out an experiment to synthesise propanoic acid from propan-1-ol.

a) Describe how the student could make propanoic acid from propan-1-ol.

[2 marks]

b) The student wants to know whether the synthesis has been successful.

Describe a simple test tube reaction to distinguish between propan-1-ol and propanoic acid.

Give the reagent(s) and state the observations expected. [2 marks]

Q2 Methanoic acid, H,COOH, and pentanoic acid, CH,(CH,),COOH, are carboxylic acids.

a) Draw the structures of both compounds. [2 marks]
b) Explain why methanoic acid is more soluble in water than pentanoic acid. [2 marks]
c) Write a balanced equation for the reaction of 2-ethylpentanoic acid with phosphorous(V) chloride. [1 mark]

Alright, so maybe cardboard boxes do have the edge after all...

So a few new reactions for you to get your head around here. When you think about it though, the reactions with bases
and carbonates are just the same as they would be for any old acid. Also, learning the last section on forming acyl
chlorides will be really useful for when we get on to their reactions later on. You’ll have to wait for that treat though.
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Time to embrace another functional group. You'll like this one, some of the compounds smell of fruit.

Esters have the Functional Group —COO-

The name of an ester is made up of two parts — the first bit comes from
the alcohol, and the second bit from the carboxylic acid.

1) Look at the alkyl group that 2)
came from the alcohol. This is
the first bit of the ester’s name.

"I /O

H—C—C

| N
O

This is an
ethyl group.

i H—C—C
b Somgege
HoH

Now look at the part that came from the 3)
carboxylic acid. Swap its ‘-oic acid” ending
for ‘-oate’ to get the second bit of the name.

It's ethyl ethanoate
CH,COOCH,CH,

|lIIHIlIIHIIIl/lHIIllllll
Lo
The name's written the Opposite

way round from the formula,
VAR RN RN YN RRA VAR,

This came from ethanoic acid,
so it is an ethanoate.

N

Put the two parts together.

Iz

ZARNAR

This goes for molecules with benzene rings
too. If you react methanol with benzoic acid,
and you get methyl benzoate, C,H,COOCH,.

O
o< 1
No—C—H

H

If either of the carbon chains is branched you need to
name the attached groups too. For an ester, number the
carbons starting from the C atoms in the C—O-C bond.

H H H 0 o
V4 7
H—C—C—C—C T T H—g\ H |‘l l‘l
N
H ,‘4 CH. O—C—C—H O—C‘—c‘.—c‘;—H
H H CH, H H

1-methylpropyl methanoate

ethyl 2-methylbutanoate
HCOOCH(CH,)CH,CH,

CH,CH,CH(CH,)COOCH,CH,

Esters can be Made From Alcohols and Carboxylic Acids

1)

If you heat a carboxylic acid with an alcohol in the presence of an acid catalyst, such as concentrated
H,SO, or HCI, you get an ester. The reaction is called esterification.

2) For example, to make ethyl ethanoate you reflux ethanoic acid
Qbbrvvrrvvrv v rrrrrverrverrvvrv L

with ethanol and concentrated sulfuric acid as the catalyst:

= This oxygen comes from the alcohol. =

O +

7 H
H5C—C\

O—H

ethanoic acid ethanol

ZERRRYIARRRERRRARRRERRRRRRRNARNEE)
O
+H—0O—CH,CH, ———H,C C// A /O\
AN % N H H  UIYmmmigg,,

= It's a condensation reaction
= s two molecules react to
= produce a large molecule,
= and a small molecyle (in

O= CH,CH,

ethyl ethanoate water

The reaction is reversible, so you need to separate out the product as it’s formed. =
You do this by distillation, collecting the liquid that comes off just below 80 °C. ~
The product is then mixed with sodium carbonate solution to react with any carboxylic acid
that might have snuck in. The ethyl ethanoate forms a layer on the top of the

this case water) is released.

aqueous layer and can be easily separated using a separating funnel.

5)

Ethyl ethanoate is often used as a solvent in chromatography and as a pineapple flavouring.

Esters can be Broken Up in Hydrolysis Reactions

\

Acid Hydrolysis

Acid hydrolysis splits the ester

into an acid and an alcohol

— it’s just the reverse of the
condensation reaction above.

You have to reflux the ester with

a dilute acid, such as hydrochloric
or sulfuric. For example:

Toric 17 — ORGANIC CHEMISTRY 1]

U AR R R RN AR RN AN RY
As it's a reversible reaction, you
need to use lots of water to push
the equilibrium over to the right.

YRERRRY.
I

//\lll|ll\||\|IlHl|IH\lHIH\
H 0 H H
HoH H* | 7 [

-\
[ + H,0 H—C—C + H—O0—C—C
O—C—C—H reflux | AN | |
[ H O—H H H

H H

ethanol

ethanoic acid

ethyl ethanoate

-
/IIIlI|IllIIlIIIII||Il|I\

/,

NRRINENEREE

|
I
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Base Hydrolysis
o w
Thls time you havg to reflux the.ester | e m o T
with a dilute alkali, such as sodium —¢c—¢ T T — reflux | 7 |
hydroxide. You get a carboxylate IL No—¢—¢—py *t OH H—Cl—C\ - F H—O—Cl—Cl—H
ion and an alcohol. This reaction is }L kli H O H H
irreversible For example: ethyl ethanoate ethanoate ethanol
Polyesters Contain lots of Ester Links
1) Diols contain two —OH functional groups and dicarboxylic acids contain 2 -COOH functional groups.
2) Dicarboxylic acids and diols can react together to form long ester chains, called polyesters.
This reaction is known as a condensation polymerisation reaction.
=] a water molecule is eliminated ~----------------oooo My,
For more on =

dicarboxylic acid diol

Jeremy didn't know the
chemistry behind his
outfit — he just knew

he looked good.

| o o |
,,,,,,,,,,,, o
H-O—R—O0—H-— HO=C—R A C-OFR—O—H +HO

condensation
polymers, have a look
at pages 216-217.

IIlIlI\\\IIIIlIIlII\

VT,

ARTEERRT

N\

ester link 7

Example: Terylene™ (PET) — formed from benzene-1,4-dicarboxylic acid and ethane-1,2-diol.

O O
Q pe T I I
c@c +n HO—C—C—OH — C— —C—0—C—C—O—~ +2nH,0
/ \ I Aol
HO OH H H h
benzene-1,4-dicarboxylic acid ~ ethane-1,2-diol Terylene™

Polyester fibres are strong, flexible and abrasion-resistant. Terylene™ is used in clothes
to keep them crease-free and make them last longer. Polyesters are also used in carpets.
You can treat polyesters (by stretching and heat-treating them) to make them stronger.
Treated Terylene™ is used to make fizzy drink bottles and food containers.

Practice Questions

Q1 Draw the structure of ethyl ethanoate.
Q2 Suggest the reactants necessary to form ethyl ethanoate via an esterification reaction.

Q3 Name the products formed when ethy!| ethanoate undergoes acid hydrolysis.

Exam Questions

Q1 Compound C, shown on the right, is found in raspberries. }ll /()
4
—C— H
a) Name compound C. H C| C\ I|{ III | [1 mark]
H O—C—C—C—H
b) Draw and name the structures of the products formed when compound I[I ClH I!I
C is refluxed with dilute sulfuric acid. What kind of reaction is this? } [5 marks]
Q2 I-methylethyl methanoate is an ester.
a) Draw the structure of this ester. [1 mark]
b) Write an equation to show the formation of this ester from a suitable acid and an alcohol. [3 marks]
[1 mark]

¢) Name the type of reaction that is taking place to form this ester.

Carboxylic acid + alcohol produces ester — well, that’s life...

Those two ways of hydrolysing esters are just similar enough that it’s easy to get in a muddle. Remember — hydrolysis
in acidic conditions is reversible, and you get a carboxylic acid as well as an alcohol. Hydrolysis with a base is a one
way reaction that gives you an alcohol and a carboxylate ion. Now we’ve got that sorted, I think it’s time for a cuppa.
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Acyl Chlorides

Told you we’d get on to acyl chlorides later. Can you imagine a better way to end the topic? OK, maybe ice cream...

Acyl Chlorides have the Functional Group —COCI

Acyl (or acid) chlorides have the functional group COCI — their general formula is C H, ,OCI.
All their names end in ‘—oyl chloride’.

'I' P |_|l ll_l ClH*II' P QU
H—C—C\ H—C—C—C—C—C\ = The carbon atoms are numbered from the =
I [ R end with the acyl functional group. =
Ho C H OHH CH, C y goup. =

(This is the same as with carboxylic acids.)
AERARAERER R RN RRVARRERNAVAVARRENEN

RYL

ethanoyl chloride 4-hydroxy-2,3-dimethylpentanoyl chloride

QUL g,
This irreversible reaction is a much
easier, faster way to produce an
ester than esterification.

Acyl Chlorides Easily Lose Their Chlorine

[ARERRNA

ANHTvrty

Acyl chlorides react with... ARRENN AR RN RVARRRARERRANRYY/ANN
. . . . . |4
...WATER A vigorous reaction with cold water, L ANE@IE[@IE] A vigorous reaction at room
producing a carboxylic acid. temperature, producing an ester.
@) @) @) @)
7 7 7 reflux %
HC—C +HO —— H;C—C\ + HCl H1C—C\ + CH,OH —— H,C—C + HCI
Cl OH Cl O—CH,
ethanoyl chloride ethanoic acid ethanoyl chloride methyl ethanoate
...CONCENTRATED A violent reaction at room ...AMINES A violent reaction at room
AMMONIA temperature, producing an temperature, producing
amide. an N-substituted amide.
O O @)
% % % %
HC—C  +NH,  —— HC—=C + HCI HC—C  +CHNH, — HC—C + HCI
Cl NH, Cl NHCH,
ethanoyl chloride ethanamide ethanoyl chloride N-methylethanamide

Each time, Cl is substituted by an oxygen or nitrogen group and hydrogen chloride fumes are given off.
Qrrrrverrvvev e rrivi

See page 212-215 for

amines and amides. -
EARNRRNRERRERNRARANREEN

Q1 What is the organic product produced when cold water and an acyl chloride react together?
Q2 Name the products when an acyl chloride and an alcohol react.
Q3 Give the reagent(s) required to form an amide from an acyl chloride.

NN

Practice Questions

Exam Question

Q1 2-methylbutanoyl chloride is an acyl chloride.

a) Draw the structure of 2-methylbutanoyl chloride.

[1 mark]

b) 2-methylbutanoyl chloride is reacted with compound X to give N-propyl 2-methylbutanamide.
i)  Give the structure of compound X. [1 mark]
ii) Write a balance equation for the reaction. [1 mark]

Learn this page and you can become a real ace at acyl chloride reactions...
Acyl chlorides love to react. | just stared at one once, and it lost it’s chlorine right there and then... You might find it
useful to learn the structure of the functional group and get to grips with their various reactions. And when [ say useful,
I mean really very important. Better get to it. Once you’re done, congratulate yourself on finishing the topic unscathed.
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Aromatic Compounds

We begin this topic with a fantastical tale about the discovery of the magical rings of Benzene.
Our story opens in a shire where four hobbits are getting up to mischief... Actually no, that’s something else...

Benzene has a Ring Of Carbon Atoms

Benzene has the formula C;H,. It has a cyclic structure, with its six carbon atoms joined together in a ring.
There are two ways of representing it — the Kekulé model and the delocalised model.

The Kekulé Model Came First

1) In 1865, the German chemist Friedrich August Kekulé proposed
that benzene was made up of a planar (flat) ring of carbon The Kekulé Model
atoms with alternating single and double bonds between them.

\\\/I\|II|||,|,,,/
= The single and =
= double bonds =

2) In Kekulé’s model, each carbon atom A ||_| :// alternate. =
is also bonded to one hydrogen atom. C e A
3) He later adapted the model to say that the benzene

molecule was constantly flipping between two forms
(isomers) by switching over the double and single bonds: H/C\ /C\H

(IO :
4) If the Kekulé model was correct, you'd expect benzene to have three bonds with the length of a

C-C bond (154 pm) and three bonds with the length of a C=C bond (134 pm).  qwirviiiminn iy,
Even though it's not completely

|| I

5) However X-ray diffraction studies have shown that all the ot chemicts still draw the Kebulé
carbon-carbon bonds in benzene have the same length of 140 pm g

. . structure of benzene as it's useful
— i.e. they’re between the length of a single bond and a double bond. = when drawing reaction mechanisms.

So the Kekulé structure can’t be completely right... IR AR AR RN RN AR RN AR RARRAIN

ity

AINRRRRARA

The Delocalised Model Replaced Kekulé’s Model

The bond-length observations are explained by a different model — the delocalised model.

1) In the delocalised model, each carbon atom i
forms three 6-bonds — one to a hydrogen atom, The Delocalised Structure
and one to each of its neighbouring carbon atoms.
These bonds form due to head-on overlap of their atomic orbitals. |

2) Each carbon atom then has one remaining p-orbital, containing one He ~C~_ _H
electron, which sticks out above and below the plane of the ring.

. or
These p-orbitals on each of the carbon atoms overlap sideways |

to form a ring of m-bonds that are delocalised around the carbon ring. H/C\ S
3) The delocalised m-bonds are made up of two ring-shaped clouds of KUARERNRENAR RS
electrons — one above and one below the plane of the six carbon atoms. Delfocfl'ied nng =
[~ oT electrons. N
4) All the bonds in the ring are the same — so, they’re all the same length. ZAIRRRRRVERRENERLS

5) The electrons in the rings are said to be delocalised because they
don’t belong to a specific carbon atom. They are represented as a
circle inside the ring of carbons rather than as double or single bonds.

G-bonds between the ele_ctrgr;slm delocalised ring
carbon atoms due' to hgad—on pl or 'Idas of electrons 3 ik
overlap of atomic orbitals \ oty SRR Gary woke up after the stag party to
find himself in a delocalised orbit.
— e WV iy,
carbon = Benzene is a planar (flat) molecule — it's =
hydrogen = got aring of carbon atoms with their =
= hydrogens sticking out all on a flat plane. =

RN RN RN R RN AN RN RN RN NA RN
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Aromatic Compounds

Enthalpy Changes of Hydrogenation Give More Evidence for Delocalisation

1) If you react an alkene with hydrogen gas, two atoms of hydrogen add across the double bond. This is called
hydrogenation, and the enthalpy change of the reaction is the enthalpy change of hydrogenation.

2) Cyclohexene has one double bond. When it’s hydrogenated, the enthalpy change is =120 k] mol-'.
If benzene had three double bonds (as in the Kekulé structure),
you'd expect the enthalpy of hydrogenation to be (3 x 120 =) =360 kj mol-".

3) But the experimental enthalpy of hydrogenation of benzene is —208 kJ mol-' — far less exothermic than expected.

4) Energy is put in to break bonds and released when bonds are made. So more energy must have been
put in to break the bonds in benzene than would be needed to break the bonds in the Kekulé structure.

\\\Illl!llll”l”
_ L Fnng
O + H2 - O AI_Iehydrogenanion =-120 k] mol™! - See page 104—105 Folr, rlnlolr;’ I/:
- about entha| -
cyclohexene T ﬁ/lclhlalr:glelsl S
[INEAN
. © -
@ LM O predicted AH®, - ration = —360 kJ mol
2 o L
actual AH hydrogenation = —208 k) mol-"

Kekulé structure

5) This difference indicates that benzene is more stable than the Kekulé structure would be.
Benzene’s resistance to reaction (see below) gives more evidence for it being more stable than the
Kekulé structure suggests. The extra stability is thought to be due to the delocalised ring of electrons.

Alkenes usually like Addition Reactions, but Not Benzene

1) Alkenes react easily with bromine water at room temperature.
This decolourises the brown bromine water. It’s an electrophilic addition reaction
— the bromine atoms are added across the double bond of the alkene (see page 86).

For example:
Br Br SN ey
H< H | | = Remember—electro i A2
— e = . philes are positj -
H/C_C\H + Br-Br —— H (|: (Ij H - Charged lons, or polar moleculespthaévzz =
H H :’/1 ?ltt/rlalcﬁef{l fo areas of negative charge =
. . E -
ethene bromine 1,2-dibromoethane R NN RN EIRN

2) If the Kekulé structure were correct, you'd expect a similar reaction between benzene and bromine.
In fact, to make it happen you need hot benzene and ultraviolet light — and it’s still a real struggle.
3) This difference between benzene and other alkenes is explained by the delocalised m-bonds in benzene.
They spread out the negative charge and make the benzene ring very stable.
So benzene is unwilling to undergo addition reactions which would destroy the stable ring.
The reluctance of benzene to undergo addition reactions is more evidence supporting the delocalised model.
Also, in alkenes, the n-bond in the C=C double bond is an area of localised high electron density which strongly
attracts electrophiles. In benzene, this attraction is reduced due to the negative charge being spread out.

5) So benzene prefers to react by electrophilic substitution (see pages 208-210).

&

Benzene Burns with a Smoky Flame

Benzene is a hydrocarbon, so it burns in oxygen to give carbon dioxide and water:

2CH, + 150, — 12CO, + 6H,0

If you burn benzene in air, you get a very smoky flame — there’s too little
oxygen to burn the benzene completely. A lot of the carbon atoms stay as
carbon and form particles of soot in the hot gas — making the flame smoke.

Ben didn't just think he
was hot.. He thought
he was smoking hot.
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Aromatic Compounds

Aromatic Compounds are Derived from Benzene

1) Compounds containing a benzene ring are called arenes or ‘aromatic compounds’. There are two ways
of naming arenes, but there’s no easy rule to know which name to give them. Here are some examples:

Some are named as substituted benzene rings... _ailhers ave memad &

Cl NO, CH, compounds with a phenyl QU Nk
{ group (C,H,) attached.
*CH, _
chlorobenzene  nitrobenzene  1,3-dimethylbenzene phenol phenylamine

2) If there’s more than one functional group attached to the benzene

ring you have to number the carbons to show where the groups are. OH

e If all the functional groups are the same, pick the group to start :

CH,
from that gives the smallest numbers when you count round.

2
e If the functional groups are different, start from whichever
functional group gives the molecule its suffix
(e.g. the -OH group for a phenol) and continue counting
round the way that gives the smallest numbers.

2 4-dinitromethylbenzene 2-methylphenol

Practice Questions

Q1 Draw the Kekulé and delocalised models of benzene.
Q2 Write an equation for the combustion of benzene in excess oxygen.

Exam Questions

Q1 When cyclohexene reacts with hydrogen, one mole of H, adds across the
double bond in one mole of cyclohexene. 120 kJ of energy is released.

O +H,— O AH =-120 kJ mol'

Use the structures of the following molecules, along with the information above, to answer the following questions:

@ Cyclohexa-1,3-diene © Benzene (Kekulé structure)

a) i) Predict the number of moles of H, that one mole of cyclohexa-1,3-diene will react with. [1 mark]
ii) Predict how much energy will be released during this reaction. [1 mark]

b) Look at the Kekulé structure for benzene. Explain why this model would lead to the prediction
that 360 kJ of energy would be released during the reaction between benzene and H,. [1 mark]

¢) One mole of benzene actually releases 208 kJ of energy when it reacts with hydrogen.
Suggest how the delocalised model of benzene explains the difference between
this number and the prediction of 360 kJ based on the Kekulé structure. [2 marks]

d) By referring to the structure and reactivity of benzene, outline two further pieces of evidence which
support the delocalised structure as a better representation of benzene than the Kekulé structure. [4 marks]

Q2 A student takes two test tubes, each containing bromine water. He adds cyclohexene to one
of the test tubes and benzene to the other. Describe and explain what the student will see. [3 marks]

Everyone needs a bit of stability in their life...

The structure of benzene is bizarre — even top scientists struggled to find out what its molecular structure looked like.
Make sure you can draw all the different representations of benzene given on these pages, including the ones showing
the Cs and Hs. Yes, and don’t forget there’s a hydrogen at every point on the ring — it’s easy to forget theyre there.
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Electrophilic Substitution Reactions

Benzene is an alkene but it often doesn’t behave like one — whenever this is the case, you can pretty much
guarantee that our kooky friend Mr Delocalised Electron Ring is up to his old tricks again...

Arenes Undergo Electrophilic Substitution Reactions

It \

1) As you saw on page 206, benzene doesn’t undergo electrophilic f\\ Ele’ctlrlolph’ille; ‘a‘rlelrlésji;i\'/ély I//:
addition reactions as alkenes do. This is because addition reactions = charged ions, or polar =
would break the very stable ring of delocalised n-bonds. = molecules, that are attracted =

= to areas of negative charge. \E

2) Instead, benzene takes part in electrophilic substitution reactions. S T ) P
In these reactions, a hydrogen atom in benzene is substituted by an electrophile.

The mechanism has two steps — addition of the electrophile to form a positively charged intermediate,
followed by loss of H* from the carbon atom attached to the electrophile. This reforms the delocalised ring.

E H E
ST .
+ Z Eis an electrophile. =
—> > +H AV RREARRRNRR YRR

H* is lost, and the
delocalised ring is reformed.

Benzene reacts with the electrophile, An unstable
breaking the delocalised ring. intermediate forms.

Halogen Carriers Help to Make Good Electrophiles

1) The delocalised n-bonds in benzene means that the charge density is spread out across the ring.
This means that an electrophile has to have a pretty strong positive charge to be able to

attack the benzene ring. Most compounds just aren’t polarised enough — but some can

be made into stronger electrophiles using a catalyst called a halogen carrier.

A halogen carrier accepts a lone pair of electrons from a halogen atom on an electrophile.

As the lone pair of electrons is pulled away, the polarisation in the molecule increases

and sometimes a carbocation forms. This makes the electrophile stronger.

\\IIIIIIIIIIHI\HHI\IIIIIIIHIII/
Halogen carriers can increase how “
electrophilic (how strongly something
reacts as an electrophile) halogens, acyl

., chlorides and halogenoalkanes are.
PRV i v

o+ O— " _
R—Cl:--—--> AlCl, —> R" AICI,

halogenoalkane  halogen
carrier carbocation

NARNNRNEDY

ZRNAVRENT

Although R* gets shown as a free ion, it
probably remains associated with AIC|,~ —
this doesn't affect how R* reacts though.

\

3) Halogen carriers include aluminium halides, iron halides and iron.

Halogen Carriers Help Halogens Substitute into the Benzene Ring

Benzene will react with halogens (e.g. Br,) at room temperature in the presence

1)
of a halogen carrier catalyst, e.g iron(lll) bromide, FeBr,.
2) The catalyst polarises the halogen, allowing one of the halogen atoms to act as an electrophile.
3) During the reaction, a halogen atom is substituted in place of a H atom — this is called halogenation.

5 [ o
Br—Br:\J‘FeBr3 Br
—> + HBr + FeBr,
bromobenzene

benzene
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Electrophilic Substitution Reactions

Friedel-Crafts Reactions Form C—C Bonds

Friedel-Crafts reactions are really useful for forming C-C bonds in organic synthesis. They are carried out by
refluxing benzene with a halogen carrier and either a halogenoalkane or an acyl chloride. There are two types:

Friedel-Crafts Alkylation Puts an Alkyl Group on Benzene

Friedel-Crafts alkylation puts any alkyl group onto a benzene ring AlCI
3
using a halogenoalkane and a halogen carrier. The general reaction is: | CeHs + R=X W CH.R +HX

Here’s how the mechanism for the reaction works, using a chloroalkane and AICI, as an example:

A carbocation is formed from the chloroalkane and AICI,. Cl Cl
RQ]I/NPld ——» R + CI—Al—ClI
The carbocation then reacts with benzene /
via electrophilic substitution: cl Cl
Cl
R+ H | — R
benzene carbocation Cl_All_C] alkylbenzene
Cl
—
_— + HCI + AICI,
1) The carbocation is the electrophile. It attracts 2)  AICI, reacts with the unstable intermediate to
the electrons in the delocalised ring to form a remove a hydrogen ion and the delocalised ring is
new C—C bond. The delocalised ring of electrons reformed. An alkylbenzene and hydrogen chloride
is broken and an unstable intermediate forms. are made and the AICL, catalyst is regenerated.
Friedel-Crafts alkylation can also OAICIT ,C')-//Q(]
. . / 3 3 3
occur with other electrophiles. e |
2
Electrophiles that are made up of alkyl chains H. CH, CH,OH
containing OAICI,~ groups can be added to
benzene rings to create alcohols.
Because the oxygen in the alkyl chain has a +AlCl

lone pair of electrons, it can act as a nucleophile.

Friedel-Crafts Acylation Produces Phenylketones

Friedel-Crafts acylation substitutes an acyl group for an H atom on benzene. You have to reflux benzene with
an acyl chloride instead of a halogenoalkane. This produces phenylketones (unless R = H, in which case an
aldehyde called benzenecarbaldehyde, or benzaldehyde, is formed). The reactants need to be heated under

reflux in a non-aqueous solvent (like dry ether) for the reaction to occur. QU MV EHT IV EIVTEIVV T IRV EEETV TV,
= The mechanism for this is the same as for

the formation of a carbocation in

Ly

AlCI
The general reaction is: | C,H, + RCOCI Tuig C,H.COR + HClI

\/\HIIHI\

fl Friedel-Crafts alkylation, except with an
= acyl chloride instead of a halogenoalkane.
AR RN RN RN AR RN RARERRRRNARSRRRRARR TN
Again, the carbocation is formed from the acyl chloride and AICI,: CH,COCI + AICI, — CH,CO* + AICI,-
O @)
R carbocation R_C/ R_C/ e (l:] R\ /O
N+ ~Hca—A=cl C
=0
benzene phenylketone
cCl
- — + HCI + AICI,
1) Electrons in the benzene ring are attracted to the 2) The negatively charged AICI,™ ion is attracted to the positively
positively charged carbocation. Two electrons from the charged ring. One chloride ion breaks away from the aluminium
benzene bond with the carbocation. This partially breaks chloride ion and bonds with the hydrogen ion. This removes the
the delocalised ring and gives it a positive charge. hydrogen from the ring forming HCl. It also reforms the catalyst.
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Electrophilic Substitution Reactions

Nitric Acid Acts as an Electrophile with a Sulfuric Acid Catalyst

When you warm benzene with concentrated nitric acid and concentrated sulfuric
acid, you get a nitration reaction and nitrobenzene is formed.

Sulfuric acid is a catalyst — it helps make the nitronium ion, NO,* which is the electrophile:

HNO, + H,50, — H,NO,* + HSO,"
H,NO,* — NO,* + H,0

The NO,* electrophile then reacts with the benzene ring to form nitrobenzene:

$ O.N, H NO,
NO, : (AN RN N RN R RN NAN
. This H* ion reacts with HSO,~
—> + H to reform the catalyst, H,SO,.

abbrrryvebvrrvblb e by

2

—

ZANRERAN

If you only want one NO, group added (mononitration), you need to keep the temperature below 55 °C.
Above this temperature you'll get lots of substitutions.

Practice Questions

Q1 What type of reaction does benzene tend to undergo?

Q2 Describe the role of a halogen carrier in electrophilic substitution reactions.

Q3 Name two substances that are used as halogen carriers in substitution reactions of benzene.
Q4 Describe two ways of making C—C bonds with benzene.

Q5 What type of compounds are normally formed in Friedel-Crafts acylation reactions?

Q6 Which two acids are used in the production of nitrobenzene?

Exam Questions

Q1 Two electrophilic substitution reactions of benzene are summarised in the diagram below:

NO, Br
S0
A benzene J
a) 1) Name product A, the reagents B and C, and give the conditions, D. [4 marks]
i1) Write equations to show the formation of the electrophile in this reaction. [2 marks]
iii) Outline a mechanism for the reaction of benzene with the electrophile formed in ii). [2 marks]
b) i) Name product J. [1 mark]
ii) Name reagents E and F, and give the conditions, G, needed in the reaction to make J. [3 marks]

Q2 A halogen carrier, such as AICI,, is used as a catalyst in the reaction between benzene and ethanoyl chloride.

a) Describe the conditions needed for this reaction. [1 mark]
b) Explain why the halogen carrier is needed as a catalyst for this reaction to occur. [2 marks]
c) Draw the structure of the electrophile that attacks the benzene ring. [1 mark]

Shhhh... Don'’t disturb The Ring...

Benzene really likes Mr Delocalised Electron Ring and it won't give him up for nobody, at least not without one heck
of a fight. It'd much rather get tangled up in an electrophilic substitution reaction. | mean, those hydrogen atoms
weren’t good for much anyway, so it’s not as if anyone’s going to miss them. Anything not to bother The Ring.
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Phenols are like benzene, but they have a hydroxyl group on the benzene ring. This changes their reactivity.

Phenols Have Benzene Rings with -OH Groups Attached
Phenol has the formula C;H,OH.

OH OH OH OH
Other phenol derivatives have various CH, A‘N
roups attached to the benzene ring: W,
group & Number the
carbons starting
CH, Cl NO

; > g from the one with =
phenol  2,4-dimethylphenol 4-chlorophenol 4-nitrophenol = the -OH group. =
ZARYERRRNRRRRRNAN
2 . delocalised rin .
Phenol is More Reactive than Benzene oortrons 2 electrons in
p-orbitals
1) The -OH group means that phenol is more likely to
undergo electrophilic substitution than benzene. /Oxyge”
2) One of the.lone pairs of e.IeCtrons ina p-orbital of the oxygen atom ~—
overlaps with the delocalised n-bonds in the benzene ring.
3) So the lone pair of electrons from the oxygen atom
is partially delocalised into the mt-system. carbon hydrogen
4) This increases the electron density of the ring, making it more likely to be attacked by electrophiles.
Phenol is more reactive than benzene, so if you shake phenol ~ Of OH
with orange bromine water, it will react, decolourising it. Br Br
The -OH group makes the ring very attractive to electrophiles, T S > T SED
so substitution happens more than once. The product is |
called 2,4,6-tribromophenol — it’s insoluble in water and Br
precipitates out of the mixture. It smells of antiseptic. 2,4,6-tribromophenol
You Can Synthesise Aspirin From Salicylic Acid U NS
= Ethanoic anhydride =
The -OH group in phenol can take part in esterification reactions, like an alcohol. For example, = reacts a bit like an -
aspirin can be synthesised by an esterification reaction of salicylic acid (a phenol derivative). = acyl chloride, but its =
= cheaper and safer. =
1) Add some ethanoic anhydride and a few drops of O AARTRRRNRRINAREAREY
phosphoric acid to salicylic acid in a test tube. Warm the HO_ O H,C*C// HO_ O
reaction mixture to 50 °C and leave for about 15 minutes. ol + ; \O H ‘C/ //O
2) Add some cold water to the reaction mixture, OIF H Cfc/ O\C/CH3 + HL%C*C\
and then cool on ice. Aspirin crystals should form. ’ \\O (H) O—H
3)  Filter the crystals under reduced pressure. salicylic acid ~ ethanoic anhydride aspirin ethanoic acid
4)  Recrystallise the aspirin in a mixture of water and ethanol. NIRIRRRN AR R AR RRRRANAR AR RARRRANRR DD

= See page 202 for more on esterification. =
ZIVEU LV S

Practice Questions

Q1 What is the formula and structure of phenol?

Q2 Write a balanced equation for the reaction between phenol and bromine (Br,).
Exam Question

Q1 a) Bromine water can be used to distinguish between benzene and phenol.

Describe what you would observe in each case and name any products formed. [2 marks]
b) Explain why phenol reacts differently from benzene. [2 marks]
¢) Name the type of reaction that occurs between phenol and bromine. [1 mark]

Phenol Destination 4 — more compounds, more equations, more horror...

The electrophilic substitution reactions of phenol are all pretty similar to benzene — phenol’s just more reactive so the
reaction conditions can be a bit milder. Make sure you can explain why phenol is more reactive than benzene.
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Another type of organic compound coming up. Amines all contain nitrogen. Luckily, they’re not as mean as they sound.

Amines are Organic Derivatives of Ammonia

If one or more of the hydrogens in ammonia (NH,) is replaced with an organic group, you get an amine.

Amines have the functional group -NR, where R is an alkyl group or H.
Amines can be primary, secondary or tertiary depending on how many alkyl groups the nitrogen atom is bonded to.

If the nitrogen atom is bonded to four alkyl groups, you get a positively charged quaternary ammonium ion.

CH, H

/M % ,CH, " N/ RWERN
H,C—N H.C—N H,C—N H,C— N —CH, N ot l'l‘l'll//:
AN ’ AN N \ H = ‘Aliphatic'is =
hi CH;, CH, CH, = atermfor =
methylamine dimethylamine trimethylamine tetramethylamine ion phenylamine = compounds =
(primary amine) (secondary amine) (tertiary amine) (quat?rnarx (primary amine) = without any -
ammonium ion) = benzene ring -
. . = structures. =
aromatic amine 7, g S

aliphatic amines

Aliphatic Amines Can Be Made From Halogenoalkanes...

Amines can be made by heating a halogenoalkane with an excess of ethanolic ammonia.

H
| /H NARRRRRRR AR RN
Z/N\ + CH,CH,Br —» CH3CH2N\ + NH,Br = Thisis a nucleophilic

For example, bromoethane will react
Z substitution reaction.

with ammonia to form ethylamine: H H H -
ammonia ethylamine AT e

[RNEREN

The problem with this method is that you’ll get a mixture of primary, secondary and tertiary amines,
and quaternary ammonium salts. This is because the nitrogen atom in primary, secondary and tertiary
amines has a lone pair of electrons, meaning it can act as a nucleophile. It can therefore take part in
nucleophilic substitution reactions with any halogenoalkane in the reaction mixture (see page 214),
which causes more substituted amines to be produced, where more than one hydrogen is replaced.

...Or By Reducing a Nitrile
You can reduce a nitrile to a primary amine by a number of different methods:
1) You can use lithium aluminium hydride (LIAIH, — a strong reducing agent)

in a non-aqueous solvent (such as dry ether), followed by some dilute acid. (v 1,/ ,,,, iy
: = [Hlisjust = ,
R — CHy— C=N + 41H] —— oA, R — CH,— CH N/H = thereducing = |V,
— — (C=N + > — _ = z
’ (2) dilute acid 2 N = agent (here =
o . : - Its LIAIH). =
nitrile primary amine TS

2) This method is fine in the lab, but LiAlH, is too expensive for industrial use.
In industry, nitriles are reduced using hydrogen gas with a metal catalyst, such as platinum
or nickel, at high temperature and pressure. This is called catalytic hydrogenation.

H
R — CH,—CH,N

Becky was reduced
to tears by lithium
aluminium hydride.

nickel catalyst

high temperature
and pressure primary amine

R — CH,—C=N + 2H,

nitrile

Aromatic Amines are Made by Reducing a Nitro Compound

Aromatic nitro compounds, e.g. nitrobenzene,
. . NOZ . NHZ
are reduced in two steps: (1) tin, conc. HCI
1) Heat a mixture of a nitro compound, tin metal and reflux R H
concentrated hydrochloric acid under + G 2)NaOH 2
reflux — this makes a salt. ] .
nitrobenzene phenylamine

2) To get the aromatic amine, add sodium hydroxide.
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Amines Are Bases R R 1+
. I I
1) Amines act as weak bases because they accept protons. H —[ka}'_r — |—|—N|—|—|
There’s a lone pair of electrons on the nitrogen atom that
can form a dative covalent (coordinate) bond with an H* ion. ::% H H
2) The strength of the base depends on how available the nitrogen’s lone pair of electrons is.
The more available the lone pair is, the more likely the amine is to accept a proton, and the stronger
a base it will be. A lone pair of electrons will be more available if its electron density is higher.
Primary aliphatic amines are stronger bases than ammonia, which is a stronger base than aromatic amines.
The benzene ring draws electrons Greater availability of lone pair of electrons
towards itself and the nitrogen lone Alkyl hel
pair gets partially delocalised onto Stronger bases v groupsh p:s e
the ring so the electron H H H onto attached groups so
e | | | thg electron denyty on the
decreases, making the @:N H—N: R%— N:(% nitrogen atom increases.
lone airlmuch | | | This makes the lone pair
less af/ailable / H H H more available.
' primary aromatic ammonia primary aliphatic
amine (phenylamine) amine = distribution of
negative charge
3) The lone pair of electrons also means that amines are nucleophiles. They react with halogenoalkanes in a
nucleophilic substitution reaction (see next page), or with acyl chlorides to form N-substituted amides (p.215).
4)  Amines are neutralised by acids to make

ammonium salts. E.g. butylamine reacts with CH,CH,CH,CH,NH, + HCl - CH,CH,CH,CH,NH,*CI-
hydrochloric acid to form butylammonium chloride:

Small Amines Dissolve in Water to Form an Alkaline Solution

1)
2)

Small amines are soluble in water as the amine group can form hydrogen bonds with the water molecules>

The bigger the amine, the greater the London forces (see pages 30-31) between Ho+

the amine molecules and the more energy it takes to overcome the London forces. //(CHz)gCH3

The larger carbon chains in larger amines also disrupt the hydrogen bonding in %»\ﬁ .

water, but can’t form hydrogen bonds with water themselves. & o 8 H

So large amines are less soluble in water than small ones. H/s? ' \L‘*(CHz%CHs

When they dissolve, amines form alkaline solutions. Some of the amine molecules

in the solution take a hydrogen ion from
water, forming alkyl ammonium ions CH,CH,CH,CHNH, ) + H,0, = CH,CH,CH,CH NH,® ) + OH )

and hydroxide ions.

Amines will Form a Complex lon With Copper(ll) lons

4)

H,Om.. l LOH, |
- Cu\ | - _Cu_
HO= NOH, |y - H,C(H,0);H,N"" | ~NH,(CH,),CH,

In copper(ll) sulfate solution, the Cu** ions form [Cu(H,0)]** complexes with water. This solution’s blue.

If you add a small amount of butylamine solution to copper(ll) sulfate solution you get a pale blue precipitate
— the amine acts as a base (proton acceptor) and takes two H* ions from the complex.

This leaves a pale blue precipitate of copper hydroxide, [Cu(OH),(H,0),], which is insoluble.

Add more butylamine solution, and the precipitate dissolves to form a beautiful deep blue solution.

Some of the ligands are replaced by butylamine molecules, which donate their lone pairs to form
dative covalent bonds with the Cu?* ion. This forms soluble [Cu(CH,(CH,),NH,),(H,0),]** complex ions.

OH, 2+ OH, 2+
N\ small amount of butylamine ) l
| H3C(H,C)3H, N .NH,(CH,),CH,

y butylamine in excess
| > 5 ;

rd

Jis pale blue '\
OH, e | precipitate Iy OH,
2+ 2+
[Cu(H,0)] [Cu(OH),(H,0),] [Cu(CH;(CH,);NH,)4(H,0),]

The same set of reactions will happen with other amine molecules. For larger amines, the final
product may change because the amine molecules just can’t fit around the copper ion.
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Amines React with Halogenoalkanes in Nucleophilic Substitution Reactions

1) As you saw on page 212, primary amines can be made from the reaction between ammonia and a
halogenoalkane. It’s a nucleophilic substitution reaction — the lone pair on the ammonia molecule is attracted to
the 3+ carbon in the halogenoalkane and reacts with it to remove the halogen and form a primary amine.

2) The nitrogen atom in the primary amine that is formed has a lone pair of electrons, so it is also a nucleophile.
In fact, primary, secondary and tertiary amines all have a lone pair of electrons on their nitrogen atom, so are able

to react with halogenoalkanes in nucleophilic substitution reactions to form more substituted amines:
\\\IlllHllll\llIlllll||I

substitution reactions.
ARERANERNRRNARRRRREREE

’ //

~H - H KR I‘Q = Quaternary ammonium =
R—N R'X R—N RX_. R—N R'X R—N=—R’ = ions have no lone pairs, =
NH < R R [‘{, = so they can't take place in =
primary amine secondary amine tertiary amine quaternary ammonium ion - v further nucleophilic =
// N

/

Amines Can Be Acylated to Form N-Substituted Amides

When amines react with acyl chlorides, an H atom on the amine is swapped for the acyl group,
RCO, to produce an N-substituted amide (see the next page) and HCI. The HCI reacts with another
molecule of the amine to produce a salt. In the case of butylamine (C,H,NH, ), the reactions are:

Stage 1: O Stage 2: H
w7 A A ° L | .
CHi—C  + CH,(CH,)N| —> HCl +CH,—C CH,(CH,),;N +HCl—»CH,(CH,)sN=H ClI
Cl NH “NH(CH,),CH, “H |
ethanoyl chloride  butylamine N-butyl ethanamide butylamine butylammonium chloride

The combined equation for this reaction is: | CH,COCI + 2C,H,NH, — CH,CONHC,H, + [C,H,NH,]*CI-

N NN N I A
. N -
This is the 'halogenoalkane + ammonia’ =

reaction you met on page 93. =
AR RN RN RN AR NRRNRVARURNEN

To carry out this reaction, ethanoyl chloride is added to a
concentrated aqueous solution of the amine. A violent reaction
occurs, which produces a solid, white mixture of the products.

v

\

Practice Questions

Q1 Draw examples of a primary, secondary and tertiary amine, and a quaternary ammonium ion.
Q2 What conditions are needed to reduce nitrobenzene to phenylamine?
Q3 Explain why small amines dissolve in water but large ones don't.

Exam Questions
Q1 Butylamine solution will react with ethanoyl chloride, CH,COCI, to form N-butylethanamide, CH,CONH(C,H,).
a) Butylamine solution is alkaline. Explain why this is. [2 marks]
b) Write balanced equations for the two stages of the reaction between butylamine and ethanoyl chloride. [2 marks]
Q2 a) Explain how methylamine, CH,NH,, can act as a base. [1 mark]

b) Methylamine is a stronger base than ammonia, NH;. However, phenylamine, C.H.NH,,
is a weaker base than ammonia. Explain these differences in base strength. [2 marks]

Q3 Propylamine can be synthesised from propanenitrile, CH,CH,CN.
a) Suggest suitable reagents for its preparation in a laboratory. [1 mark]

b) What reagents and conditions are used in industry? [2 marks]

You've got to learn it — amine it might come up in your exam...

Did you know that rotting fish smells so bad because the flesh releases diamines as it decomposes? But the real
question is: is it fish that smells of amines or amines that smell of fish — it’s one of those chicken or egg things that no
one can answer. Well, enough philosophical pondering — we all know the answer to the meaning of life. It’s 42.
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Some more nitrogen-containing organic compounds to keep you entertained. Amides look like carboxylic acids, but
the -OH group is replaced by -NH, or -NHR. You need to be able to recognise them and know how theyre made.

Amides are Carboxylic Acid Derivatives

. . . O O One of th
Amides contain the functional group -CONH,,. 4 7 ne ot the

R—C R— C/ hydrogens is
The carbonyl group pulls electrons away from the rest of the SN—H NN—H  replaced with
-CONH, group, so amides behave differently from amines. I IN\R_an alkyl group.
You get primary amides and N-substituted amides depending on fimar aﬂide N—substituteRd amide
how many carbon atoms the nitrogen is bonded to. i

You Name Amides Using the Suffix ‘-amide’

1) Amides all have the suffix -amide. If the molecule is a primary amide,
then the name is simply the stem of the carbon chain, followed by -amide.

2) N-substituted amides also have a prefix to describe the alkyl chain that is attached
directly to the nitrogen atom. The prefix has the general form N-alkyl-.

/O /O
CH,—CH,— C\ CH,—CH,— C\
TTJ —H TJ —CH,—CH,
H H Charlie was trying the
propanamide N-ethylpropanamide new, protein-heavy

hen-substituted diet.

Amides Can Be Made From Acyl Chlorides

If you can react an acyl chloride with ammonia or a primary amine, you'll form an amide.

1) The reaction with concentrated 0 0
ammonia at room temperature H.C— C/ + NH, —— H,C— C/ + HcCl
H ide- ' AN ’ N
forms a primary amide: Cl NH,
ethanoyl chloride ethanamide
2) The reaction with a primary /O /O
amine at room temperature forms | C—C + CH,;NH, —> H,C—C + HCl
an N-substituted amide: ‘ Nl : ' NHCH,
ethanoyl chloride N-methylethanamide

Practice Questions

Q1 Draw the general structures of a primary amide and an N-substituted amide,
using R and R’ to represent any alkyl groups.

Q2 Give the reagents and conditions you could use to make a primary amide from an acyl chloride.
Exam Question

Q1 An N-substituted amide is shown on the right. /O
) CH,CH,CH,—C
a) Name the amide. \NHCHZCHZCH3 [1 mark]
b) The amide can be made through the reaction of an acyl chloride.
Name the acyl chloride, and give any other reagents and conditions needed for this reaction. [3 marks]

| think, therefore | amide...

‘Amine’ and ‘amide’” might sound pretty similar, but that C=O group makes a world of difference. Check that you can
tell the difference between them, and make sure you know how to make both primary and N-substituted amides.
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Condensation Polymers

You met addition polymerisation back on page 88. Now it’s time for a second type — condensation polymerisation.

Condensation Polymers Include Polyesters, Polyamides and Polypeptides

1) Condensation polymerisation usually involves two different types of monomers.

2) Each monomer has at least two functional groups. Each functional group reacts with
a group on another monomer to form a link, creating polymer chains.

3) Each time a link is formed, a small molecule (often water) is lost —
that’s why it’s called condensation polymerisation.

Reactions Between Dicarboxylic Acids and Diamines Make Polyamides

1) Carboxyl (-COOH) groups react with amino (-NH,) groups to form amide (-CONH-) links.
2) A water molecule is lost each time an amide link is formed — it’s a condensation reaction.
3) The condensation polymer formed is a polyamide.

e B Wiy,
AR a water molecule is eliminated STy T T = Dicarboxylic acids and =
T | ____i_ ________ V. = diamines have functional =
HO—C—R—-C +OH H+-N—R —-N—H —» HO—C—-R+C—N+R'-N—H 1+ H,O1 = groups at each end of =
bosososses " O e = the molecule, so both =
: . H H ide link H H = ends can react and long =
dicarboxylic acid diamine amide lin - chains can form. =
///ll\|l||\llll\l\\lIII\\
Proteins are Condensation Polymers of Amino Acids
1) Amino acids are molecules that contain both an amine and a carboxylic acid group (see page 218).
2) Amino acid monomers can react together in condensation polymerisation reactions to form proteins.
The amino acid monomers are connected by amide links — in proteins these are called peptide links.
3) The amine group of one amino acid can react with the
carboxylic acid group of another in a condensation reaction. SR
= Proteins are really =
T S s dipeptide, - Peptide link = polyamides. ~ =
R H . 'O | R R LA RRRENRA
AN | e N Condensation H\ | ] N
/N— (li—COQH‘\_+ N— CI_ COOH = /N— (lf-r C— TTJ — CI_ COOH +H,0;
NI Hydrolysis i i S
n H(V H RIS Hi | Hi H |
A (I T e m s s s s m o s s s o o oo i
- Wy brverp et rreverrvv vt r b rtrrrrv e r vy e c e ey rrvv vt v rrte v ny b

Lots of these reactions
would happen to make
a long protein chain.
R RRNNRRRAVARRARANIN
4) You can break down (hydrolyse) a protein into its individual amino acids, but you need pretty harsh conditions.
Hot aqueous 6 mol dm=3 hydrochloric acid is added, and the mixture is heated under reflux for 24 hours.

This produces the ammonium salts of the amino acids. The final mixture is then neutralised using a base.

Condensation reactions can occur at either end of an amino acid, so you could also draw a reaction

with the amine group of amino acid 1 reacting with the carboxylic acid group of amino acid 2.
AR R A NN RN AR RN RN RN AR RN RN R RN RN AR N RN AN RN AR RN N AV AR RN AR RARTN|

Vi,
iy

<

i)

\

5) Once you've hydrolysed a protein, you can use chromatography (see page 219)
to identify the amino acid monomers that it was made from.

Reactions Between Dicarboxylic Acids and Diols Make Polyesters

Carboxyl groups (-COOH) react with hydroxyl (-OH) groups to form ester links (-COO-).
It's another condensation reaction, and the polymer formed is a polyester

i----a water molecule is eliminated --------;-----c----co-oooon
O O i O O i -
I [ I I , Yoo, iy B
HO—C—R—C+4OH H+O—R~0O—H——+ HO—C-RC,~O7R=O—H}+ H,0 Pretty Polymer.
. . . . AR AN A NN NN AR RN AN AR AN NN
iz orgic 2 ciel e el = You saw this reaction back on page 203. =
2LV U T S
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Condensation Polymers

Break the Amide or Ester Link to Find the Monomers of a Condensation Polymer

You can find the formulae of the monomers used to make a condensation polymer by looking at its repeat unit.

1) First find the amide (HN—CO) or ester 2) Then add an H or an OH to both ends of both
(CO-0) link. Break it down the middle. molecules to find the monomers.
ester link (Always add Hs to O or N atoms, and OH groups to C atoms.)
TR e HUH[= omumuo HoH b
O*C*$*$* ‘C* C —O*C‘*C‘* C‘ n HO*C*C\*C\*\C*C OH n HO—C\*C\*C‘—OH_\\I XRERSRERITE
H H H H H H H H H H M H En=alarge:
break here n - number of -
/”Illlllllll\

7

Join the Monomer Functional Groups to Find a Condensation Polymer

If you know the formulae of a pair of monomers that react together in a condensation polymerisation
reaction, you can work out the repeat unit of the condensation polymer that they would form.

Example: A condensation polymer is made from 1,4-diaminobutane, H,N(CH,),NH,, and decanedioic acid,
HOOC(CH,),COOH. Draw the repeat unit of the polymer that is formed.

AN SEYN
1) Draw out the two monomer molecules next to each other. N N

. . . \ \ S G, PACN
2) Remove an OH from the dicarboxylic acid, and an H H H HO: (CH,)q

from the diamine — that gives you a water molecule. amide link

3) Join the C and the N together to make an amide link. O : O

4) Take another H and OH off the ends of your molecule, — N—(CH,) i N — % = (CH,) _% _
and there’s your repeat unit. \ s e

H DH

If the monomer molecules are a dicarboxylic acid and a diol, then you take an H atom from
the diol and an -OH group from the dicarboxylic acid, and form an ester link instead.

Practice Questions

Q1 Why are polyamides and polyesters called ‘condensation polymers'?
Q2 Which two types of molecules react together to make a polyamide?
Q3 What type of molecules react together to form a polypeptide?

Exam Questions

Q1 The monomers shown on the right 0 O H H
are used to make a polymer called g g HO—(:?—(CHZ)Z—C:—OH

ly(butyl i PBS.
poly(butylene succinate), or PBS H O/ AN (CHz)z/ AN oH I 0

butanedioic acid butane-1,4-diol

a) Draw the repeat unit of the polymer made from these two monomers.
(It is not necessary to draw the carbon chains out in full.) [2 marks]

b) Give a name for the type of link formed between the monomers. [1 mark]
Q2 The polyamide nylon (6,6) is formed by the reaction between the monomers hexanedioic acid and 1,6-hexanediamine.
a) Draw the repeat unit for nylon (6,6). [2 marks]

b) Explain why this is an example of condensation polymerisation. [1 mark]

Conversation polymerisation — when someone just goes on and on and on...
If you need to work out a repeat unit for a polymer that’s made up of two complicated looking monomers, don’t worry.
All that matters is finding the carboxylic acid group and the amine or alcohol group and linking them up. Then write
down everything that comes in between just as it’s been given to you, take off an -H and an -OH, and there you go.
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Amino Acids

Amino acids are often called the building blocks of life. Theyre like little plastic building bricks, but hurt less if you tread
on one. Instead of putting them together to make houses and rockets, they’re used to make all the proteins in your body.

Amino Acids have an Amino Group and a Carboxyl Group

1) An amino acid has a basic amino group (NH,) and variable. group
an acidic carboxyl group (COOH). This makes them Ve (\X‘ L
amphoteric — they’ve got both acidic and basic properties. H_ [F O = The R group is different =
2) 2-amino acids are the type of amino acids that are found N C C = for different amino acids. =
in nature. The amino group is positioned on H LR H gt
carbon-2 (the carboxyl group is always carbon-1).
amino group  carboxyl group

Amino Acids Can Exist As Zwitterions

A zwitterion is an overall neutral molecule that has both a positive and a negative charge in different parts of the
molecule. An amino acid can only exist as a zwitterion near its isoelectric point — this is the pH where the overall
charge on the amino acid is zero. It’s different for different amino acids — it depends on their R group.

In conditions more acidic than At the isoelectric point, both the carboxyl In conditions more basic than the
the isoelectric point, the —NH, group and the amino group are likely to isoelectric point, the —=COOH group
group is likely to be protonated. be ionised — forming a zwitterion. is likely to lose its proton.

H R H R R

(I /O I I /O 2N I /O

H—N—C—C H—N—C—C y N—C— C\
L oH L o H | O
H H H H H
low pH zwitterion high pH

In general, if the amino acid contains the same number of carboxyl groups as amino groups, it will exist as
a zwitterion when it is dissolved in solution, and will have a pH of about 7 (it will be roughly neutral).

Most 2-Amino Acids Are Chiral

1) There are usually four different groups attached to carbon-2 of a 2-amino acid —
the carboxyl group, the amino group, a hydrogen atom and the R group.
This means that they are chiral molecules and have two optical isomers (see page 194).

Example: Draw both possible enantiomers of the 2-amino acid
alanine, CH3CH(NH2)COOH. Sweet dreams are

made of cheese..

1) First draw one isomer with the groups COOH HOOC
arranged in a tetrahedral shape around
the chiral carbon. C. C

H H : / ...."', “"'..' \
2) Draw a mirror line next to the isomer.  H,N / SR \ NH,

3) Draw its mirror image next to it. H.,C CH, A choral protein.

SCCCDCEEECE T TRV TV TV T L miepor finee ST
— See page 194 for more on drawing optical isomers. =
IR AR YRR R RNV RN R RN AR RNV RRASRARRRRVENARN AR

2) If plane-polarised, monochromatic light is shone through an aqueous COOH
solution that contains just one of the enantiomers of a 2—amino acid,
the plane of the light gets rotated because of the chiral carbon.

3) The exception to this is glycine where the R group is a hydrogen atom. ¢ /C
It has two H atoms attached to the central carbon, so it isn’t chiral H,N / “H
(it's achiral), and it won't rotate the plane of plane-polarised light. H
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Amino Acids

Paper Chromatography can be used to Identify Unknown Amino Acids

You can easily identify amino acids in a mixture using a simple paper (one-way) chromatography experiment.

1) Draw a pencil line near the bottom of a piece of chromatography paper

and put a concentrated spot of the mixture you want to investigate on it. 7\_/
2)

Place the paper into a beaker containing a small amount of solvent, e g
so that the solvent level is below the spot of mixture. Place a watch glass
on top of the beaker to stop any solvent evaporating out. distance moved —

3) Different substances have different solubilities in the solvent. \ by solvent ,
As the solvent spreads up the paper, the different chemicals in (solvent front)

|7 A

the mixture move with it, but at different rates, so they separate out. B
spot of —_|
4) When the solvent’s nearly reached the top, take the paper out and mark component T
where the solvent has reached with a pencil. This is the solvent front. in mixture IA
5) ldentify the positions of the spots of different chemicals on the paper. \Z
Some chemicals, such as amino acids, aren’t coloured so you first have L, '\
to make them visible. You can do this by spraying ninhydrin solution solvent — | —

(a developing agent) on the paper to turn them purple. You can also dip ot o el
the paper into a jar containing a few crystals of iodine. lodine sublimes
from a solid straight to a gas, and the iodine gas causes the spots to turn brown.

! . X : o : ) SUNARENARRRNANERRY:
However you visualise your spots, you should circle their positions with a pencil. N E

There's more on
chromatography on

pages 236-237.

ANRRENNERRRNENERERY

6) You can work out the R, values A distance travelled by spot

i i | Rivalue=%=—
of the substances using this formula: | R; B = distance travelled by solvent

JARNENEN

RUBENAY,

7) If you've done your experiment under standard conditions, you can use a table of known R; values to
identify the components of the mixture. Otherwise, you should repeat the experiment with a spot of a
substance you think is in the mixture, alongside the mixture, to see if they have the same R; value.

Thin-layer chromatography can also be used to separate and identify amino acids.
The method is the same as for paper chromatography, but instead of chromatography paper,
you use a plate covered in a thin layer of silica (SiO,) or alumina (Al,O,) as the stationary phase.

Practice Questions

Q1 Draw the general structure of a 2-amino acid.
Q2 What is a zwitterion?

Exam Questions

Q1 Glycine and cysteine, shown on the right, are two naturally occurring 2-amino acids. ?OOH TOOH
a) One way of distinguishing between glycine and cysteine H,N //C e H2N//C""'“~-H
is to observe their effect on plane-polarised monochromatic light. H HSH,C
Explain why this method works. Glycine Cysteine [2 marks]

b)* Explain how paper chromatography could be used to separate and identify a mixture of amino acids.  [6 marks]
Q2 Amino acids are organic molecules that contain both a carboxyl group and an amino group.
a) Explain what is meant by the ‘isoelectric point’ of an amino acid. [1 mark]
b) The 2-amino acid serine has the formula HOOCCH(NH,)CH,OH.
i) Draw the displayed formula of serine. [1 mark]

ii) Draw the structure that serine will take in a solution with a high pH. [1 mark]

Twitterions — when amino acids get let loose on social media...

Well, these pages aren’t too bad. Another organic structure, a bit of drawing chiral molecules, and a nice experimental
technique. Make sure you know how chromatography is used to separate and identify amino acids and you're away.

" :
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Grignard Reagents

The whole of Organic Chemistry revolves around carbon compounds and how they react, but getting one carbon to
react with another and form a new carbon-carbon bond is surprisingly hard. Fortunately, Grignard reagents let you do it.

Grignard Reagents Are Made by Reacting Halogenoalkanes With Magnesium

1) Grignard (Grin-yard) reagents have the general formula RMgX, Mg

where R is an alkyl group and X is a halogen. ’ R-X T ether RMgX
ry ether

2) They're made by refluxing a halogenoalkane with magnesium in dry ether. i

3) For example, refluxing bromoethane with magnesium in
dry ether would create the following Grignard reagent:

CH,CH,Br + Mg 91 ether, oy o MgBr

Grignard Reagents React With Carbon Dioxide...

You can make a carboxylic acid from a Grignard reagent in two steps.
[| (1) dry ether Il

1) First, bubble carbon dioxide gas through a Grignard reagent in R—MgBr + C ————>
dry ether. Then add a dilute acid, such as hydrochloric acid. Il (2) dilute HCI o~

During the reaction, a new C-C bond forms between the carboxylic acid
carbon atom in carbon dioxide and the C-Mg carbon from
the Grignard reagent. One of the C=0 bonds in carbon dioxide is broken to form a
-COO- group, which is protonated when the dilute acid is added to form -COOH.

+ MgBrCl

Grignard
reagent

Example: Butanoic acid can be synthesised from bromopropane in three steps. Give the reagents
and conditions needed for each step, and the product formed at each stage of the synthesis.

CH,CH,CH,Br — Y8 ch.cr,cHmgr 1 SOz vy ether oy oy o1 cooH + MgBrCl
dry ether (2) dilute HCI

...And With Carbonyl Compounds

1) Grignard reagents react with aldehydes and ketones to

(1) dry ether |

make alcohols. A new C—C bond forms between the R—MgBr + ICI ——  » RC—R’ + MgBrCl
C-Mg carbon atom from the Grignard reagent and 7 g (2) dilute HCI ||Q

the C=0 carbon of the carbonyl. This causes the Grignard alcohol

C=0 bond to break and, when acid is added, reagent

an -OH group is formed. A R R NN N AR RN R NN R RN RN RN KRR RN AR R RN

Reacting a Grignard reagent with an aldehyde will make a secondary

2) Again, there are two steps to the reaction. 9 _
First the carbonyl compound is added to the alcohol (u_nless it's methanal which makes a primary alcohol). Reacting
a Grignard reagent with a ketone will make a tertiary alcohol.

G'r|gnard.re.agentIndryether,éndth?n R RN R RN RN RV R RN R RN RN R RN R RN N R RN R RN ALY
dilute acid is added to the reaction mixture.

\NARRERY;

AR

Practice Questions

Q1 Write the general formula of a Grignard reagent.
Q2 Give the reagents and conditions needed to make a Grignard reagent from a bromoalkane.
Q3 What type of organic product is formed when a Grignard reagent is reacted
with carbon dioxide and then hydrolysed with dilute acid?
Exam Question

Q1 a) Give the reagents and conditions needed to make the Grignard reagent, X. /\/X\MgBr [1 mark]
b) Give the reagent and conditions needed to make the following compounds using Grignard reagent X:

i) Hexan-2-ol [1 mark]

ii) Pentanoic acid [1 mark]

You may not like Organic Chemistry, but you’ll have to Grignard bear it...

Grignard reagents are quite unstable, so you can't just get them out of a bottle. Instead, you need to know how they’re
made. Don't forget that the reactions are in dry ether except in the last step — otherwise the reaction won’t work.
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Organic Synthesis

There are lots of organic compounds and reactions coming up. Don’t panic. It’'s a summary of things you’ve met before.

Functional Groups are the Most Important Parts of a Molecule

Functional groups are the parts of a molecule that are responsible for the way the molecule reacts.
Substances are grouped into families called homologous series based on what functional groups they contain.

Here’s a round-up of all the ones you've studied:

Homologous series  Functional group Properties Typical reactions
Alkane Cc-C Non-polar, unreactive. Radical substitution
Alkene C=C Non-polar, electron-rich double bond. | Electrophilic addition

Aromatic compounds CH.- Stable delocalised ring of electrons. Electrophilic substitution

Nucleophilic substitution

Follay 01 [zeiml, Dehydration/elimination

Alcohol C-OH - —
Lone pair on oxygen can act as a Esterification
nucleophile. Nucleophilic substitution
Halogenoalkane C-X Polar C-X bond. Ngc[eophlllc SRLstton
Elimination
Amine C-NH, / Lone pair on nitrogen is basic Neutralisation
C-NR, and can act as a nucleophile. Nucleophilic substitution
: -CONH, /
Amide -CONHR - -
Nitrile C—C=N Electron deficient carbon centre. Eeductlop
ydrolysis

Nucleophilic addition
Aldehyde/Ketone C=0 Polar C=0 bond. Reduction
Aldehydes will oxidise.

Neutralisation

Carboxylic acid -COOH Electron deficient carbon centre. Esterification
Reduction
Ester RCOOR’ Electron deficient carbon centre. Hydrolysis

Nucleophilic addition-elimination
Acyl chloride -COClI Electron deficient carbon centre. Condensation (lose HCI)
Friedel-Crafts acylation

The functional groups in a molecule give you clues about its properties and reactions.
For example, a -COOH group will (usually) make the molecule acidic and mean it will form esters with alcohols.

Chemists Use Synthetic Routes to Get from One Compound to Another

1) Chemists need to be able to make one compound from another. It’s vital for things such as designing medicines.

2) It's not always possible to synthesise a desired product from a starting material in just one reaction.

3) A synthetic route shows how you get from one compound to another. It shows all the reactions with the
intermediate products, and the reagents needed for each reaction.

Example: Starting with ethene, you can synthesise ethanamide in four steps. The synthetic route is:

H
N H steam, H,PO,(cat) | |  KCr,O,/H,SO, |l PCl,20°C I conc. NH, I
=c{ ———>"H-C—C—H > —2 o L 2
H/ Ny high temperature R retlux VAN /N, 20°C AN
and pressure H H H,C H,C Cl H,C NH,

If you're asked how to make one compound from another in the exam, make sure you include:

1) Any special procedures, such as refluxing.

2) The conditions needed, e.g. high temperature or pressure, or the presence of a catalyst.

3) Any safety precautions, e.g. do it in a fume cupboard. Jon and Patricia loved
their new synthetic roots.
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Organic Synthesis

Chemists Have to Carefully Plan a Synthetic Route

When chemists plan the synthesis of a molecule there are some things they need to keep in mind:

1) Stereoisomers: Making the correct stereoisomer is important in the pharmaceutical industry because
different stereoisomers might have different properties. Understanding the mechanism of a reaction lets
chemists plan which stereoisomer will be produced (for example, see page 195). E.g. S, 2 nucleophilic
substitution can produce a single isomer product if a single isomer is used as the starting molecule.

2) Safety: To reduce the risks posed by any of the organic chemicals or reagents used in an
organic synthesis method, safety measures must be considered. For example, reactions can
be performed in fume hoods to remove toxic gases and electric mantles, water baths or sand
baths can be used to heat solutions so there are no naked flames near flammable reagents.

Synthesis Routes for Making Aliphatic Compounds

Here’s a round-up of the reactions to convert between functional groups that you’ve covered in the A-Level course:

A g
ALKANE DIHALOGENOALKANE ;/ With Br, this is a =
~ test for unsaturation. =
20°C /\ll\ll\l\l!ll\lHl\l\‘
P 86) acidified KMnO,,
2
20 °C (p.87)
UV light HX X

(p-76)

20 °C (p.86)
ALKENE p m

KOH, ethanol, reflux (p.93)

conc. H,PO,, steam, H,PO, catalyst,
170 °C (p 95) 300 °C, 60 70 atm (p.86)
(For a bromoalkane) (For a chloroalkane) carboxylic acid,
KBr, 50% conc. H,50,, PCl,, 20 °C OR HCl, acid catalyst, heat (p.202)

20 °C (p94) 20 °C (p 94) OR acyl Chlorlde (p 204)

HALOGENOALKANE (_ i 1 ALCOHOL ! EsTER

warm aqueous KOH, reflux (p.92) OR Mg, dry dilute acid or alkali,

ether, then a carbonyl, then dilute acid (p.220) Qe reflux (p.202-203)
excess ! \1\ LIAIH . —
oo Teoan st o | [
o\, H,SO,, ketone gives
KCN NI R RNANA RN AR R AR RRARNNE ,,/_heat secondary
ethar,nol - Distil primary alcohols for aldehydes, E(P~96'97) (p-198)
reflux ! = reflux secondary alcohols for ketones. —
ARRRRRRN RN R R RN AR RARRARRRRNR RN
(p.92) ALDEHYDE/
KCN and H* or KETONE
HCN, ethanol,
PRIMARY reflux (p.198)
AMINE K,Cr,0,, H,S0O,, lcohol
reflux aldehyde cllgele)
o 2000 20°C
, NaOH, 20 °c (p-204)
(RCOCH only)
(p.199)
LiAIH, then dilute acid.
OR H,, Ni/Pt catalyst, MINE
high temperature and CARBOXYLIC p
pressure. (p.212) dilute HC, reflux (p-200) Cl, 200
“ Acip \C(p\,gm)
o (b.204) AcvL
Mg, dry ether, then CO,, NH,, 20 °C (to make primary amide) (p.204) CHLORIDE
then dilute acid (p.220) AN | ~—— ]

primary amine, 20 °C (to make N-substituted amide) (p.204)
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Organic Synthesis

Synthesis Routes for Making Aromatic Compounds

There aren’t so many of these reactions to learn — so make sure you know all the itty-bitty details.
If you can’t remember any of the reactions, look back to the relevant pages and take a quick peek over them.

conc. HNO,, X OH
conc. H,50O,, X,, halogen carrier,
below 55 °C (p.210) 20 °C (p.208)

]

bromine water
(Br,), 20 °C
(p-211)
OH
Br Br

tin, conc. halogenoalkane,
HClI, reflux AlCI, catalyst,
then NaOH reflux (p.209)
(p-212)

NH,

Br

Practice Questions

Q1 What type of reactions do alkenes typically take part in?
Q2 What is shown in a synthetic route?

Q3 How do you make an alkene from an aldehyde?

Q4 How do you make phenylamine from benzene?

Exam Questions

Q1 Ethyl methanoate is one of the compounds responsible for the smell of raspberries.
Outline, with reaction conditions, how it could be synthesised in the laboratory from methanol. [2 marks]

Q2 How would you synthesise propanol starting with propane?
State the reaction conditions and reagents needed for each step. [2 marks]

Q3 The diagram below shows a possible reaction pathway for the two-step synthesis of a ketone from a halogenoalkane.

H X H H OHH H O H
Lo Step 1 LT Step 2 [
H-C—C—C-H ————> H-C—C-C—H ————> H-C—C—C—H
[ NaOH ] [ [

H H H H HH H H

P Q R
a) Give the conditions needed to carry out Step 1. [1 mark]

b) Give the reagents and the conditions needed to carry out Step 2. [2 marks]
OH

Q4 A chemist synthesises compound A in three steps, starting from benzene.
Given that, in the second step, a Grignard reagent is formed, suggest a @\/
synthesis route the chemist could have taken. Give the reagents and conditions,
as well as the organic compounds formed, at each step of the synthesis. A [6 marks]

Big red buses are great at Organic Synthesis — they’re Route Masters...

There’s loads of information here. Tons and tons of it. But you’ve covered pretty much all of it before, so it shouldn’t be
too hard to make sure it’s firmly embedded in your head. If it’s not, you know what to do — go back over it again.

Then cover the diagrams up and try to draw them out from memory. Keep going until you can do it perfectly.
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Practical Techniques

You can’t call yourself a chemist unless you know these practical techniques. Not unless your name’s Boots.

> water out

Reactions Often Need to be Heated to Work

1) Organic reactions are slow and the substances are usually
flammable and volatile (they’ve got low boiling points).
If you stick them in a beaker and heat them with a Bunsen burner
they’ll evaporate or catch fire before they have time to react. round

Liebig condenser

water in =7

2) You can reflux a reaction to get round this problem. ::iom\e‘\j st
3) The mixture’s heated in a flask fitted with a vertical Liebig condenser ; granules

— so when the mixture boils, the vapours are condensed and ﬁ (added to make

recycled back into the flask. This stops reagents being lost from the hast boiling smoother)

flask, and gives them time to react.
Distillation Can Be Used to Make or Purify an Organic Liquid

1) One problem with refluxing a reaction is that it can cause the
thermometer desired product to react further. If this is the case you can
<@ carry out the reaction in a distillation apparatus instead. /1110000000,
water out 2) The mixture is gently heated and substances evaporate There's more about

distillation and reflux,
as well as other
organic techniques,

out of the mixture in order of increasing boiling point.

- /\ 3) If you know the boiling point of your pure product,
you can use the thermometer to tell you when it’s

VLTI,
IRNRERENRREAN

mixture . : back in Topic 6.
S pure evaporating, and therefore when it's condensing. G ER RN AN RN
T product  4) If the product of a reaction has a lower boiling point than
WL the starting materials then the reaction mixture can be
heat " heated so that the product evaporates from the reaction

mixture as it forms. The starting materials will stay in the
reaction mixture as long as the temperature is controlled.

e If a product and its impurities have different boiling points, then distillation can
be used to separate them. You use the distillation apparatus shown above, but
this time you’re heating an impure product, instead of the reaction mixture.

*  When the liquid you want boils (this is when the thermometer is at the boiling point of the A ‘
liquid), you place a flask at the open end of the condenser ready to collect your product. T :
David had no need

e When the thermometer shows the temperature is changing, put another flask for distillation — he
at the end of the condenser because a different liquid is about to be delivered. was pure class

Steam Distillation Lowers the Boiling Point of an Organic Liquid

1) Some organic liquids have high boiling points or decompose

when they’re heated. This means you can’t purify them using the thermometer—s, water out
distillation technique shown above. Instead, if the product you're /
collecting is immiscible with water, you can use steam distillation.
2) In steam distillation, the presence of steam lowers the boiling point H‘\\
of the immiscible product, allowing it to be distilled out of the Oy pure
impure mixture below its boiling point, and before it decomposes.  water T product
3) Using the apparatus shown on the right, you heat water W?;er
in a flask until it evaporates, and then allow it to pass, as steam, ﬁ
into a flask containing the impure organic mixture. et impure organic
4) The steam lowers the boiling points of the compounds in compound

the mixture, so they will evaporate at a lower temperature.

5) If the organic product you're trying to collect is less volatile than the components in the
mixture you're separating it from, the organic product and the steam will evaporate out of the
impure mixture together. You can then condense and collect them in a clean flask.

6) You can separate the organic product from water using a separating funnel (you may have to use the
solvent extraction technique on the next page if the compound is slightly miscible with water).
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Practical Techniques

Solvent Extraction Removes Partially Soluble Compounds from Water

You saw back on page 98 that if a product is insoluble in water then you can
use separation to remove any impurities that do dissolve in water.
But, if your product and the impurities are both soluble in water, there’s a b
similar separation method called solvent extraction that you can use. P
aqueous layer

1) Add the impure compound to a separating funnel and add some water. Shake well. confiefifig
2) Then add an organic solvent in which the product is more soluble than it is some impurities

in water. Shake the separating funnel well. The product will dissolve into
the organic solvent, leaving the impurities dissolved in the water.

3) You could also add a salt (such as NaCl) to the mixture. This will cause the organic product to
move into the organic layer, as it will be less soluble in the very polar salt and water layer.

4) You can then open the tap and run each layer off into a separate container.
(In the example on the right, the impurities will be run off first, and the product collected second.)

Remove Other Impurities by Washing

The product of a reaction can be contaminated with leftover reagents or unwanted side products.
You can remove some of these by washing the product (which in this case means adding another liquid and shaking).

For example, if one of your reactants was an organic acid, it might be dissolved as an impurity

in the organic layer, along with your product. To remove it, you could add aqueous sodium
hydrogencarbonate which will react with the acid to give CO, gas and a salt of the acid. The salt will
then dissolve in the aqueous layer. The organic product will be left in the organic layer, and can be
separated from the aqueous layer containing the reactant impurities using a separating funnel (as above).

Remove Water from a Purified Product by Drying it

1) If you use separation to purify a product, the organic layer will end up
containing trace amounts of water — so it has to be dried.
2) To do this, you add an anhydrous salt such as magnesium sulfate (MgSO,) or calcium chloride
(CaCl,). The saltis used as a drying agent — it binds to any water present to become hydrated.
!
3) When you first add the salt to the organic layer it will clump together. > lTlhIe'F:Ilt;r’ ,'o'a;;'eﬁ Iclalnl E
You keep adding drying agent until it disperses evenly when you swirl the flask.

be fluted (concertina
4) Finally, you filter the mixture to remove the solid drying agent — pop a piece of filter folded) to increase
paper into a funnel that feeds into a flask and pour the mixture into the filter paper. e area. S
IANAR

RN N NENEA

SURIRARRY

its surface area.

Practice Questions

Q1 Why is refluxing needed in many organic reactions?
Q2 Draw the set-up that you could use to carry out a simple distillation.
Q3 How could you remove an organic acid from the organic layer in a separating funnel?

Exam Question

Q1 A chemist synthesises phenylamine by refluxing nitrobenzene with tin and concentrated hydrochloric acid and
then adding sodium hydroxide.

a) Phenylamine is immiscible with water and decomposes before it boils.
Draw and label a diagram to show the distillation set-up the chemist
should use to separate pure phenylamine from the impure mixture. [3 marks]

b) Describe a method that could be used to separate the condensed phenylamine from water after
distillation, given that phenylamine is slightly soluble in water and also soluble in ether. [4 marks]

My organic compound isn’t volatile — it’s just highly strung...

Scientists need to know why they do the things they do — that way they can plan new experiments to make new
compounds. Learning the details of how experiments are carried out and how products are purified may not be the most
interesting thing in the world, but you should get to try out some of these methods in practicals, which is a lot more fun.
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More Practical Techniques

Don’t take your lab coat off or put down your safety specs just yet. There are more practical techniques coming up...

Gravity Filtration is Used to Remove a Solid From a Liquid

Gravity filtration is normally used when you want to keep the liquid (the filtrate) and discard the solid. For example,
it can be used to remove the solid drying agent from the organic layer of a liquid that has been purified by separation.

1) Place a piece of fluted filter paper in a funnel that feeds into a conical flask. B fluted filter paper
‘ ﬁ,mnel

2) Gently pour the mixture to be separated into the filter paper. The solution will
pass through the filter paper into the conical flask, and the solid will be trapped.

3) Rinse the solid left in the filter paper with a pure sample
of the solvent present in the solution. This makes sure that filtrate
all the soluble material has passed through the filter paper
and has been collected in the conical flask.

/conical flask

Filtration Under Reduced Pressure is Used to Remove a Liquid From a Solid

Filtration under reduced pressure is normally used when you want to keep the solid and discard the liquid (filtrate).

1) Place a piece of filter paper, slightly smaller than solid crystals
the diameter of the funnel, on the bottom of the
Blichner funnel so that it lies flat and covers all the holes. Biichner funnel

filtration mixture

filter paper

2) Wet the paper with a little solvent, so that it bung
sticks to the bottom of the funnel, and doesn’t
slip around when you pour in your mixture.

- t0 vacuum line

3) Turn the vacuum on, and then pour your mixture into the funnel. o
As the flask is under reduced pressure, the liquid is sucked unwanted liquid
through the funnel into the flask, leaving the solid behind.

side-arm flask

4) Rinse the solid with a little of the solvent that your mixture was in.
This will wash off any of the original liquid from the mixture that stayed on your
crystals (and also any soluble impurities), leaving you with a more pure solid.

5) Disconnect the vacuum line from the side-arm flask and then turn off the vacuum.
6) The solid will be a bit wet from the solvent, so leave it to dry completely.

Organic Solids can be Purified by Recrystallisation

If the product of an organic reaction is a solid, then the simplest way of purifying it is a process called recrystallisation.

First you dissolve your solid in a hot solvent to make a saturated solution. Then you let the solution cool.
As the solution cools, the solubility of the product falls. When it reaches the point where QUL ey

it can’t stay in solution, it starts to form crystals. Here’s how it's done: In a saturated solution,
the maximum possible

amount of solid is

dissolved in the solvent.
AIRRRRENRARRRRRNEREEA

2) Filter the solution while it’s still hot by gravity filtration to remove any insoluble impurities.

N

1) Very hot solvent is added to the impure solid until it just dissolves — it's important not
to add too much solvent. This should give a saturated solution of the impure product.

NINRRNREAY
vy

3) This solution is left to cool down slowly. Crystals of the product form as it cools. The impurities stay in
solution as they’re present in much smaller amounts than the product, so take much longer to crystallise out.

4) The crystals are removed by filtration under reduced pressure (see above) and washed with ice-cold solvent.
Then they are dried, leaving you with crystals of your product that are much purer than the original solid.

The Choice of Solvent for Recrystallisation is Very Important

1)  When you recrystallise a product, you must use an appropriate solvent for that particular substance.
It will only work if the solid is very soluble in the hot solvent, but nearly insoluble when the solvent is cold.

2) If your product isn’t soluble enough in the hot solvent you won’t be able to dissolve it at all.

3) If your product is too soluble in the cold solvent, most of it will stay in the solution even after cooling.
When you filter it, you’ll lose most of your product, giving you a very low yield.
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More Practical Techniques

Measuring Boiling Point is a Good Way to Determine the Purity of a Liquid

1) You can measure the purity of an organic, liquid product by looking at its boiling point.
SRR AR AR R RN RN RN ARNAREN R VS

Different organic liquids can have
similar boiling points, so you should
use other analytical techniques
(see Topics 7 and 19) to help you

2) If you've got a reasonable volume of liquid, you can determine its
boiling point using a distillation apparatus, like the one shown on page 224.
3) If you gently heat the liquid in the distillation apparatus, until it evaporates,
you can read the temperature at which it is distilled, using the thermometer y _ .
; ; ; R : = determine your products purity too.
in the top of the apparatus. This temperature is the boiling point. 2, e yo I produes Per o,
4) You can then look up the boiling point of the substance in data books and compare it to your measurement.
5) If the sample contains impurities, then your measured boiling point will be higher than the recorded value. You
may also find your product boils over a range of temperatures, rather than all evaporating at a single temperature.

vttty

ZINRRERRRRTE!

Melting Points are Good Indicators of the Purity of an Organic Solid

Pure substances have a specific melting point. If they’re impure, the melting point’s lowered.
If they’re very impure, melting will occur across a wide range of temperatures.

1) You can use melting point apparatus to accurately thermometer, sample
determine the melting point of an organic solid.

heating
2) Pack a small sample of the solid into a glass capillary element
tube and place it inside the heating element.

temperature
control

3) Increase the temperature until the sample turns from solid to liquid.

4) You usually measure a melting range, which is the range of temperatures
from where the solid begins to melt to where it has melted completely.

5) You can look up the melting point of a substance in data books and compare it to your measurements.
6) Impurities in the sample will lower the melting point and broaden the melting range.

Practice Questions

Q1 How could you separate a solid product from liquid impurities? And a liquid product from solid impurities?
Q2 Give two factors you should consider when choosing a solvent for recrystallisation.

Exam Questions

Q1 Two samples of impure stearic acid melt at 69 °C and 64 °C respectively.
Stearic acid dissolves in hot propanone but not in water.

a) Explain which sample is purer. [1 mark]
b) Suggest a method that could be used to purify the impure sample. [1 mark]
¢) How could the sample from b) be tested for purity? [1 mark]

Q2 A scientist has produced some impure solid sodium ethanoate, which she wants to purify using recrystallisation.
She begins by dissolving the impure sodium ethanoate in the minimum possible amount of hot solvent.

a) Explain why the scientist used the minimum possible amount of hot solvent. [1 mark]
b) Outline the rest of the procedure that the scientist would need to follow to recrystallise the solid. [5 marks]
¢) Describe the melting point range of the impure sodium ethanoate compared to the pure product. [1 mark]

Q3 A student is carrying out an experiment using the apparatus shown on the right.
What type of experiment is she doing?

A reflux B filtration under reduced pressure

C distillation D recrystallisation [1 mark]

| hope that everything’s now crystal clear...

Nobody wants loads of impurities in their reaction products. But now you’re kitted out to get rid of them using these
purification techniques. It doesn’t even matter whether you have to purify a solid or a liquid — no excuses now.
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Empirical and Molecular Formulae

It’s the end of the Topic — hurray!!! But it’s full of maths — boooo. But you've seen it before in Year 1— hurray!!!
I can’t keep doing this — boooo. Oh go on then, one more — hurray!!! And don’t forget to brush your teeth — 2222

Empirical and Molecular Formulae Can Help Identify Organic Compounds

You first met calculations to find empirical and molecular formulae in Topic 5. You can use empirical and molecular
formulae, along with other data from, e.g. IR spectroscopy, to help you work out the structure of an unknown chemical.

In case you're feeling a bit hazy about what these formulae are, here’s a quick reminder...
1) The empirical formula gives just the smallest whole number ratio of atoms in a compound.
E.g. The empirical formula of ethane is CH,.

2) The molecular formula gives the actual numbers of atoms in a molecule.
It's made up of a whole number of empirical units. E.g. The molecular formula of ethane is C,H,.

Find Empirical and Molecular Formulae From Percentage Compositions

You saw calculations like this all the way back on page 56. So, here’s a reminder...
) MV e
Example: A compound has a molecular mass of 88. It is found to have = Ifyou assume you've got’ 1110110‘ Ig‘éf”
percentage composition 54.5% carbon, 9.1% hydrogen and 36.4% = the compound, you can turn the %
oxygen by mass. Calculate its empirical and molecular formulae. straight into mass, and then work

out the number of moles as normal.
AN AR RN R RE RN RN R AR R

IARRRNNEEEN

NIRREN

/

7/

tiviirtniir, In 100 g of compound there are:

N
- _mass =
— Usen="00 = 24 _ 4 54 moles of C 21~ 9.1 moles of H 364 _ ) 275 moles of O
/,,‘,,,lwu.o 1.0 16.0
Divide each number of moles by the smallest number — in this case it’s 2.275.
. 454 _ .91 _ . 2275 _
O: 3575 =2.00 H: 3975 = 4.00 O: 5575 = 1.00

Theratioof C: H: O =2:4:1. So you know the empirical formula’s got to be C,H,O.

The molecular mass of one empirical formulais (2 x 12.0) + (4 x 1.0) + (1 x 16.0) = 44.

This is half the molecular mass of the compound, so the compound must
contain two of the empirical formula and have the molecular formula C,H,O,.

Combustion Analysis Uses Information From Burning an Organic Compound

When an organic compound containing carbon, hydrogen and oxygen combusts completely in oxygen, water
and carbon dioxide are produced. All the carbon atoms in the carbon dioxide and all the hydrogen atoms in
the water will have come from the organic compound. If you burn a known amount of the organic compound,
you can use the amounts of water and carbon dioxide produced to help you work out its empirical formula.

Example: When 7.2 g of a carbonyl compound is burnt in excess oxygen, it produces 17.6 g of carbon
dioxide and 7.2 g of water. Calculate the empirical formula for the carbonyl compound.

No. of moles of CO, = %=% = 0.40 moles

1 mole of CO, contains 1 mole of C. So, 0.40 moles of CO, contains 0.40 moles of C.
_mass _ 7.2 _
No. of moles H,O = M =180 0.40 moles

1 mole of H,O contains 2 moles of H. So, 0.40 moles of H,O contain 0.80 moles of H.

R R R R AN N AR N AR RN RN A AR D
Now work out the mass of carbon and

Mass of C = no. of moles x M =0.40 x 12.0=4.8 g
Mass of H = no. of moles x M = 0.80 x 1.0 = 0.80 g‘:] hydrogen in the alcohol. The rest of the mass

= of the carbonyl must be oxygen — so work out

vigrey

ARRRREEREERN

Massof O =7.2-(4.8 +0.80)=1.6 g = that too. Once you know the mass of O, you
Number of moles of O = Mass _ 1.6 _ 0.10 moles = can work out how many moles there are of it.
M 16.0 IR RRR R RN AR RRARNRRARRRERRRRERARRRRRATANY
\\\Hllllllll|l|/|,||,,|H”H”” 1
= Wh e
Molar Ratio=C:H:O0=0.40:0.80:0.10=4:8:1 = en you know the number of moles of

<@=—— cach element, you've got the molar ratio.

Divide each number by the smallest.
/IIIIIHIIHHHIHIIIIIII/HI;|1;|\

Empirical formula = C,H,O

IV

>
7
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Empirical and Molecular Formulae

Combustion Analysis Data Might Be Given As Volumes

1) Combustion reactions can happen between gases.

2) All gases at the same temperature and pressure have the same molar volume. This means you
can use the ratio of the volumes of gases reacting together to calculate the molar ratios, and
then work out the molecular formula of the organic compound that is combusting.

Example: 30 cm? of hydrocarbon X combusts completely with 180 cm? oxygen.
120 cm? carbon dioxide is produced. What is the molecular formula of hydrocarbon X?

e Using the volumes provided, the reaction equation can be written:
30X + 1800, — 120CO, + ?H,0

e This can be simplified by dividing everything by 30:
X + 60, — 4CO, + nH,O

e 6 moles of oxygen reacts to form 4 moles of carbon dioxide and n moles of water. So any oxygen
atoms (from O,) that don’t end up in CO,, must be in H,0. This means that n = (6 x 2) - (4 x 2) =

* So, the combustion equation is: X + 60, — 4CO, + 4H,0. You can use this to identify X.

e All the carbon atoms from X end up in carbon dioxide molecules, and all the hydrogen atoms from X

end up in water, so the number of carbon atoms in X is 4 and the number of hydrogen atoms in X is 8.
NChrrrvrvrrrrrvrrvrvrb e b rrviv e v rrvrvrrerrrvviv e rrv et b r iy
This method is really handy because it gives you the molecular formula straight =

away, rather than the empirical formula (which in this example is CH.). -
A N T R A AT AR R AR

e The molecular formula of X is C,H,.

\IIIIII

Practice Questions

Q1 What's the difference between empirical and molecular formulae?

Q2 What's the empirical formula of ethane?

Q3 Where do the carbon atoms in carbon dioxide produced by burning an
organic compound completely in oxygen come from?

Exam Questions

Q1 A carbonyl compound contains only carbon, hydrogen and oxygen. When it is burnt in excess oxygen
0.100 g of the compound gives 0.228 g of carbon dioxide and 0.0930 g of water.

a) Calculate the empirical formula of this compound. [4 marks]
b) What percentage of the compound by mass is hydrogen? [2 marks]
¢) Ifthe molecular mass is 58.0, what is the molecular formula? [1 mark]

d) When a sample of the compound is heated with Tollens’ reagent, a silver mirror is formed.
Predict, with reasoning, the structure of the molecule. [1 mark]

Q2 A common explosive contains 37.0% carbon, 2.2% hydrogen, 18.5% nitrogen and 42.3% oxygen, by mass.
It has a molecular mass of 227 and can be made from benzene.

a) Calculate the empirical formula of the compound and hence its molecular formula. [4 marks]
b) Suggest a possible structure of the molecule. [1 mark]

Q3 A student was trying to identify an unknown hydrocarbon, X. When she combusted 25 ¢cm? of X,
completely with 125 ¢cm? of oxygen, 75 ¢cm? of carbon dioxide was produced.

a) Calculate the molecular formula of X. [2 marks]

b) The mass spectrum of X has an M peak at m/z = 88. What is the molecular formula of X? [2 marks]

These pages contain the formulae for A-Level Chemistry success...

These calculations aren’t the only things you can use to work out the identity of an unknown molecule. Oh no.
Coming up next there’s loads more on analytical techniques. NMR and infrared spectroscopy, along with mass
spectrometry, can really help to work out exactly what a certain substance is. Structure and all. Bet you can’t wait.
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High Resolution Mass Spectrometry

You met mass spectrometry back in Year 1 of the course, but who said the fun had to stop there? Time for more...

avrrrrvrv ey,

Mass Spectrometry Can Help to Identify Compounds 2 Look back at your
pages 7 and 100
for a reminder on
how to work out

3) For any compound, the mass/charge (m/z) value of the molecular atomic masses and
molecular masses

ion peak will be the same as the molecular mass of the compound
. . . . from mass spectra.
(assuming the ion has a +1 charge, which it normally will have). AT

rrvivd

1) In a mass spectrometer, a molecular ion is formed when a molecule loses an electron.
2) The molecular ion produces a molecular ion peak on the mass spectrum of the compound.

AR AR RN ARV

SANARRARN

High Resolution Mass Spectrometry Measures Masses Precisely

1)  Some mass spectrometers can measure atomic and molecular masses extremely accurately
(to several decimal places). These are known as high resolution mass spectrometers.

2) This can be useful for identifying compounds that appear to have
the same M_when they're rounded to the nearest whole number.

3) For example, propane (C,H,) and ethanal (CH,CHO) both have an M_of 44 to the nearest whole number.
But on a high resolution mass spectrum, propane has a molecular ion peak with m/z = 44.0624 and
ethanal has a molecular ion peak with m/z = 44.0302.

Example:  On a high resolution mass spectrum, a compound had a molecular ion peak of 98.0448.

What was its molecular formula?
A CH,N B CHO C CH, D C.H,O,

5 10 "2 6" 10
Use these precise atomic masses to work out your answer:

'H—1.0078 'C—12.0000 '*N — 14.0064 '°O — 15.9990

1) Work out the precise molecular mass of each compound:
. _ _ NI RN
CHyNy: M, = (5 x 12.0000) + (10 x 1.0078) + (2 x 14.0064) = 98.0908 =0y 5 o i1 /011,
C,H,,0: M. = (6 x 12.0000) + (10 x 1.0078) + 15.9990 = 98.0770 mass spectrum, all of these
C,H,: M =(7x12.0000) + (14 x 1.0078) = 98.1092 molecules would show up as
= (5 x 12.0000) + (6 x 1.0078) + (2 x 15.9990) = 98.0448

L having an M. of 98,
2) So the answer is D, C.H O,.

NIRAANER
ZENIV

/
562" r HIIHI//HHHHHHHH\\

Practice Questions

Q1 Explain how you could find the molecular mass of a compound by looking at its mass spectrum.
Q2 Why is high resolution mass spectrometry useful for when studying molecules with similar molecular masses?

Exam Questions

Use the following precise atomic masses to answer the questions below:
'H—1.0078 '2C —12.0000 "N — 14.0064 'O — 15.9990

Q1 a) The high resolution mass spectrum of a compound has a molecular ion peak with m/z = 74.0908.
Which of the following could be the molecular formula of the compound?
A CHO, B CH O C CH)N, D CHN,O [1 mark]
b) Explain why low resolution mass spectrometry would not allow
you to distinguish between the options given in part a). [1 mark]

Q2 A sample of an unknown hydrocarbon is injected into a high resolution mass spectrometer. It produces a
molecular ion peak at m/z = 56.0624. Draw a possible structure for and name the unknown hydrocarbon. [2 marks]

| am highly resolved to improve my understanding of Chemistry...

And you should be too if you want to ace your exams. This page is pretty easy. The only new bit is that stuff on high
resolution mass spectrometry. But fear not — it’s just like normal mass spectrometry, but with more decimal places.
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NMR Spectroscopy

NMR isn’t the easiest of things, so ingest this information one piece at a time — a bit like eating a bar of chocolate.

NMR Gives You Information about the Structure of Molecules

Nuclear magnetic resonance (NMR) spectroscopy is an analytical technique that you can use to work out the
structure of an organic molecule. The way that NMR works is pretty complicated, but here are the basics:

1) A sample of a compound is placed in a strong magnetic field and exposed
to a range of different frequencies of radio waves.

2) The nuclei of certain atoms within the molecule absorb energy from the radio waves.

3) The amount of energy that a nucleus absorbs at each frequency will depend on the
environment that it’s in — there’s more about this further down the page.

4) The pattern of these absorptions gives you information about the positions of certain
atoms within the molecule, and about how many atoms of that type the molecule contains.

Radiowaves.

5) You can piece these bits of information together to work out the structure of the molecule.
The two types of NMR spectroscopy you need to know about are carbon-13 NMR and high resolution proton NMR.

Carbon-13 (or "*C) NMR gives you information about High resolution proton NMR gives you information
the number of carbon atoms that are in a molecule, about the number of hydrogen atoms that are in a
and the environments that they are in. molecule, and the environments that they’re in.

Nuclei in Different Environments Absorb Different Amounts of Energy

1) A nucleus is partly shielded from the effects of external magnetic fields by its surrounding electrons.

2) Any other atoms and groups of atoms that are around a nucleus will also affect its amount of electron shielding.
E.g. if a carbon atom bonds to a more electronegative atom (like oxygen) the amount of electron shielding around its nucleus will decrease.

3) This means that the nuclei in a molecule feel different magnetic fields depending on their environments.
Nuclei in different environments will absorb different amounts of energy at different frequencies.

4) It's these differences in absorption of energy between environments that you're looking for in NMR spectroscopy.

5) An atom’s environment depends on all the groups that it's connected to,
going right along the molecule — not just the atoms it’s actually bonded to.
To be in the same environment, two atoms must be joined to exactly the same things.

hH HGlH hkEE o
H-¢=¢=cl A== GG Ho(=G=¢=G=d
H H HH H HHHH
Chloroethane has 2 carbon 2-chloropropane has 2 carbon environments: 1-chlorobutane has 4 carbon environments.
environments — its carbons +1 Cin a CHCI group, bonded to (CH3)2 (The two carbons in CH2 groups are different
are bonded to different atoms. *2GCsin CH3 groups, bonded to CHCl(CH3) distances from the electronegative Cl atom

— 50 their environments are different.)

Tetramethylsilane is Used as a Standard

The diagram below shows a typical carbon-13 NMR spectrum. The peaks show the frequencies at which energy
was absorbed by the carbon nuclei. Each peak represents one carbon environment — so this molecule has two.

1) The differences in absorption are measured relative to a

standard substance — tetramethylsilane (TMS). Carbon-13 NMR Spectrum

c
2) TMS produces a single absorption peak in both types of '%._
NMR because all its carbon and hydrogen nuclei are in 2
N 8 TMS
the same environment. © [L
3) It's chosen as a standard because the absorption peak is at
a lower frequency than just about everything else. s R o e L
4) This peak is given a value of 0 and all the peaks in other Chemical shift, 8 (ppm)

substances are measured as chemical shifts relative to this.
(VAREEERERNEARNY)

Chemical shift is the difference in the radio frequency absorbed by the nuclei (hydrogen or = The chemical ~
carbon) in the molecule being analysed and that absorbed by the same nuclei in TMS. = formula for TMS =
It's given the symbol & and is measured in parts per million, or ppm. A small = isSiCH), 2

amount of TMS is often added to samples to give a reference peak on the spectrum. ALERLEERREAR Y
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NMR Spectroscopy

3C NMR Spectra Tell You About Carbon Environments

It's very likely that you’ll be given one or more carbon-13 NMR spectra to interpret in your exams.
Here’s a step-by-step guide to interpreting them:

1) Count the Number of Carbon Environments

!:II’S’[, count the number of pe.aks in the spectrum — this Carbon-13 NMR Specrum for C.H.,O
is the number of carbon environments in the molecule.

If there’s a peak at § = 0, don’t count it — it’s the reference
peak from TMS.

The spectrum on the right has three peaks — so the
molecule must have three different carbon environments. J
This doesn’t necessarily mean it only has three carbons,

as it could have more than one in the same environment. L R I 0 L R R RS R R R R R
In fact the molecular formula of this molecule is C,H, 0O, 200 150 100 50 0
so it must have several carbons in the same environment. Chemical shift, 8 (ppm)

TMS
peak

absorption

2) Look Up the Chemical Shifts in a Shift Diagram

In your exams you’ll get a data sheet that will include a diagram a bit like the one below. The diagram shows the
chemical shifts experienced by carbon nuclei in different environments. The boxes show the range of shift values
a carbon in that environment could have, e.g. C=C could have a shift value anywhere between 115 — 140 ppm.

"C NMR Chemical Shifts Relative to TMS

C—N
@)
I I | c—C
C—C-C —C—0
O
CII) Il c-C c—cl
—C—H —C—N —
-C Arene C—Br ™S

I I I I I I I I I I I I
220 200 180 160 140 120 100 80 60 40 20 0

Chemical shift, & (ppm)

You need to match up the peaks in the spectrum with the chemical shifts in SN NIRRT NS
the diagram to work out which carbon environments they could represent. Matching peaks to the groups
For example, the peak at 8 ~ 10 in the spectrum above represents a C-C bond. t:at cause them isn't always
The peak at § = 25 is also due to a C-C bond. The carbons causing this peak Stgi'i%tstforward Ibecazse the chemical
have a different chemical shift to those causing the first peak — so they must peak atcgnj%afn,ghfrbzxfmz i
be in a slightly different environment. The peak at 8 ~ 210 is due to a C=0 C-C, C=Cl. C=N or C—Br. 4
group, but you don’t know whether it could be an aldehyde or a ketone. AN RN ANV ORENERRNRRR RN

NIRRRARRNRRRRRYY:
U

3) Try Out Possible Structures

An aldehyde with 5 carbons: A ketone with five carbons: r|1 H O H H
HHHH 5 H—C—C—C—C—CI—H
LT ok
[ I |
HHHH i This works. Pentan-3-one has three carbon environments
This . K — it does have th — two CH, carbons, each bonded to CH,COCH,CH,,
. Et oelsn \I/vorf — | | OESH a\g € two CH, carbons, each bonded to CH, and COCH,CH,,
Eﬁt itn;;;:(}fxl;:;iv(;r::b?)a én\;:]roLments and one CO carbon bonded to (CH,CH,),. It has the right
: molecular formula (C;H, O) too.
:\[\H\\HI\II\\IIHIIII\II\\H||l|\\Illllllllll\\llll/é
= It can't be pentan-2-one — that has 5 carbon environments. =
So, the molecule analysed was pentan-3-one. KRR AR RN R RN R RSV AR AN ARY RN R VNARRNRRRRAVARARLS
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NMR Spectroscopy

Interpreting NMR Spectra Gets Easier with Practice

Example: The diagram shows the carbon-13 NMR spectrum of an alcohol with the molecular formula C H, ,O.
Analyse and interpret the spectrum to identify the structure of the alcohol.

1) Looking at the diagram on the previous page, the peak with a
Carbon-13 NMR Spect for C,H,,0 . . I !
— D chemical shift of § ~ 65 is likely to be due to a C-O bond.
Remember, the alcohol doesn’t contain any chlorine or bromine,
J\ so you know the peak can’t be caused by C-Cl or C-Br bonds.

2) The two peaks around & =2 20 probably both represent carbons
in C-C bonds, but with slightly different environments.

absorption

200 150 100 50 0  3) Thespectrum has three peaks, so the alcohol must have three
Chemical shift, 8 (ppm) carbon environments. There are four carbons in the alcohol,
so two of the carbons must be in the same environment.

4) Put together all the information you’ve got so far, and try out some structures:

HHHH H H H H OH This molecule has a C-O
| | | | | | | | | bond and C—C bond d
o A R el e
wo of the carbons are in
H H H H H H OHH ||_| | ||_l the same environment.
This has a C—O bond, and some Again, this has a C—O bond, and H-C-C-C—-H S s musk e Hhe
C—C bonds, which is right. But all four some C—C bonds. But the carbons |I_| |I_| |I_| e STUEIR,
carbons are in different environments. are still all in different environments.

You'll also need to be able to predict what the carbon-13 NMR spectrum of a molecule may look like.
This isn’t as hard as it sounds — just identify the number of unique carbon environments, then use the
shift diagram in your data booklet to work out where the peaks of each carbon environment would appear.

Practice Questions

Q1 What part of the electromagnetic spectrum does NMR spectroscopy use?

Q2 What is meant by chemical shift? What compound is used as a reference for chemical shifts?
Q3 How can you tell from a carbon-13 NMR spectrum how many carbon environments a molecule contains?
Q4 Which type of bond could a shift of 8 & 150 correspond to?

Qtbrrrrververrrrrrvrerrvrv ety g
. = For these questions, use the shift values =
Exam Questions = from the diagram on page 232. =
ZRRNERNERNARER AR NAN RN NN AN AN
Q1 The carbon-13 NMR spectrum shown on the right was
produced by a compound with the molecular formula C;H/N. Carbon-13 NMR Spectrum
=]
a) Explain why there is a peak at 8 = 0. [1 mark] %
]
b) The compound does not have the formula CH,CH,CH,NH,,. =
Explain how the spectrum shows this. [2 marks]
¢) Suggest and explain, using evidence from the carbon-13 200 150 100 50 o
NMR spectrum, a possible structure for the compound. [4 marks] Chemical shift, § (ppm)

Q2 Look at molecule X on the right. Which of the following statements is/are true?
1. The carbon-13 NMR spectrum of X has a peak in the region of 165 - 185.

H
2. Molecule X has three different carbon environments. :C=C—C— O_CI_H
3. The carbon-13 NMR spectrum of X shows four peaks. L H
A 1,2and3 B Only 1 and?2 C Only1land3 D Only3 [1 mark]

Why did the carbon peak? Because it saw the radio wave...

The ideas behind NMR are difficult, but don’t worry too much if you don’t really understand them. The important thing
is to know how to interpret a spectrum — that’s what will get you marks in the exam. If you’re having trouble, go over
the examples and practice questions a few more times. You should have the “ahh... I get it” moment sooner or later.
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Proton NMR Spectroscopy

So, you know how to interpret carbon-13 NMR spectra — now it’s time for some high resolution proton NMR spectra.

"H NMR Spectra Tell You About Hydrogen Environments

Interpreting proton (or '"H) NMR spectra is similar to interpreting carbon-13 NMR spectra:

1) Each peak represents one hydrogen environment. . HoH oo For example,
2) Look up the chemical shifts on a data diagram to identify H—C—C—¢—cl 1-chloropropane has
possible environments. They're different from 3C NMR, H H 3 hydrogen environments.
so make sure you're looking at the correct data diagram.
1 . . . N—C—H
H NMR Chemical Shifts Relative to TMS amine/
amide
C—N—H
amine
CON—H Ar—N—H | |C=C—C—H
amide phenylamines| |alkenes, arenes
Il
-C—C—H
NI NARNNARRNRRRN Y aldehyde
= Here, Ar represents = -O—C—H]|| ketone
- X = alcohol ester
= an aromatic group. = ether amide
ARRRRNARIVRNARNER Y ester acid
Ar—O—H —0O—H
o phenol alcohol TMS
COO—H _g_H Ar—H C=C—H H— C—halogen H—C—C
carboxylic acid [aldehyde aromatic ring alkene R,CHF > R,CHCI > | [R;CH,>R,CH, >
R,CHBr > R,CHI RCH,

I I I I I I I I I I I I I
120 110 100 90 80 70 60 50 40 30 20 10 00

Chemical shift, & (ppm)

Spin-Spin Coupling Splits the Peaks in a Profon NMR Spectrum

1) The big difference between carbon-13 NMR and proton NMR spectra is that the peaks in
a proton NMR spectrum split according to how the hydrogen environments are arranged.

The splitting of the

2) Only the peaks of hydrogens bonded to carbon atoms split. eak for this H.

The peaks of, for example, -OH and —-NH hydrogens are not split.

3) The splitting is caused by the influence of hydrogen atoms that are bonded to
neighbouring (or adjacent) carbons — these are carbons one along in the carbon —=p»> \ !

chain from the carbon the hydrogen’s attached to. This effect is called spin-spin coupling. Y |

4)  Only hydrogen nuclei on adjacent carbon atoms affect each other. O

5) These split peaks are called multiplets. They always split into one more than the number ~tells you about the
of hydrogens on the neighbouring carbon atoms — it’s called the n+1 rule. For example, hydrogens on this

if there are 2 hydrogens on the adjacent carbon atoms, the peak will be splitinto 2 + 1 = 3. adjacent carbon.

6) You need to consider the hydrogens on all the adjacent
carbons — if a hydrogen is attached to a carbon in
the middle of a carbon chain, there could be two
Singlet (not split) 0 neighbouring carbon atoms, each bonded to hydrogens.
They’ll all contribute to the splitting.

Number of Hydrogens

T f Peak
ype of Pea on Adjacent Carbon(s)

Doublet (split into two) 1

. — H¥HY H
Triplet (split into three) 2 There are & /I\* N .50 their peak will be

I
hydrogen atoms on 0 .
o - CH+C—=H splitinto (6 +1=) 7.
Quartet (split into four) 3 carbons adjacent to R _Srﬁ' n O”( 4 " )t N

these hydrogens.. ;H is is called a septet.
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Proton NMR Spectroscopy

Integration Traces Tell You the Ratio of Protons in Each Environment

1) In "TH NMR, the relative area under each peak

tells you the relative number of H atoms in Relative area — Integration 13, itegration

trace

each environment. For example, if the area - under peaks trace is the

under two peaks is in the ratio 2:1, there will 2 red line.

be two H atoms in the first environment for g The height
< increases are

every one in the second environment.
proportional to

2) Areas can be shown using numbers above
. . . e —— the area under
the peaks or with an integration trace.c—_3§ 10 6 & 7 6 5 4 3 2 1 0
each peak.

Proton NMR Can Be Used to Work Out Structures

Now it's time to put it all together. You’ll have to use all the clues from integration
traces or numbers above the peaks, chemical shift values and splitting patterns
to work out what a molecule could be from a proton NMR spectrum.

SRR RN NERE S
You might also be asked to
predict the proton NMR

spectrum for a molecule.

Vvt

AR RNEAY

EZNNARVARANERNENERRANRANIY
Example: Look at the "H NMR spectrum of 1,1,2-trichloroethane: these numbers show
the ratio of the areas A
I= under the peaks ,'/2 |
The peak due to the blue hydrogens - 21 i oeal alk
is split into two because there’s one Cl /H\ 5 Pt oy f
] o y \\ _8 | i
hydrogen on the adjacent carbon atom. . Elj\j%—Cl—L - < | redH atome———=% | { IR tis peak's due
The peak due to the red hydrogen is R SO LI |1 o the blue H atoms
split into three because there are two Cl\H/ T S SR
hydrogens on the adjacent carbon atom. Chemical shift, 8 (ppm)

Practice Questions

Q1 What causes the peaks on a high resolution proton NMR spectrum to split?
Q2 What causes a triplet of peaks on a high resolution proton NMR spectrum?
Q3 What do the relative areas under each of the peaks on an NMR spectrum tell you?

Exam Questions

Q1 The proton NMR spectrum below is for an organic compound.
Use the diagram of chemical shifts on page 234 to answer this question.

a) Explain the splitting patterns of the two peaks. [2 marks] § ,

b) What is the likely environment of the § }M’\ T™S
protons with a shift of 3.6 ppm? [1 mark] <

¢) What is the likely environment of the 109 8 7 6 5 4 32 1 0
protons with a shift of 1.3 ppm? [1 mark] Chemical shift, 6 (ppm)

d) The molecular mass of the molecule is 64.5. Suggest a possible structure and explain your suggestion.  [2 marks]

Q2 A sample of pure 3-chlorobut-1-ene was fed into a high resolution proton NMR spectroscopy machine.
a) Predict the number of peaks that will appear on the spectrum (excluding a TMS peak). [1 mark]
[4 marks]

b) Predict the chemical shifts and splitting patterns of each peak.

Never mind splitting peaks — this stuff’s likely to cause splitting headaches...
Is your head spinning yet? | know mine is. Round and round like a merry-go-round. It’s a hard life when you're tied to
a desk trying to get NMR spectroscopy firmly fixed in your head. You must be looking quite peaky by now... so go on,
learn this stuff, take the dog around the block, then come back and see if you can still remember it all.
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Chromatography

You've probably tried chromatography with a spot of ink on a piece of filter paper — it’s a classic experiment.

Chromatography is Good for Separating and Identifying Things

Chromatography is used to separate stuff in a mixture — once it’s separated out, you can often identify the
components. There are quite a few different types of chromatography — but they all have the same basic set up:

e A mobile phase — where the molecules can move. This is always a liquid or a gas.
e A stationary phase — where the molecules can’t move. This must be a solid, or a liquid on a solid support.

And they all use the same basic principle:
1) The mobile phase moves through or over the stationary phase.

2) The distance each substance moves up the plate depends on its solubility
in the mobile phase and its retention by or adsorption to the stationary phase.
3) Components that are more soluble in the mobile phase will travel further up
the plate, or faster through the column. It’s these differences in solubility
and retention by the stationary phase that separate out the different substances.

I Ay, /
Claire was going through a
bit of a stationery phase.

Values Help to Identify Components in a Mixture

1) In one-way chromatography (or paper
chromatography), a solvent such as S ohvent f
ethanol (the mobile phase), moves over olvent front ——> '""""""""ﬂ """
a piece of paper (the stationary phase).

2) You can work out whatwas inthe | o |
: ! ¢ Di led
mixture by calculating an R; value for stz e
each spot on the paper and looking them Distance travelled by solvent
up in a table of known values. by spot

3) To work out R, values, just use this formula: Besdline S N v

rd

distance travelled by spot N NN AR R RN RN RN RRRERR NS

. S -
distance travelled by solvent o ot et =
paper chromatography experiment. —

P g g S

R value =

L

. . “1y
4) R, values are always the same no matter how big the paper is or how far the
solvent travels — they’re properties of the chemicals in the mixture and so can be used to identify those chemicals.

5) BUT if the composition of the paper, the solvent, or the temperature change even slightly, you'll get different R, values.

6) It’s hard to keep the conditions identical. So, if you suspect that a mixture contains, say, chlorophyll, it’s best to put
a spot of chlorophyll on the baseline of the same paper as the mixture and run them both at the same time.

HPLC is Done Under High Pressure

1) In high-performance liquid chromatography (HPLC) the stationary phase is small particles
of a solid packed into a column (or tube). This is often silica bonded to various hydrocarbons.

2) The liquid mobile phase is often a polar mixture such as methanol and water. It's forced through the
column under high pressure, which is why it used to be called high-pressure liquid chromatography.
The mixture to be separated is injected into the stream
of solvent and is carried through the column as a solution.

. . . Solvent
3) The mixture is separated because the different parts are
attracted by different amounts to the solid, so they take Pump

different lengths of time to travel through the column.

4)  As the liquid leaves the column, UV light is passed HPLC Column Waste
through it. The UV is absorbed by the parts of the
i |

A RN R R RN NN AR NI RN Y
HPLC can be used where GC (see next
.
page) can't, for example when the sample is =

heat sensitive or has a high boiling point. =
AR R RV RV R RRVARRVAVAARRRRRVER IR

/
P

SARAARY

mixture as they come through, and a UV detector

measures the UV light absorbed by the mixture. "

A graph (called a chromatogram) is produced. Display

5) The chromatogram shows the retention times of the components of the mixture — this is the time taken for
a substance to pass through the column and reach the detector. You can compare experimental retention

times with those from reference books or databases to identify the different substances in the mixture.
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Chromatography

In Gas Chromatography the Mobile Phase is a Gas

1) In gas chromatography (GC) the sample to be
analysed is injected into a stream of gas, which sample detector and recorder
carries it through a coiled column coated with a injected here GC chromatogram

viscous liquid (such as an oil) or a solid. ) -
) carrier gas / v /
2) The components of the mixture constantly enters here §|,___retention time
dissolve in the oil or adsorb onto the solid, ¢
evaporate back into the gas and then redissolve o
temperature- 2
as they travel through the column. controlled over S
[} I
3) As with HPLC, the different components in the “T A 6 8 10 12 14
mixture can be identified by their time taken to e Time/min
travel through the column (their retention times). = RN AR RN AR RN RN AR TS
g :”(Iﬁl(': Iand HPLC are both types of column chromatography‘ z
'”“'””“"”"”'"""’H\H/IIH|I(|||;1\‘

Mass Spectrometry can be Combined with GC and HPLC

1) Mass spectrometry is a technique used to identify substances from their mass/charge ratio (see page 100). It is
very good at identifying unknown compounds, but would give confusing results from a mixture of substances.

2) Gas chromatography and HPLC, on the other hand, are both very good at separating a
mixture into its individual components, but not so good at identifying those components.

3) If you put HPLC or GC and mass spectrometry together, you get an extremely useful analytical tool. For example:

\\\llllllIIHHIHIHHHHI\I//

Gas chromatography-mass spectrometry (or GC-MS for short) combings the benefits = HPL.C and GC combined with
of gas chromatography and mass spectrometry to make a super analysis tool. mass spectrometry are often
The sample is separated using gas chromatography, but instead of going to a used in forensics. Together, they
detector, the separated components are fed into a mass spectrometer. can Setpar;‘?ﬁ amlj detect trace
o amo .
The spectrometer produces a mass spectrum for each component, which can be unts ot flegal substances in
N 2 o . samples, e.g. testing for drugs In
used to identify each one and show what the original sample consisted of.

ARERRNARNANRREN

blood samples of athletes,
//IIHIIIHIlllll!llll/\llll/\

AN NN RRRNERERL

Practice Questions

Q1 Explain what is meant by the terms ‘mobile phase’ and ‘stationary phase’.
Q2 State the formula used to calculate the R; value of a substance.

Exam Questions

Q1 Look at this diagram of a chromatogram produced using Solvent front
one-way chromatography on a mixture of substances A and B.
a) Calculate the R value of spot A. [2 marks]
b) Explain why substance A has moved further up the plate than substance B. [1 mark] Igg‘i’%l\z.__ v
Q2 HPLC is a useful technique for separating mixtures.
a) Describe the key features of HPLC apparatus. [3 marks]
b) Explain how the resulting chromatogram may be used to identify the components of the mixture. [3 marks]

Q3 GC can be used to detect the presence and quantity of alcohol in the blood or urine samples of suspected drink-drivers.

a) What do the letters GC stand for? [1 mark]

b) Explain how ‘retention time’ is used to identify ethanol in a sample of blood or urine. [2 marks]

Cromer-tography — pictures from my holiday in Norfolk...

Loads of techniques to learn here, and don't forget to check p.219 to remind yourself about thin-layer chromatography
and how to carry out a paper chromatography experiment. Good news is the theory behind all these different types of
chromatography is the same. You’ve got a mobile phase, a stationary phase and a mixture that wants separating.
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Combined Techniques

Yes, | know, it’s yet another page on spectra — but it’s the last one (alright, two) | promise.

You Can Use Data From Several Spectra to Work Out a Structure

All the spectroscopy techniques in this section will give clues to the identity of a mystery molecule, but you can be more
certain about a structure (and avoid jumping to wrong conclusions) if you look at data from several different types of
spectrum. Look back at pages 100-101 for a reminder about mass spectroscopy, and pages 102-103 for IR spectroscopy.

Example: The following spectra are all of the same molecule.

Deduce the molecule’s structure. e et
29
3 ld be due t
The mass spectrum tells you the £ | wuldbede DA e R G
, . © to CH, C,H. or CHO™
molecule’s got a relative mass of 44 °
and it’s likely to contain a CH, group. S /M, =44
3 [E Paa
<
(5]
= 1 " M1
Infrared Spectrum =
0 10 20 30 40 50

m/z

The IR spectrum strongly suggests a C=O bond
in an aldehyde, ketone, ester, carboxylic acid,
amide, acyl chloride or acid anhydride.

But since it doesn’t also have a broad absorption
between 2500 and 3300, the molecule can’t be
a carboxylic acid. And there is no peak between
3300 and 3500, so it can’t be an amide.

Transmittance %

<= This sharp peak at about 1750 cm™
is likely to be due to a C=O bond.

4000 3000 2000 1500 1000 500

Wavenumber (cm~")

The high resolution proton NMR spectrum shows that

there are hydrogen nuclei in 2 environments. High Resolution Proton NMR Spectrum

The peak at § = 9.5 is due to a CHO group and the one 5 Peak & = 9.5 ppm

at = 2.5 is probably the hydrogen atoms in COCH,. “% due to CHO group SPeak at & = 25 ppm
(You Aknow .that these can't be any other groups with similar _(.‘: 3[ e e COCH3 group
chemical shifts thanks to the mass spectrum and IR spectrum.) 1 ™S

The area under the peaks is in the ratio 1 : 3, which makes

sense as there’s 1 hydrogen in CHO and 3 in COCH,. "0 0 8 7 65 4 321 0

The splitting pattern shows that the protons are on Cltetulizel ity B o)

adjacent carbon atoms, so the group must be HCOCH,,.

Carbon-13 NMR Spectrum

Chemical shift at

s Clhamitezl hi: it 5= 40 y The carbon-13 NMR spectrum shows that
I 8 =200 ppm due to to—a C_f:p[)non:e the molecule has carbon nuclei in 2 different
2 o carbonyl group. / ' environments.
[3+]
b The peak at & = 200 corresponds to a carbon in
a carbonyl group and the other peak is due to a
1200 150 100 50 0 C-C bond.

Chemical shift, 8 (ppm)

Putting all this together we have a molecule with a mass of 44,
which contains a CH, group, a C=0 bond, and an HCOCH, group.

So, the structure of the O

molecule must be: H,C— C/

NH o which is the aldehyde ethanal.

You probably could have worked the molecule’s structure out without using all the spectra,
but in more complex examples you might well need all of them, so it's good practice.
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Combined Techniques

Elemental Analysis also Helps to Work Out a Structure

1) In elemental analysis, experiments determine the masses or
percentage compositions of different elements in a compound.
2) This data can help you to work out the empirical and molecular formulae
of a compound. See pages 56-57 and page 228 to remind yourself how to do this.

3) Knowing the molecular formula is useful in working out the .
structure of the compound from different spectra. Jim has a good

knowledge of specs.
Do you?

Practice Questions

Q1 Which type of spectrum gives you the relative mass of a molecule?
Q2 Which spectrum can tell you how many different hydrogen environments there are in a molecule?
Q3 Which spectrum can tell you how many carbon environments are in a molecule?

Exam Questions

Q1 The four spectra shown were produced by running different tests

. Mass Spectrum
on samples of the same pure organic compound.

S 44
Use them to work out: <
8 73
a) The molecular mass of the compound. [1 mark] =
2 29
e
<
b) The probable structure of the molecule. o 15
Explain your reasoning. [6 marks] =
= T T T T T
40 60
Infrared Spectrum 0 20 mlz 80 100
100
f Carbon-13 NMR Spectrum High Resolution Proton NMR Spectrum
g - .
g 501 S 8
@ & E"
g 8 2
E £ J M_/L = M
= VAN
T T T T T
4000 3000 2000 1500 1000 500 200 150 100 50 0 109876543210
Wavenumber (cm ™) Chemical shift, & (ppm) Chemical shift, 8 (ppm)

Q2 The four spectra shown were produced by running different tests Mass Spectrum
on samples of the same pure organic compound.

Use them to work out: 60

S
3
g
g 43

a) The molecular mass of the compound. [1 mark] c r zli
E 151 I
b) The probable structure of the molecule. k| '
. i = T T T T T
Explain your reasoning. [6 marks] 0 20 40 , 60 80 100
m/z
Infrared Spectrum
100+

f Carbon-13 NMR Spectrum High Resolution Proton NMR Spectrum

Q

g . . 3

g 504 ) g

g & 2 2

£ 2 2 1

ia £ | 2

u u U u U T T T T T T 1 T T T T T T [ T 1T
4000 3000 2000 1500 10100 500 200 150 100 50 0 109 8 7 6 5 4 3 2 10
Wavenumber (cm ) Chemical shift, & (ppm) Chemical shift, 8 (ppm)

Spectral analysis — psychology for ghosts...

So that’s analysis done and dusted, you’ll be pleased to hear. But before you celebrate reaching the final topic in the
book, take a moment to check that you really know how to interpret all the different spectra. You might want to have a
look back at page 221 if you're struggling to remember what all the different functional groups look like.
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Planning Experiments

As well as doing practical work in class, you can get asked about it in your exams too. Harsh | know, but that’s how it
goes. You need to be able to plan the perfect experiment and make improvements to ones other people have planned.

Make Sure You Plan Your Experiment Carefully

It's really important to plan

an experiment well if you 1
want to get accurate and 2
precise results. Here’s 3
how to go about it...

ALV Errrrrrrverv e

Work out the aim of the experiment — what are you trying to find out?
Identify the independent, dependent and other variables (see below).
Decide what data to collect.

7

)
)
)
4) Select appropriate equipment which will give you accurate results.
)
)
)

// . .
= Have a peek at page 248 = 5) Make a risk assessment and plan any safety precautions.
= tofindout more about = 6) Write out a detailed method.
= accurate and precise results. = . . .
Zitiv ooy 7). Carry out tests — to gather evidence to address the aim of your experiment.

Make it a Fair Test — Control your Variables

You probably know this all off by heart but it’s easy to get mixed up sometimes. So here’s a quick recap:

Variable — A variable is a quantity that has the potential to change, e.g. mass.
There are two types of variable commonly referred to in experiments:

¢ Independent variable — the thing that you change in an experiment.
e Dependent variable — the thing that you measure in an experiment.

As well as the independent and dependent variables, you need to think of all the
other variables in your experiment and plan ways to keep each of those the same.

For example, if you're investigating the effect of temperature on rate
of reaction using the apparatus on the right, the variables will be:

Independent variable | Temperature

Dependent variable Volume of gas produced — you can measure this by collecting it in a gas syringe.

E.g. concentration and volume of solutions, mass of solids, pressure, the presence
of a catalyst and the surface area of any solid reactants. v,
You MUST control your
other variables so they're

always the same.
ARRNRRE RN RN NRVER

Other variables

\\\I\III/
HANRERER

Collect the Appropriate Data

Experiments often involve collecting data and you need to decide what data to collect.
1) There are different types of data, so it helps to know what they are:

e Discrete — you get discrete data by counting. E.g. the number of bubbles produced in a reaction.

e Continuous — a continuous variable can have any value on a scale. For example, the volume of
gas produced. You can never measure the exact value of a continuous variable.

e Categoric — a categoric variable has values that can be sorted into categories.
For example, the colours of solutions might be blue, red and green.

2) You need to make sure the data you collect is appropriate for your experiment.

Example: A student suggests measuring the rate of the following reaction by
observing how conductivity changes over the course of the reaction:
NaOH(aq) + CH3CHzBr(|) - CH3CH20H“) + NaBr(aq)

Suggest what is wrong with the student’s method, and how it could be improved.
You couldn’t collect data about how the conductivity changes over the course of
the reaction, because there are salts in both the reactants and the products.
Instead you could use a pH meter to measure how the pH changes
from basic (due to sodium hydroxide) to neutral.

PRACTICAL SKiLLS
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Planning Experiments

Choose Appropriate Equipment — Think about Size and Precision

Selecting the right apparatus may sound easy but it’s something you need to think carefully about.

1) The equipment has to be appropriate for the specific experiment.

For example, if you want to measure the volume of gas produced in a reaction, you need
to make sure you use apparatus which will collect the gas, without letting any escape.

2) The equipment needs to be the right size.

For example, if you're using a gas syringe to collect a gas, it needs to be big enough to collect
all the gas produced during the experiment, or the plunger will just fall out the end.
You might need to do some calculations to work out what size of syringe to use.

3) The equipment needs to be the right level of precision.

If you want to measure 10 cm? of a liquid, it will be more precise to use a measuring
cylinder that is graduated to the nearest 0.5 cm? than to the nearest 1 cm?>.
A burette would be most precise though (they can measure to the nearest 0.1 cm?).

Risk Assessments Help You to Work Safely

1) When you're planning an experiment, you need to carry out a risk assessment. To do this, you need to identify:
e All the dangers in the experiment, e.g. any hazardous compounds or naked flames.
®  Who is at risk from these dangers.

*  What can be done to reduce the risk, such as wearing goggles or working in a fume cupboard.

Mrvpbrverrevrprrrvrrvrnl
= There's more about risks =
and hazards on page 62. =

(AERRENARRERNNERRENRRNAR)

2) You need to make sure you're working ethically too. This is most important if
there are other people or animals involved. You have to put their welfare first.

NI

Methods Must be Clear and Detailed

When writing or evaluating a method, you need to think about all of the things on these two pages.
The method must be clear and detailed enough for anyone to follow — it’s important that other people
can recreate your experiment and get the same results. Make sure your method includes:

1) All substances and quantities to be used.

2) How to control variables.

3) The exact apparatus needed (a diagram is usually helpful to show the set up).
4) Any safety precautions that should be taken.

5) What data to collect and how to collect it.

Practice Questions

Q1 Briefly outline the steps involved in planning an experiment.

Q2 What three things should you consider when choosing the best apparatus for your experiment?
Exam Question
Q1 A student carries out an experiment to investigate how the rate of the following reaction changes
with the concentration of hydrochloric acid: Mg, + 2HC1(aq) — MgCl, a T @

The student decides to measure how the pH changes over time using litmus paper.
Explain why this method of measuring pH is unsuitable, and suggest an alternative method. [2 marks]

Revision time — independent variable. Exam mark — dependent variable...
I wouldn’t advise you to investigate the effect of revision on exam marks. Just trust me — more revision = better marks.
But if you were to investigate it, there are all manner of variables that you'd need to control. The amount of sleep you
had the night before, how much coffee you drank in the morning, your level of panic on entering the exam hall...

PRACTICAL SKiLLS
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Practical Techniques

The way you carry out your experiment is important, so here’s a nice round up of some of the techniques chemists use
all the time. You’ve probably met some of them before, which should hopefully make it all a bit easier. Hopefully... :-)

Results Should be Repeatable and Reproducible

1) Repeatable means that if the same person does the experiment again using the same methods and equipment,
they’ll get the same results. Reproducible means that if someone else does the experiment, or a different method

or piece of equipment is used, the results will still be the same.
2) To make sure your results can be consistently repeated using apparatus and techniques correctly,

and reproduced, you need to minimise any errors
that might sneak into your data. This includes:

¢ taking measurements correctly,
* repeating your experiments and calculating a mean.

Make Sure You Measure Substances Correctly

The state (solid, liquid or gas) that your substance is in will determine how you decide to measure it.

1) You weigh solids using a balance. Here are a couple of things to look out for:

e Put the container you are weighing your substance into on the balance, and make sure
the balance is set to exactly zero before you start weighing out your substance.

e If you need to transfer the solid into another container, make sure that it’s all transferred. For example, if
you’re making up a standard solution you could wash any remaining solid into the new container using the
solvent. Or, you could reweigh the weighing container after you've transferred the solid so you can work
out exactly how much you added to your experiment.

2) There are a few methods you might use to measure the volume of a ‘i" hj:aivtﬂ:r;stzor:of
liquid. Whichever method you use, always read the volume from <

: S the meniscus.
the bottom of the meniscus (the curved upper surface of the liquid) B
when it’s at eye level. ?
kS

Pipettes are long, narrow tubes that are used to suck up an accurate volume of liquid and
transfer it to another container. They are often calibrated to allow for the fact that the last
drop of liquid stays in the pipette when the liquid is ejected. This reduces transfer errors.

Burettes measure from top to bottom (so when they are full, the scale

reads zero). They have a tap at the bottom which you can use to release s\"étj:e'tt'e;‘;;e' M ‘d"
the liquid into another container (you can even release it drop by drop). = 2 lot for titratliqu

Tousea byrette, take an initial re.ading, ar!d once you've released as = There's loads more
much liquid as you want, take a final reading. The difference between = apout titrations on

the readings tells you how much liquid you used. pages 62-65.
IR NEYERRRRNEN

AENRRERERNETAS

SEAEARN

\f

Volumetric flasks allow you to accurately measure a very specific volume of liquid.
£ They come in various sizes (e.g. 100 cm?, 250 cm?) and there’s a line on the neck that 1l
marks the volume that they measure. They’re used to make accurate dilutions and standard
solutions. To use them, first measure out and add the liquid or solid that is being diluted or
dissolved. Rinse out the measuring vessel into the volumetric flask with a little solvent to
make sure everything’s been transferred. Then fill the flask with solvent to the bottom of the c=>

neck. Fill the neck drop by drop until the bottom of the meniscus is level with the line.
NI AR RN R RN N AR R R AN RN RN AR R AR RN NN NN ARNNRNNANEAN
= A standard solution is a solution with a precisely known concentration.

You can find out how they're made on page 62. -
RN RN R R RN R RN RN R AR SR RN R RN RNV R RN NN RN NN ARV NNNAREN

VI

7

3) Gases can be measured with a gas syringe. They should be measured at room temperature and
pressure as the volume of a gas changes with temperature and pressure. Before you use the
syringe, you should make sure it's completely sealed and that the plunger moves smoothly.

Once you've measured a quantity of a substance you need to be careful you don't lose any. In particular,
think about how to minimise losses as you transfer it from the measuring equipment to the reaction container.

PRACTICAL SKiLLS
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Practical Techniques

Measure Temperature Accurately

I’'m sure you've heard this before, so I'll be quick... You can use a thermometer or a temperature probe to measure
the temperature of a substance (a temperature probe is like a thermometer but it will always have a digital display).

e Make sure the bulb of your thermometer or temperature probe is
completely submerged in any mixture you're measuring.
e Wait for the temperature to stabilise before you take an initial reading
* If you're using a thermometer with a scale, read off your measurement at eye level to make sure it’s accurate.

Qualitative Tests Can be Harder to Reproduce

Qualitative tests measure physical qualities (e.g. colour) while quantitative tests measure numerical data, (e.g. mass).

So if you carried out a reaction and noticed that heat was produced, this would be a qualitative observation.

If you measured the temperature change with a thermometer, this would be quantitative.

Qualitative tests can be harder to reproduce because they're often subjective (based on opinion), such as describing
the colour or cloudiness of a solution. There are ways to reduce the subjectivity of qualitative results though.

For example:

e If you're looking for a colour change, put a white background behind your reaction container.

e If you're looking for a precipitate to form, mark an X on a piece of paper and place it under the
reaction container. Your solution is ‘cloudy” when you can no longer see the X.

There are Specific Techniques for Synthesising Organic Compounds

Synthesis is used to make one organic compound from another. There are a number of techniques that chemists use

to help them make and purify their products: S,
hy RN
q : " " : ] T heset Frrn
1) Reflux — heating a reaction mixture in a flask fitted with a condenser so that =, ;Zg”,'ques are covere ir: ”f
any materials that evaporate, condense and drip back into the mixture. RV II|?T.pages 98-99 =

2) Distillation — gently heating a mixture so that the compounds evaporate off in order of
increasing boiling point and can be collected separately. This can be done during a reaction
to collect a product as it forms, or after the reaction is finished to purify the mixture.

3) Removing water soluble impurities — adding water to an organic mixture in a separating
funnel. Any water soluble impurities move out of the organic layer and dissolve in
the aqueous layer. The layers have different densities so are easy to separate.

Practice Questions
Q1 Give three ways that you could ensure your experiment is repeatable and reproducible.

Q2 How would you measure out a desired quantity of a solid? And a gas?
Q3 How could you make the results of an experiment measuring time taken for a precipitate to form less subjective?

Exam Question

Q1 A student dilutes a 1 mol dm™ solution of sodium chloride to 0.1 mol dm™ as follows:

He measures 10 cm? of 1 mol dm= sodium chloride solution in a pipette and puts this into a 100 cm?
volumetric flask. He then tops up the volumetric flask with distilled water
until the top of the meniscus is at 100 cm?. B

A—

a) What has the student done incorrectly? What should he have done instead? [1 mark]

b) Which of the arrows in the diagram on the right indicates the
level to which you should fill a volumetric flask? [1 mark]

Reflux, take it easy...
It might seem like there’s a lot to do to make sure your results are accurate, but you should get lots of practice in
practicals. Before long you'll be measuring temperatures and volumes with your eyes shut (metaphorically speaking).
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Presenting Results

Once you've collected the data from your experiment, it’s not time to stop, put your feet up and have a cup of tea —
you’ve got some presenting to do. Results tables need converting into graphs and other pretty pictures.

Organise Your Results in a Table

It's a good idea to set up a table to record the results of your experiment in. When you draw a table, make sure you
include enough rows and columns to record all of the data you need. You might also need to include a column for

processing your data (e.g. working out an average).

The units should be in the

Make sure each column has a heading so you
know what's going to be recorded where. fcolumn heading, not the table itself.
Temperature ime () Volume of gas evolved (cm®)  Average volume of gas evolved
°O) Run1 Run2 Run 3 (cmd)
10 8.1 7.6 8.5 (8.1+7.6+8.5)+3=28.1
20 20 17.7 19.0 20.1 (17.7+19.0+20.1) =3 =18.9
30 28.5 29.9 30.0 (28.5+29.9 +30.0) +3=29.5
l[ﬁ ﬁ You can find the mean result by

adding up the data from each repeat

You'll need to repeat each test at least three
and dividing by the number of repeats.

times to check your results are repeatable.

\\\'I'H||||’lll“|'||lf|
Graphs: Scatter or Bar — Use the Best Type = When drawing graphs, the =
= dependent variable should =
You’ll often need to make a graph of your results. = goonthe y-axis, the =
Graphs make your data easier to understand — so long as you choose the right type. =, I'Vl”ljependent on the x-axis, =
IIIIH|||||,”|HH|\\_\
Scatter plots are great for showing how two sets of continuous data are related (or correlated — see page 246).
Don't try to join all the points on a scatter plot — draw a straight or curved line of best fit to show the trend.
Graph to show the relationship between Graph to show volume of gas
M; and melting point in straight-chain alcohols N evolved against time
3007 =2 1001
& 2 4
Z 2504 5 80
£ s
2 200 5 007
o0 x o
£ 150- % £ 407
() _—
= 1004 2 20+
? > 0 T T T T T T T —>
O(I) 25 50 75 100 125 150 175 0 1530 45 ,60 75 90 105120
M, Time (s)
You should use a bar chart when one of
your data sets is categoric. For example: Whatever type of graph you make,
you’ll ONLY get full marks if you:
y . . . oose a sensible scale — don’t do a tiny gra
Graph to Show Ch ibl | dont d ti yg ph
Chlorine Concentration . )
0.5 7 in the corner of the paper, or massive axes where
c in Water Samples /
oS 041 the data only takes up a tiny part of the graph.
£ B ’E\O 3 e Label both axes — including units.
ccgabl .
5 g = e Plot your points accurately — use a sharp pencil.
c 27
S
Q | A | dbl kb \\\llll\!’llllllllAlll|I||Il|l\ll|lllllll||I!Ill//
0.1 ppie and PRcey 2 Sometimes you might need to work out the gradient =
was number one on - . -
0- Jané's pie chart = of a graph, eg. to work out the rate of a reaction. =
A B C P = There are details of how to do this on page 114. =
Water samples N R R R R R R A A NN AN AR AR RN N AR R EAN
NEARAR R R A A NN N RV
“— Pie charts are also used to display categoric data. =
ARV AN R RN R R R RN R AN RV AN AR A AR RN AR AR AAY
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Presenting Results

Don’t Forget About Units

Units are really important — 10 g is a bit different from 10 kg, so make sure you don't forget to add them to
your tables and graphs. It’s often a good idea to write down the units on each line of any calculations you do
— it makes things less confusing, particularly if you need to convert between two different units.

Here are some useful examples:

Concentration can be measured in mol dm=
and mol cm.

x 1000

Example: Write 0.2 mol dm= in mol cm=.

To convert 0.2 mol dm= into mol cm=
you divide by 1000.

Volume can be measured in m?, dm? and cm?.

x 1000 x 1000
/\ /\
m3 dm? cm?
~— ~—
+ 1000 + 1000

Example: Write 6 dm?® in m? and cm?.

To convert 6 dm? into m? you divide by 1000.
6 dm? + 1000 = 0.006 m®> = 6 x 10 m?

0.2 mol dm= + 1000 = 2 x 10& mol cm™3
_\llIII\II‘IlI\HII\HIHH L
Standard form is useful for writing =

very big or very small numbers.
RN AN AR RN R RN RN A AR AR AN

To convert 6 dm? into cm?® you multiply by 1000.
6 dm? x 1000 = 6000 cm?® = 6 x 10° cm?

Y

Round to the Lowest Number of Significant Figures

The first significant figure
of a number is the first
digit that isn't a zero. The
second, third and fourth
significant figures follow on
immediately after the first

You always need to be aware of significant figures when working with data.

1) The rule is the same for when doing calculations with the results from your
experiment, or when doing calculations in the exam — you have to round
your answer to the lowest number of significant figures (s.f.) given in the question.

Ve rbrvrvevvr gy

2) Italways helps to write down the number of significant figures you've rounded to (even if they're Zeros).
after your answer — it shows you really know what you're talking about. Oy
3) If you're converting between standard and ordinary form, you have to keep the same number of significant

figures. For example, 0.0060 mol dm= is the same as 6.0 x 10 mol dm= — they’re both given to 2 s.f..
Example: 13.5 cm?® of a 0.51 mol dm= solution of sodium hydroxide reacts with 1.5 mol dm= hydrochloric acid.
Calculate the volume of hydrochloric acid required to neutralise the sodium hydroxide

You don't need to round intermediate
3sf 2 sf e

No. of moles of NaOH: (13.5 cm?® x 0.51 mol dm=) = 1000 = 6.885 x 10~ mol
Volume of HCI: (6.885 x 10-3) mol x 1000 = 1.5 mol dm= =4.59 cm?® = 4.6 cm? (2 s.f.)

Final answer should be rounded to 2 sf.

your final answer less accurate.

Make sure all your units match

when you're doing calculations.
RSN RN RN AR AR AR RN

NERRNA

Practice Questions

Q1 Why is it always a good idea to repeat your experiments?

Q2 How would you convert an answer from m?3to dm?3?
Q3 How do you decide how many significant figures you should round your answer to?
Exam Question
Q1 10 cm?® sodium hydroxide solution is titrated with 0.50 mol dm= hydrochloric acid to find its concentration.
The titration is repeated three times and the volumes of hydrochloric acid used are: 7.30 cm?, 7.25 cm?, 7.25 cm?.

a) What is the mean volume of hydrochloric acid recorded in dm3? [1 mark]

b) What is the concentration of hydrochloric acid in mol cm=? [1 mark]

AR AR AR RN AN AR ARV

FIYEprrrvy

2NN

answers. Rounding too early will make

evrrrrrerververv e r ity v

AAREA

|

Significant figures — a result of far too many cream cakes...
When you draw graphs, always be careful to get your axes round the right way. The thing you've been changing (the

independent variable) goes on the x-axis, and the thing you’ve been measuring (the dependent variable) is on the y-axis.
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Analysing Results

You're not quite finished yet... there’s still time to look at your results and try and make sense of them. Graphs can help
you to see patterns but don’t try and read too much in to them — they won't tell you what grade you're going to get.

Watch Out For Anomalous Results

\\Illllllllllllll
. . 4 . _\ ’ l
1)  Anomalous results are ones that don’t fit in with the other values and are likely to be wrong. = 'here’s more aboutl///'
| . e valu . " =
2) They're often due to random errors, e.g. if a drop in a titration is too big and shoots past the = aﬂZZZ e;;(gs on =
. =

-
ARRYI

end point, or if a syringe plunger gets stuck whilst collecting gas produced in a reaction. AT
[l

3)  When looking at results in tables or graphs, you always need to look to see if there are any anomalies
— you need to ignore these results when calculating means or drawing lines of best fit.

Example: Calculate the mean volume from the results in the table below.

1 2 3 4 Titre 4 isn’t concordant (doesn’t match) the other results
. [~ - .~ SO Yyou need to ignore it and just use the other three:
Titre Vol 3)[15.20] 15.30 | 15.25 [ 15.
tre Volume (em) | 15-20] 1530 ] 1525 NP0 1590+ 15.30+15.25 3
3 =15.25 cm

Titration Number

\\\U\II|HIIIl||IHI||HHllllllIII/
.
= There won't always be an anomalous

\

= j\ Graph to Show Volume of Oxygen Evolved = -
5 8 100 Against Time in Decomposition of H,0, = result, but sometimes there can be =
© 5.~ 80- =~ more than one — don't be afraid to =
€3 E =, lgnore more than one result. =
_gcg 60 - R AR RN RN NARRRAR RN RN RS
-
3 The result at 30 seconds doesn't
© 20- fit with the other results, so
0 . you need to ignore it when
0 15 30 45 60 75 90 105 120 drawing the line of best fit.
Time (s)

Scatter Graphs Show The Relationship Between Variables

Correlation describes the relationship between two variables — the independent one and the dependent one.

Data can show:

Positive correlation @ Negative correlation @ No correlation
As one variable increases As one variable increases There is no relationship
the other increases. the other decreases. between the two variables.

Positive Negative None

Correlation Doesn’t Mean Cause — Don’t Jump to Conclusions

1) ldeally, only two quantities would
ever change in any experiment — Example:
everything else would remain constant. ~ Some studies have found a correlation between drinking
chlorinated tap water and the risk of developing certain cancers.

2) Butin experiments or studies outside
So some people argue that water shouldn’t have chlorine added.

the lab, you can’t usually control all

the variables. So even if two variables BUT it's hard to control all the variables between

are correlated, the change in one may people who drink tap water and people who don't.

not be causing the change in the other. It could be due to other lifestyle factors.

Bch cha.nges might be caused by a Or, the cancer risk could be affected by something else in tap
third variable. water — or by whatever the non-tap water drinkers drink instead...
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Analysing Results

Don’t Get Carried Away When Drawing Conclusions

The data should always support the conclusion. This may sound obvious but it’s easy to jump to conclusions.
Conclusions have to be specific — not make sweeping generalisations.

Example:

1) The rate of an enzyme-controlled reaction was measured at 10 °C, 20 °C, 30 °C, 40 °C, 50 °C and 60 °C.
All other variables were kept constant, and the results are shown in the graph below.

The effect of temperature on the rate  2) A science magazine concluded from this

of an enzyme-controlled reaction data that this enzyme works best at 40 °C.
A
3) The data doesn’t support this. The
Rate of reaction enzyme could work best at 42 °C or
(arbitary units) 47 °C but you can't tell from the data

because increases of 10 °C at a time were
used. The rate of reaction at in-between
temperatures wasn’t measured.

4) All you know is that it's faster
at 40 °C than at any of the
1'0 2'0 3'0 4'0 5'0 6IO other temperatures tested.

Temperature / °C

5) The experiment ONLY gives information about this particular enzyme-controlled reaction.
You can’t conclude that all enzyme-controlled reactions happen faster at a particular temperature
— only this one. And you can't say for sure that doing the experiment at, say, a different constant
pressure, wouldn’t give a different optimum temperature.

Practice Questions

Q1 How do you treat anomalous results when calculating averages? And when drawing lines of best fit?

Q2 What is negative correlation?

Exam Question

Q1 A student carried out an investigation to study how the rate of a reaction changed with temperature.
He plotted his results on the graph shown on the right. A

a) Give the temperatures at which
any anomalous results occurred. [1 mark]

b) What type of correlation is there between
temperature and rate of reaction? [1 mark]

Rate
(arbitrary reaction units)

¢) Which of the following statements are appropriate R
conclusions to draw from this experiment? 10 20 30 40 50 60 ~
Temperature (°C)

1. The rate of the reaction is highest at 60 °C.
2. Increasing the temperature causes the rate of the reaction to increase.
3. Between 5 °C and 60 °C, the rate of the reaction increased as temperature increased.

A Statements 1, 2 and 3. B Statements 2 and 3 only.

C Statement 3 only. D Statement 2 only. [1 mark]

Correlation Street — my favourite programme...

Watch out for bias when you're reading about the results of scientific studies. People often tell you what they want you
to know. So a bottled water company might say that studies have shown that chlorinated tap water can cause cancer,
without mentioning any of the doubts in the results. After all, they want to persuade you to buy their drinks.
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Evaluating Experiments

So you've planned an experiment, collected your data (no less than three times, mind you) and put it all onto a lovely
graph. Now it’s time to sit back, relax and... work out everything you did wrong. That’s science, I'm afraid.

You Need to Look Critically at Your Experiment

There are a few terms that’ll come in handy when you’re evaluating how convincing your results are...

1) Valid results — Valid results answer the original question. For example, if you haven’t controlled all
the variables your results won't be valid, because you won't be testing just the thing you wanted to.

2) Accurate results — Accurate results are those that are really close to the true answer.

3) Precise results — These are results taken using sensitive instruments that measure in small increments,
e.g. pH measured with a meter (pH 7.692) will be more precise than pH measured with paper (pH 7).

NERRREARERARANEY,
Repeating an
experiment won't
make your results

more reliable.
[ANRERRRNAVERENAN

7
N\

4) Reliable experiments — Reliable experiments are carried out correctly, using
suitable equipment and with minimal errors. For example, an experiment
measuring a temperature change would be set up to avoid any heat loss and
temperature changes would be measured using a thermometer or temperature probe.

RAARANAYY
ZARRRRRNER

Uncertainty is the Amount of Error Your Measurements Might Have

1) Any measurements you make will have uncertainty in them
due to the limits to the precision of the equipment you used.

2) If you use a weighing scale that measures to the nearest 0.1 g, then the true weight of any substance
you weigh could be up to 0.05 g more than or less than your reading. Your measurement has
an uncertainty (or error) of £0.05 g in either direction.

3) The = sign tells you the range in which the true value could lie. The range can also be called the margin of error.

4) For any piece of equipment you use, the uncertainty will be half the
smallest increment the equipment can measure, in either direction.

5) If you're combining measurements, you’ll need to combine their uncertainties. For example, if you're
calculating a temperature change by measuring an initial and a final temperature, the total uncertainty
for the temperature change will be the uncertainties for both measurements added together.

The Percentage Uncertainty in a Result Should be Calculated

You can calculate the percentage uncertainty i uncertainty
percentage uncertainty = ———————— x 100

Wy,
You may see percentage
uncertainty called

percentage error.
/ N
ARRRRERE RN AR RAN

Example: A balance measures to the nearest 0.2 g, and is used to measure the mass of a substance.
The mass is zeroed so it reads 0.0 g. Then, 18.4 g of a solid are weighed. Calculate the percentage uncertainty.

of a measurement using this equation: reading

NERRRARZ
AREENAN

The balance measures to the nearest 0.2 g, so each reading has an uncertainty of +0.1 g. There is an error

of £0.1 g associated with when the balance reads 0.0 g (when it’s zeroed), and when the mass of solid has

been weighed out. Therefore, there are two sources of error, so the total uncertainty is 0.1 x 2 = 0.2 g.

NARRAR RN R AR AN AR AR NN A
This stuff's really important, so there are

more examples on pages 66 and 67.
ARV RY RN R RN RN AR A RN RANARAY!

So for this mass measurement, percentage uncertainty = 1%—24 x100=1.1%

WANRRYRN

NERRR

You Can Minimise the Percentage Uncertainty

1)  One obvious way to reduce errors in your measurements is to use the most precise equipment available to you.

2) A bit of clever planning can also improve your results. If you measure out 5 cm? of liquid in a measuring cylinder
that has increments of 0.1 cm?® then the percentage uncertainty is (0.05 + 5) x 100 = 1%.
But if you measure 10 cm?® of liquid in the same measuring cylinder the percentage uncertainty
is (0.05 + 10) x 100 = 0.5%. Hey presto — you've just halved the percentage uncertainty.
So the percentage uncertainty can be reduced by planning an experiment so you use a larger volume of liquid.

3) The general principle is that the smaller the measurement, the larger the percentage uncertainty.
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Evaluating Experiments

Errors Can Be Systematic or Random

1) Systematic errors are the same every time you repeat the experiment. They may be
caused by the set-up or equipment you used. For example, if the 10.00 cm? pipette you 1
used to measure out a sample for titration actually only measured 9.95 cm?, your sample
would have been about 0.05 cm? too small every time you repeated the experiment.

2) Random errors vary — they’re what make the results a bit different each time you repeat
an experiment. The errors when you make a reading from a burette are random.
You have to estimate or round the level when it’s between two marks —
so sometimes your figure will be above the real one, and sometimes it will be below.

This should be a photo
of a scientist. | don't
3) Repeating an experiment and finding the mean of your results helps to know what happened —
deal with random errors. The results that are a bit high will be cancelled its a random error..

out by the ones that are a bit low. But repeating your results won't get rid
of any systematic errors, so your results won’t get more accurate.

Think About How the Experiment Could Be Improved

In your evaluation you need to think about anything that you could have done differently to improve your results.
Here are some things to think about...

1)  Whether your method gives you valid results.

e Will the data you collected answer the question your experiment aimed to answer?
e Did you control all your variables?

2) How you could improve the accuracy of your results.
e Was the apparatus you used on an appropriate scale for your measurements?
e Could you use more precise equipment to reduce the random errors and uncertainty of your results?

RN RN RN AR N RN RARNANRYS
There's more about repeatable and

reproducible results on page 242.
FEELETED U

3) Whether your results are repeatable and reproducible.

N

<

e Did you repeat the experiment, and were the results you got similar?

Practice Questions

Q1 What's the difference between the accuracy and precision of results?
Q2 What's the uncertainty of a single reading on a balance that reads to the nearest 0.1 g?
Q3 How do you calculate percentage uncertainty?

Q4 Give two ways of reducing percentage uncertainty.
Q5 How can you reduce the random errors in your experiments?
Exam Question

Q1 A student carried out an experiment to determine the temperature change in the reaction
between citric acid and sodium bicarbonate using the following method:

1. Measure out 25.0 cm? of 1.00 mol dm™ citric acid solution in a measuring cylinder and put it in a polystyrene cup.
2. Weigh out 2.10 g sodium bicarbonate and add it to the citric acid solution.
3. Place a thermometer in the solution and measure the temperature change over one minute.

a) The measuring cylinder the student uses measures to the nearest 0.5 cm?.
What is the percentage uncertainty of the student’s measurement? [1 mark]

b) The student’s result is different to the documented value. How could you change the method
to give a more accurate measurement for the change in temperature of the complete reaction? [2 marks]

Repeat your results: Your results, your results, your results, your results...
So there you have it. All you need to know about planning, carrying out and analysing experiments. Watch out for
errors creeping in to your experimental methods. It may not seem obvious that there’s an error when you're taking a
measurement that’s zero (e.g. on a balance or a burette), so remember to include this when calculating errors.
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Do Well In Your Exams

Revision is really important when it comes to exams, but it’s not the only thing that can help. Good exam technique
and knowing what to expect in each exam can make a big difference to your mark, so you'd better check this out...

Make Sure You Know the Structure of Your Exams

For A-Level Chemistry, you’ll be sitting three papers. Knowing what’s going to come up in each paper and how much
time you'll have will be really useful when you are preparing for your exams, so here’s what you’ll be up against:

No. of % of
marks  total mark

Topics assessed Paper details

A mixture of multiple choice,

Advanced Inorganic 1 hr 15 8
1 and Physical . 90 30 ! short answer, calculations and
4 45 mins and 10-15 o .
Chemistry extended writing questions.

Advanced Organic A mixture of multiple choice,
2 and Physical 1 hr 90 30 2,3 156;-71/99 and short answer, calculations and

Chemistry 4> mins extended writing questions.
General and 2 hrs All topics, A mixture of multiple choice,
3 | Practical Principles . 120 40 including short answer, calculations and
30 mins . ) y .
Practical Skills. extended writing questions.

in Chemistry

1) All three papers cover theory from both years of your course — this means you need to make sure
you revise your Year 1 topics (1-10) as well as your Year 2 topics (11-19) for these exams.

2) Each paper will include some extended writing questions which are marked on the quality of the
response, as well as their scientific content.

These questions will be shown by an e Have a clear and logical structure.

asterisk (*) next to their number. ¢ Include the right scientific terms, spelt correctly.
Your answer needs to: fjdo Include detailed information that’s relevant to the question.
Some Questions Will Test Your Knowledge of Carrying Out Practicals

ML gy,

Although Paper 3 covers the =

Practical Skills section of this
book, you could be asked

Some of the marks in your A-Level Chemistry exams will focus on how to carry out
experiments, analyse data and work scientifically. This means you will be given
questions where you're asked to do things like comment on the design of experiments,
make predictior?s, draw graphs, calculate. percentage errors — basically, anything about practical technigues in
related to planning experiments or analysing results. These skills are covered in the any of your exams,
Practical Skills section of this book on pages 240-249, and in the relevant topics. PV

NUCAREARRERY
AR

Manage Your Time Sensibly
1) How long you spend on each question is important in an exam — it could make all the difference to your grade.

2) The number of marks tells you roughly how long to spend on a question.
But some questions will require lots of work for a few marks while others will be quicker.

Example: 1) Define the term ‘enthalpy change of neutralisation’. (2 marks)
2) Compounds A and B are hydrocarbons with relative molecular masses of
78 and 58 respectively. In their 'H NMR spectra, A has only one peak
and B has two peaks. Draw a possible structure for each compound. (2 marks)

Question 1 only requires you to write down a definition — if you can remember it this shouldn’t take too long.

Question 2 requires you to apply your knowledge of NMR spectra and draw the structure of two compounds
— this may take you a lot longer, especially if you have to draw out a few structures before getting it right.

So if time’s running out, it makes sense to do questions like Q1 first and come back to Q2 if there’s time at the end.

3) If you get stuck on a question for too long, it may be best to move on and come back to it later.
If you skip any questions the first time round, don’t forget to go back to do them.

4) You don’t have to work through the paper in order — you might decide not to do all the
multiple choice questions first, or leave questions on topics you find harder till the end.

Do WELL IN YOUR Exams
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Do Well In Your Exams

Make Sure You Read the Question

1) It sounds obvious, but it’s really important you read each question carefully, and give an answer that fits.

2) Command words in the question give you an idea of the kind of answer you should write. You'll find answering
exam questions much easier if you understand exactly what they mean. Here’s a summary of the common ones:

Command word What to do

Give / Name / State | Give a brief one or two word answer, or a short sentence.

Identify Say what something is.

Compare / Contrast | Look at the similarities and differences between two or more things.

Explain Give an explanation, including reasoning, for something.

Predict Use your scientific knowledge to work out what the answer might be.

Write an account or a description of something,

Describe . . . From the looks on
e.g. an experiment, some observations or a chemical trend. his classmates’ faces
Calculate Work out the solution to a mathematical problem. Ivor deduced that

he had gone a bit
overboard when
decorating his lucky
exam hat.

Deduce / Determine | Use the information given in the question to work something out.

Discuss Explore and investigate a topic, as presented in the question.

Sketch Produce a rough drawing of a diagram or graph.

Remember to Use the Data Booklet

When you sit your exams, you'll be given a data booklet. It will contain lots of useful information, including:
e the characteristic infrared absorptions, *C NMR shifts and "H NMR shifts of some common functional groups.
e some electronegativity information, including the Pauling electronegativity index.

e some useful scientific constants. VLIV UL T,

e the standard electrode potentials of some electrochemical half-cells. = Useacopy of the data booklet =
o Z while you're revising. It will get you =
 some information about the colours and pH ranges of common indicators. = used to using it, and show you the =
e acopy of the periodic table. = facts you don't need to memorise. =
//IIIIIIl\\llIII\\HIIllIlllIl\\I\\
. - LRERER! I
Be Careful With Calculations = 20% of the marks up for  ©
= grabsin A-Level Chemistry =
1) In calculation questions you should always show your working — - m:ﬁll Srjf:'rsumk‘;t:vsv skill, Sf 5 3
you may get some marks for your method even if you get the answer wrong. N ,y| Y ,}l/?[frl ls|ul 1'\\:

2) Don't round your answer until the very end. Some of the calculations in A-Level Chemistry
can be quite long, and if you round too early you could introduce errors into your final answer.

3) Be careful with units. Lots of formulae require quantities to be in specific units (e.g. temperature in kelvin),
so it’s best to convert any numbers you're given into these before you start. And obviously, if the question tells
you which units to give your answer in, don’t throw away marks by giving it in different ones.
4)  You should give your final answer to the correct number of significant figures. This is usually the same as the
data with the lowest number of significant figures in the question — see page 245 for more on significant figures.
5) It can be easy to mistype numbers into your calculator when you’re under pressure in an exam,
so always double-check your calculations and make sure that your answer looks sensible.

I’d tell you another Chemistry joke, but I'm not sure it’'d get a good reaction...

The key to preparing for your exams is to practise, practise, practise. Get your hands on some practice papers and try to
do each of them in the time allowed. This’ll flag up any topics that you're a bit shaky on, so you can go back and revise.

Do WELL IN YOUR Exams
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Topic 1 — Atomic Structure
and the Periodic Table

Page 5 — The Atom

1 a) Similarity — They've all got the same number
of protons/electrons [T mark].
Difference — They all have different numbers of neutrons
[T mark].
b) 1 proton, 1 neutron (2 — 1), 1 electron [T mark].
c) 3H [T mark]

2 a) i) Same number of electrons. 3252~ has 16 + 2 = 18 electrons.
40Ar has 18 electrons too [T mark].
ii) Same number of protons. Each has 16 protons [T mark].
iii) Same number of neutrons. #°Ar has 40 — 18 = 22 neutrons.
42Ca has 42 — 20 = 22 neutrons [T mark].
b) A and C [T mark]. They have the same number of protons but

different numbers of neutrons [T mark].
It doesn't matter that they have a different number of electrons because
they are still the same element.

3 Hhas 1 proton, O has 8 protons and C has 6 protons, so the total
number of protons in C;H,OH is (3 x 6) + (8 x 1) + 8 = 34.
H has 1 electron, O has 8 electrons and C has 6 electrons, so the
total number of electrons in C;H,OH is (3 x 6) + (8 x 1) + 8 = 34
[1 mark for correct numbers of protons and electrons].
For neutral molecules, the number of electrons is equal to the number
of protons.
H has 1 — 1 = 0 neutrons, O has 16 — 8 = 8 neutrons and
C has 12 - 6 = 6 neutrons.
So C;H,OH has (3 x 6) + (8 x 0) + 8 = 26 neutrons [T mark].

Page 7 — Relative Mass

1 a) First multiply each relative abundance by the relative mass —
120.8 x 63 =7610.4, 54.0 x 65 =3510.0
Next add up the products: 7610.4 + 3510.0 = 11 120.4 [T mark]
Now divide by the total abundance (120.8 + 54.0 = 174.8)
AfCu) = 1204 — 63.6 1 mark]
You can check your answer by seeing if A (Cu) is in between 63 and 65
(the lowest and highest relative isotopic masses).
A sample of copper is a mixture of 2 isotopes in different
abundances [T mark]. The relative atomic mass is an average
mass of these isotopes which isn’t a whole number [T mark].
2 You use pretty much the same method here as for question 1 a).
93.1 x39=3630.9, 0.120 x 40 =4.8, 6.77 x 41 =277.57
3630.9 + 4.8 + 277.57 =3913.27 [1 mark]
This time you divide by 100 because they're percentages.

AK) = 3327~ 39.1 [1 mark]

Again check your answer's between the lowest and highest relative isotopic
masses, 39 and 41. A (K) is closer to 39 because most of the sample
(931 %) is made up of this isotope.

=)

ANSWERS

Page 9 — More on Relative Mass

1) 160 180
160 160 —160: 0.98 x 0.98 | *O -"80: 0.98 x 0.02
= 0.9604 =0.0196
18 | 1O —160: 0.02 % 0.98 | 80 ~180: 0.02 x 0.02
=0.0196 =0.0004

[2 marks — 2 marks for a correct abundances for all molecules,
1 mark if three correct abundances]

160 ~180 and 80 -1°0 are the same, so the relative abundance
is 0.0196 + 0.0196 = 0.0392 [T mark].

b) Divide each by 0.0004 to get the simplified relative abundances.
Molecule M, Relative Abundance
6O -0 | 16 + 16 =32 0.9604 + 0.0004 = 2401
60 180 | 16 + 18 = 34 0.0392 = 0.0004 = 98
80 -180 [ 18 + 18 =36 0.0004 + 0.0004 =1

[2 marks — 1 mark for correct relative abundances, 1 mark for
correct relative molecular masses]
So the mass spectrum for the sample of O, will be:

8 2401

c

[ao]

©

c

>

2

(4]

2 [2 marks — 1 mark for correctly
= labelled axes, 1 mark for

3] 98

= |1 correctly drawn peaks at correct

m/z values, with approximately

3‘0 32 3‘4 3‘6 3‘8
m/z
2 a) 100% —94.20% — 0.012% = 5.788% [1 mark]
39.1 =((39 x 94.20) + (40 x 0.012) + (X x 5.788)) = 100 [T mark]
39.1 =(3674.28 + (X x 5.788)) + 100
3910 -3674.28 = X x 5.788. So, X =40.726... = 41 [1 mark]
3 a) 58 [1 mark]

K
SRR A A
H H H

correct heights]

=

[1 mark]

Page 11 — Electronic Structure

1 a) Katom: 152 252 2p® 352 3p® 4s' or [Ar] 4s! [T mark]
K* ion: 152 252 2p® 3s? 3p® or [Ar] [T mark]
b) 1s? 252 2p* [1 mark]
2 a) Germanium (1s? 2s? 2p® 3s? 3p® 3d'0 452 4p? or
[Ar] 3d'C 4s2 4p?) [1 mark].
The 4p sub-shell is partly filled, so it must be a p block element.
b) Ar (atom) [T mark], K* (positive ion) [T mark],
CI- (negative ion) [T mark].
You also could have suggested Ca®*, S*~ or P3~.
c) 1s%2s% 2p® 352 3p° 3d'04s! [T mark]

Page 13 — Atomic Emission Spectra

1 a) The movement of electrons/an electron [T mark] from higher to
lower energy levels [T mark].
b) Line E (because it is at the highest frequency) [T mark].
c) Because the energy levels get closer together with increasing
energy [1 mark].



2 a) Energy is released/emitted [T mark].

b) The lines represent the frequencies of light that are emitted/
released when an electron drops from a higher energy level to a
lower one [T mark].

Emission spectra show that specific amounts of energy are emitted
when electrons drop down from higher energy levels to lower
energy levels [T mark]. In-between amounts of energy are never
emitted, which suggests that electrons only exist at very specific
energy levels (they’re discrete) [T mark].

d) E.g. ionisation energy [T mark]

O
~—

Page 15 — lonisation Energies

TaCy = Cy + e

Correct equation [T mark]. Both state symbols showing
gaseous state [T mark].

First ionisation energy increases as nuclear charge increases
[1 mark].

c) As the nuclear charge increases there is a stronger force of
attraction between the nucleus and the electron [T mark] and
so more energy is required to remove the electron [T mark].
Group 3 [T mark]

There are three electrons removed before the first big jump in energy.
The electrons are being removed from an increasingly positive
ion [T mark] so there’s less repulsion amongst the remaining
electrons so they’re held more strongly by the nucleus [T mark].
c) When an electron is removed from a different shell there

is a big increase in the energy required (since that shell is
closer to the nucleus) [T mark].

There are 3 shells [T mark].

You can tell there are 3 shells because there are 2 big jumps in energy.
There is always one more shell than big jumps.

=N

g

=

Page 18 — Periodicity

1 a) C[1 mark] b) B [T mark] c) C[1 mark]

2 a) Sihas a giant covalent lattice structure [T mark] consisting of lots
of very strong covalent bonds which require a lot of energy to
break [T mark].

b) Sulfur (Sy) has more electrons than phosphorus (P,) [T mark]
which results in stronger London forces of attraction between
molecules [T mark].

Topic 2 — Bonding and Structure
Page 21 — lonic Bonding

1 a) Giant ionic lattice [T mark].

b) Sodium chloride will have a high melting point [T mark], because
a lot of energy is required to overcome the strong electrostatic
attraction between the positive and negative ions [T mark].

¢) Sodium bromide would have a lower melting point than sodium
chloride [T mark]. Bromide ions have one more electron shell
than chloride ions, so have a larger ionic radius. This means
the ions in sodium bromide can’t pack as closely together as the
ions in sodium chloride [T mark]. lonic bonding gets weaker as
the distance between the ions increases, so the ionic bonding in
sodium bromide is weaker than in sodium chloride / less energy is
required to break the ionic bonds in sodium bromide than sodium
chloride [T mark] (so the ionic melting point is lower).

253

2—

oFoaNC!

CaZt 02~
calcium ion  oxide ion

[2 marks — 1 mark for correct electron arrangement, 1 mark for

correct charges]

In a solid, ions are held in place by strong ionic bonds [T mark].

When molten, the ions are mobile [7 mark] and so carry charge

(and hence electricity) through the substance [T mark].

3 Sodium loses one (outer) electron to form Na* [T mark]. Fluorine
gains one electron to form F~ [T mark]. Electrostatic forces of
attraction between oppositely charged ions forms an ionic lattice
[1 mark].

4 C [1 mark]

=N

Page 23 — Covalent Bonding

[2 marks — 1 mark
for all bonds shown
correctly, 1 mark for
correct charges]

3 a) An N-N bond is longer than an N=N bond [T mark] as there
are four shared electrons in an N=N bond and only two shared
electrons in an N-N bond, meaning the electron density between
the two nitrogen atoms in the nitrogen double bond is greater
than in the nitrogen single bond [T mark]. This increases the
strength of the electrostatic attraction between the positive nuceli
and the negative electrons in the N=N bond, making the bond
shorter [T mark].

[1 mark]

c) The bond enthalpy of the bond in N, would be larger than the
bond enthalpy of a nitrogen single bond or a nitrogen double
bond [T mark]. The bond in N, is a nitrogen triple bond. There
are six shared electrons in this bond, leading to a higher electron
density than in N-N or N=N bonds (where there are two and
four shared electrons respectively) [T mark]. This means there’s a
stronger electrostatic attraction between the two nitrogen nuclei
and the bonding electrons, so stronger covalent bonding
[1 mark].

ANSWERS
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Page 25 — Shapes of Molecules

1 a) i) xX

N
W \
C]\\ 107 Cl

Cl [1 mark]
shape: trigonal pyramidal [T mark],
bond angle: 107° (accept between 106° and 108°) [T mark].

F F
\ /
B

120°

i)

F [1 mark]
shape: trigonal planar [T mark]
bond angle: 120° exactly [T mark].
b) BCl, has three electron pairs only around B. [T mark]
NCI; has four electron pairs around N [T mark], including one
lone pair. [T mark]
2 Atom A: shape: trigonal planar, bond angle: 120° [T mark]

Atom B: shape: tetrahedral, bond angle: 109.5° [T mark]
Atom C: shape: non-linear/bent, bond angle: 104.5° [T mark]

Page 27 — Giant Covalent and Metallic Structures
1 a)

delocalised
electron sea

[1 mark]

Metallic bonding results from the attraction between positive metal
ions and a sea of delocalised electrons between them [T mark].

b) Calcium (Ca?*) has two delocalised electrons per atom, while
potassium (K*) has only one delocalised electron per atom.
So calcium has more delocalised electrons and therefore
stronger metallic bonding [T mark].

2 Silicon dioxide has a giant covalent lattice structure [T mark] so,
to melt it, lots of strong covalent bonds must be broken, which
requires lots of energy/high temperatures [T mark].

3 Graphite consists of sheets of carbon atoms, where each carbon
atom is bonded to three others [T mark]. This means that each
atom has one free electron not involved in bonds, and it is these
free electrons that allow graphite to conduct electricity [T mark].

4 Copper is metallically bonded and so delocalised electrons are

free to move (carry electric current) [T mark]. Oxygen and sulfur

form copper oxide/sulfide, fixing some electrons (as anions)

[1 mark]. This prevents them from moving and carrying charge

[1 mark].

Giant covalent [T mark]

b) Any two from: high melting point / electrical non-conductor

(insulator) / insoluble / good thermal conductor. [T mark for each]

lattice of +ve metal ions

ANSWERS

Page 29 — Electronegativity and Polarisation

1 a) The ability of an atom to attract the bonding electrons in a
covalent bond [T mark].

b) Electronegativity increases across a period and decreases down a
group [T mark].
c) A [T mark]
2a) i) s & ii) H
Cl Cl | .
N 5t [2 marks each — in each
B s+ C k f
/ \ part, 1 mark for correct

al H Csl shape, 1 mark for correct
8- %j_l ~ partial charges]

b) The polar bonds in BCl, are arranged so that they cancel each

other out, so the molecule has no overall dipole [T mark].
CH,Cl, does have an overall dipole because the polar bonds are
not orientated so they are pointing in opposite directions so they
don’t cancel each other out [T mark].

To help you decide if the molecule's polar or not, imagine the atoms are
having a tug of war with the electrons. If they're all pulling the same
amount in different directions, the electrons aren't going to go anywhere.

Page 31 — Intermolecular Forces

1 The boiling point of a substance depends on the energy needed
to overcome the intermolecular forces between the molecules
[T mark]. Pentane is the most linear molecule so it has the
greatest surface contact, and so has the strongest London forces.
This gives it the highest boiling point [T mark]. The surface
contact of 2-methylbutane is less than that of pentane and that
of 2,2-dimethylpropane is smaller still, meaning that these
substances have weaker London forces and consequently lower
boiling points [T mark].

2 London forces/instantaneous dipole-induced dipole bonds and
permanent dipole-permanent dipole bonds [T mark].

3 NO has a higher boiling point. Both molecules have a similar
number of electrons, so the strength of the London forces will
be similar [T mark]. NO is a polar molecule, so can also form
permanent dipole-permanent dipole bonds. This means there are
stronger intermolecular forces between molecules in NO than
in N,, which can only form London forces, so NO has a higher
boiling point [T markj].

Page 33 — Hydrogen Bonding

1 a) Water contains hydrogen covalently bonded to oxygen, so it is
able to form hydrogen bonds [T mark]. These hydrogen bonds
are stronger than the other types of intermolecular forces, so more
energy is needed to break them [T mark].

b) lone pair
hydrogen bond s
Hor

’

1S
/5+\H6‘+"(')'/
H \HS* ,
H5+
[2 marks — 1 mark for correctly drawn molecules showing
partial charges and lone pairs, 1 mark for at least 3 correctly
drawn hydrogen bonds]
2 a) i) Ammonia will have the higher boiling point [T mark].
ii) Water will have the higher boiling point [T mark].
i) Propan-T-ol will have the higher boiling point [T mark].

b) The molecules of ammonia, water and propan-1-ol can form
hydrogen bonds [T mark]. These are stronger/take more energy to
overcome than the intermolecular forces between the molecules
of the other compounds [T mark].

3 Ethane-1,2-diol has stronger intermolecular forces because there
are two alcohol groups, twice as many as in ethanol. Therefore
ethane-1,2-diol can form twice as many hydrogen bonds as
ethanol [T mark].



Page 35 — Solubility

1 a) i) Hydrogen bonds [T mark] form between the alcohol and water
molecules [T mark]. The (hydrogen) bonds between water
molecules are stronger [T mark] than bonds that would form
between water and the halogenoalkane molecules [T markj].
For the last two marks, you could also say that the halogenoalkanes do
not contain strong enough dipoles to form hydrogen bonds with water.

ii) 5
H 5
o+ /Q
H ‘C é E‘(F')"'/H
I TRt
H H S+ /
;'05_
-.\H8+

[2 marks — 1 mark for the two substances with relevant 5+
and &— marked correctly, 1 mark for showing at least one
correctly drawn hydrogen bond between propan-1-ol and a
molecule of water]
b) K* ions are attracted to the 6- ends of the water molecules

[1 mark] and I~ ions are attracted to the &+ ends [T mark].

This overcomes the ionic bonds in the lattice/the ions are

pulled away from the lattice [T mark], and surrounded by water

molecules [T mark], forming hydrated ions:

O~
\HHH u
H\ H
H O \
ofHiTHH™ H g M
AW} H- O N\O—H
o —ON~0O—
HH/ /O\ \H H
HH [1 mark]

2 a) Try to dissolve the substance in water [T mark] and hexane (or
other non-polar solvent) [T mark]. If X is non-polar, it is likely to
dissolve in hexane, but not in water [T mark].

Remember 'like dissolves like' — in other words, substances usually dissolve
best in solvents that have similar intermolecular forces.

b) X and hexane have London forces/instantaneous dipole-induced
dipole bonds between their molecules [T mark] and form similar
bonds with each other [T mark]. Water has hydrogen bonds
[T mark] which are much stronger than the bonds it could form
with a non-polar compound [T mark].

Page 37 — Predicting Structures and Properties

1 A = ionic [T mark], B = simple molecular/covalent [T mark],
C = metallic [T mark], D = giant covalent [T markj].

2 lodine is a simple molecular substance [T mark]. To melt or boil
iodine, you only need to overcome the weak intermolecular forces
holding the molecules together, which doesn’t need much energy
[1 mark]. Graphite is a giant covalent substance [T mark].
Graphite will remain solid unless you can overcome the strong
covalent bonds between atoms, which needs a lot of energy
[1 mark].

3 B [1 mark]

Topic 3 — Redox I

Page 39 — Oxidation Numbers

1a 0 b)+4 ¢ +6 d) -2 [4 marks — 1 mark for each]
2 a) i) +1[1 mark] ii) =1 [T mark]
b) +4 [1 mark]

The oxidation number of combined oxygen is =2, so the total charge from
the oxygens in Na,SO; is (=2 x 3) = —6. Sodium forms ions with a +1
charge, so the total charge from sodium in the compound is (2 x +1) = +2.
The contribution to the charge from non-sodium ions is therefore:
—6 + 2 = 4. The overall charge on the compound is O, so the total
charge from sulfur ion/the oxidation number of sulfur must be +4
(since -4 +4 = 0).
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Page 41 — Redox Reactions

1 a) Oxidation is the loss of electrons [T mark].

Oxygen is being reduced [T mark]. O, + 4e~ — 20% [1 mark]

An oxidising agent accepts electrons and gets reduced [T mark].

2In + 3Cl, = 2InCl, [2 marks — 1 mark for correct

reactants and products, 1 mark for correct balancing]

To do this question, you'll have to write out the half-equation for the

oxidation of In first. It's In — In3* + 3e~.

3 Inadisproportionation reaction, an element in a single species is
simultaneously oxidised and reduced [T mark]. In the reaction
shown, oxygen has an oxidation state of -1 in H,O,/hydrogen
peroxide [T mark]. In the reactants, oxygen has an oxidation state
of =2 in H,O (it's been reduced) and an oxidation state of 0 in O,
(it's been oxidised) [T mark] (so oxygen’s been both oxidised and
reduced).

4 VO +2H" + e - V3* + H,0 [T mark]

Sn2* — Sn** + 2e” [T mark]
2VO?* + 4H* + Sn?* — 2V3* 4+ 2H,0 + Sn** [T mark]

b)
2 a)
b)

Topic 4 — Inorganic Chemistry
and the Periodic Table

Page 43 — Group 2

1 a) B [T mark]

b) Calcium [T mark]. Barium has more electron shells than calcium,
meaning that the outer electrons are further away from the
nucleus and more shielded by inner shells [T mark], reducing
the strength of the attraction between the outer electrons and the
nucleus [T mark]. This makes it easier to remove outer electrons,
resulting in barium having a lower combined first and second
ionisation energy [1 mark].

) Ca+Cly, — CaCl, [T mark]

Mg(OH), + 2HCI — MgCl, + 2H,0
[2 marks — 1 mark for correct reactants and products, 1 mark if
equation correctly balanced]
b) CaO + H,0 — Ca?* + 20H~/ CaO + H,0 — Ca(OH),
[2 marks — 1 mark for correct reactants and products, 1 mark if
equation correctly balanced]

Page 45 — Group 1 and 2 Compounds
1 2) CaCO,, — CaO, + COy
[1 mark for correct equation, and 1 mark for state symbols]

b) Barium carbonate is more thermally stable [T mark]. This is
because barium has a larger ionic radius than calcium/has a lower
charge density than calcium, so it has weaker polarising power
[1 mark]. The weaker polarising power of the barium ion causes
less distortion of the carbonate ion [T mark] (making it more
thermally stable).

You'd also get the marks if you used the reverse argument to explain why
CaCO; is less thermally stable.

2NaNO,, — 2NaNO,, + O, [T mark]

b) E.g. O, gas relights a glowing splint [T mark].

€) magnesium nitrate, sodium nitrate, potassium nitrate [T mark]
Group 2 nitrates decompose more easily than Group 1 as they
have a +2 charge on their cations, compared to the 1+ charge
on Group 1 cations. The greater the charge on the cation, the
less stable the nitrate compound [T mark]. The further down the
group, the more stable the nitrate as the cations increase in size
down the group, and the larger the cation, the less distortion to
the nitrate anion [T mark].

Energy is absorbed and electrons move to higher energy levels.
[1 mark] Energy is released in the form of coloured light when
the electrons fall back to the lower levels [T mark].

b) caesium [T mark]

3 a)

ANSWERS
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Page 47 — Halogens

1 a) Cl, +2Br — 2CI~ + Br, [T mark]

2

b) The boiling points of the halogens increase down the group

[1 mark]. There is an increase in electron shells (and therefore
electrons) the further down the group you go, and so the London
forces also increase down the group [T mark]. Larger London
forces make it harder to overcome the intermolecular forces, and
so melting and boiling points increase down the group [T mark].

a) (potassium) iodide [T mark]
b) brown [T mark]

Page 49 — Reactions of Halogens

1 a) 20H™ +Br, - OBr +Br + H,0O [T mark]

b) A disproportionation reaction [T mark].
¢) 3Br, + 6KOH — KBrO, + 5KBr + 3H,0

[2 marks — 1 mark for correct reactants and products, 1 mark if
equation correctly balanced]

Page 51 — Reactions of Halides

1
2

A [T mark]

Sodium chloride — misty fumes [T mark]

NaCl + H,5S0, — NaHSO, + HCI [T mark]

Sodium bromide — misty fumes [T mark]

NaBr + H,SO, — NaHSO, + HBr [T mark]

2HBr + H,5SO, — Br, + SO, + 2H,0 [T mark]

Orange/brown vapour [T mark]

Potassium bromide reacts with sulfuric acid to produce hydrogen
bromide, which is seen as misty fumes:

KBr + H,SO, — KHSO, + HBr [T mark]

Bromide ions are a reducing agent, and are strong enough to
reduce H,5S0, as part of a redox reaction:

2HBr + H,SO, — Br, + SO, + 2H,0 [T mark].

Potassium iodide reacts with sulfuric acid in a similar way:

Kl + H,SO, — KHSO, + HI [T mark]

2HI +H SO - 1, +SO ,+2H ,O [1 mark]

But |od1de ions are a stronger reducmg agent than bromide ions
[1 mark], so go onto reduce SO, to H,S:

6HI +50, — H,S + 31, + 2H,0 [1 mark]

Page 53 — Tests for lons

Add dilute hydrochloric acid to the solution [T mark] and then
test to see whether the gas given off is carbon dioxide by bubbling
it through limewater. If the limewater goes cloudy, the solution
contains carbonates [T mark].

2 a) C[1 mark]

) Ba?*_, +SO,? “aq — BaSOy(, [2 marks — 1 mark for correct
equatlon, 1 mark for correct state symbols]
Add some sodium hydroxide to the solution in a test tube and
gently heat the mixture [T mark]. Test the gas produced with a
damp piece of red litmus paper. If there’s ammonia given off
this means there are ammonium ions in the solution. If there’s
ammonia present, the paper will turn blue [T mark].

Topic 5 — Formulae, Equations

& Amounts of Substances

Page 55 — The Mole

1

M of CaSO, =40.1 +32.1 + (4 x 16.0)=136.2 g mol-!

number of moles = % = 0.2500 moles [T mark]
M of CH,;COOH = (2 x 12.0) + (4 x 1.0) + (2 x 16.0)
= 60.0 g mol™!

mass = 60.0 x 0.360 = 21.6 g [T mark]

ANSWERS

M of HCl = 1.0 + 35.5 = 36.5 g mol~’
mass = 0.100 x 36.5 = 3.65 g [T mark]
volume of water in dm? = 100 + 1000 = 0.100 dm?

. _ _mass _ 3.65 _ _3
concentration = =~ = = SoE = 36.5 g dm= [1 mark]
number of moles = 0.250 x % =0.0150 moles [T mark]

M of H,SO, = (2 x 1.0) + 32.1 + (4 x 16.0)
mass = 0.0150 x 98.1 = 1.47 g [T mark]
M of Agl = 107.9 + 126.9 = 234.8 g mol™!
number of moles = =91 — 0.00430... mol [1 mark]

=98.1 g mol™!

234.8
volume of nitric acid in dm? = 15.0 + 1000 = 0.0150 dm?
concentration = moles _ 0.00430... _ 0.287 mol dm3 [T mark]
volume 0.0150

Page 57 — Empirical and Molecular Formulae

1

The mass ‘lost’ during the experiment must have been oxygen.
2.80 - 2.50 = 0.300 g oxygen was present in the oxide [T mark].
Moles of Cu = 2.50 + 63.5 = 0.0394
Moles of O = 0.300 + 16.0 = 0.0188 [T mark]
Dividing both these values by the smaller one:
Ratio Cu : O =(0.0394 + 0.0188) : (0.0188 + 0.0188)

=2.09...: 1 [T mark]
So, rounding off, empirical formula = Cu,O [T mark]
Assume you've got 100 g of the compound so you can turn the %
straight into mass.

No. of moles of C = ?% 8 =7.69 moles

700 = =7.70 moles [T mark]

Divide both by the smallest number, in this case 7.69.
SoratioC:H=1:1

So, the empirical formula = CH [T mark]

The empirical mass =12.0 + 1.0=13.0

No. of empirical units in molecule = 78.0 _g

13.0
So the molecular formula = C;H, [T mark]
The magnesium is burning, so it’s reacting with oxygen and the
product is magnesium oxide.
First work out the number of moles of each element.

No. of moles Mg = % = 0.0500 moles
Mass of O is everything that isn’t Mg: 2.00 — 1.20 = 0.800 g

No. of moles O = 012000 0.0500 moles [T mark]

Ratio Mg : O = 0.0500 : 0.0500

Divide both by the smallest number, in this case 0.0500.
SoratioMg:O=1:1

So the empirical formula is MgO [T mark]

First calculate the no. of moles of each product and
then the mass of C and H:

No. of moles of CO, 35’1 8 0.0750 moles

Mass of C=0.750 x 12.0=9.00 g

10.8
No. of moles of H,0 = 180 = = 0.600 moles

0.600 moles H,0 = 1.20 moles H

Mass of H=1.20 x 1.0 = 1.20 g [T mark]

Organic acids contain C, H and O, so the rest of the mass
must be O.

Mass of O = 19.8 —(9.00 + 1.20) =9.60 g

No. of moles of O = 9660 0.600 moles [T mark]

Moleratio=C:H:O= 0.750:1.20: 0.600

Divide by smallest 1.25:2:1

The carbon part of the ratio isn’t a whole number, so you have to
multiply them all up until itis. As its fraction is 4, multiply them
all by 4.

So, moleratio=C:H:O0=5:8:4

Empirical formula = C.H O, [T mark]

Empirical mass = (12.0 x 5) + (1.0 x 8) + (16.0 x 4) =132 g

This is the same as what we're told the molecular mass is,

so the molecular formula is also C;HgO, [T mark].

No. of moles of H =



Page 59 — Chemical Equations

1

On the LHS, you need 2 each of K and I, so use 2KI

This makes the final equation:

2KI + Pb(NO,), — Pbl, + 2KNO, [T mark]

In this equation, the NO; group remains unchanged, so it makes balancing
much easier if you treat it as one indivisible lump.

The equation for the reaction is: C,H, + HCl — C,H.Cl

M of C,H,Cl = (2 x 12.0) + (5 x 1.0) + (1 x 35.5) = 64.5 g mol~”’
[1 mark]

Number of moles of C,H;Cl = 258

tiz = 4.00 moles [T mark]

From the equation, 1 mole C,HCl is made from 1 mole C,H, so,
4 moles C,H;Cl is made from 4 moles C,H, [7 mark].

M of C,H, = (2 x 12.0) + (4 x 1.0) = 28.0 g mol~!

so, the mass of 4 moles C,H, =4 x 28.0 = 112 g [T mark]

A8 o * CI‘(aq) — AgCly, [2 marks — 1 mark for correct
equation, 1 mark for correct state symbols]

The question tells you that the reaction is a precipitation reaction, and that
magnesium nitrate solution is formed. So the other product, silver chloride,
must be the solid precipitate.

Page 61 — Calculations with Gases

1

Moles of Cl, = 3515% =0.0180... moles [T mark]
Rearranging pV = nRT to find T gives T = %

_175%(98.6x107%) _
S0, T= "G o80x 8314 ~ 113 K1 mark]
M of C;Hg = (3 x 12.0) + (8 x 1.0) = 44.0 g mol~!

88
No. of moles of C;H; = 40" 2.0 moles [T mark]

Atr.t.p. T mole of gas occupies 24 dm?, so 2.0 moles of gas
occupies 2.0 x 24 = 48 dm?3 [T mark]

You could also use the equation pV/ = nRT to answer this question, where at
rtp, T=293 K, and p =101 300 Pa. In this case, your answer would be

Start by writing the balanced equation for the combustion of butane:
C,H,, + 6120, — 4CO, + 5H,0 [1 mark]

So, moles of O, required = 3.50 x 1072 x 6.5 = 0.2275 mol

At room temperature and pressure, 1 mole of gas occupies 24 dm?.
S0 0.2275 x 24 = 5.46 dm? [T mark].

MgCO, — MgO + CO,

1 mole of MgCOj; produces 1 mole of CO,.

Atr.t.p., 6.00 dm3 of CO, = 6.00 + 24.0 = 0.250 mol [T mark].
S0 0.250 mol of CO, is produced by 0.250 mol of MgCO,.

M, of MgCO, = 24.3 + 12.0 + 3 x 16.0) = 84.3

0.250 mol of MgCO, = 84.3 x 0.250 = 21.1 g [T mark]
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Page 63 — Acid-Base Titrations

1

Concentration x Volume _ 0.500 x200 _ 4 100 moles

Moles = 1000 1000

[1 mark]
Mass = moles x molar mass

=0.100 x [(3 x 1.0) + 14.0 + 32.1 + (16.0 x 3)]

=0.100 x 97.1 =9.71 g [T mark]
A maximum of two marks can be awarded for structure and
reasoning of the written response:
2 marks: The answer is constructed logically, and displays clear
reasoning and links between points throughout.
The answer is mostly logical, with some reasoning and
links between points.
0 marks: The answer has no structure and no links between points.
Here are some points your answer may include:
Indicators change colour when the solution reaches a particular
pH to mark an end point. They are used in acid/alkali titrations
to mark the end point of the reaction. Indicators used in titrations
need to change colour quickly over a very small pH range.
A few drops of indicator solution are added to the analyte.
The analyte/indicator solution can be placed on a white surface
to make a colour change easy to see. Methyl orange and
phenolphthalein are both good indicators for titrations as they
quickly change colour when the solution turns from alkali to acid.
Universal indicator is a poor indicator to use for titrations as its
colour changes gradually over a wide pH range.
[4 marks — 4 marks if 6 points mentioned covering all areas of
the question, 3 marks if 4-5 points covered, 2 marks if 2-3 points
covered, 1 mark if 1 point covered]

1 mark:

Page 65 — Titration Calculations

1

First write down what you know:
CH,COOH + NaOH — CH,COONa + H,O
25.4cm®  14.6 cm?
? 0.500 moldm™3

No. of moles of NaOH = % = 0.00730 moles [T mark]

From the equation, you know 1 mole of NaOH neutralises T mole
of CH,COOH, so if you've used 0.00730 moles NaOH you must
have neutralised 0.00730 moles CH,COOH [T markj].

Concentration of CH,COOH = W= 0.287 moldm™3
5.4

[1 mark]

First write down what you know again:

CaCO, + H,SO, — CaSO, + H,0 + CO,

0.750 g 0.250 moldm™

M of CaCO, = 40.1 +12.0 + (3 x 16.0) = 100.1 g mol~' [T mark]

No. of moles of CaCO, = % =7.49... x 10~ moles [T mark]

From the equation, 1 mole CaCO, reacts with 1 mole H,SO,
50, 7.49... x 1073 moles CaCO; reacts with 7.49... x 103 moles
H,SO, [T mark]. 73
Volume needed is = (7.49... )812050) 1000 _ 30.0 cm3 [T mark]

Ca(OH), + 2HCI — CaCl, + 2H,0 [T mark]

0.250x17.1
1000

Number of moles of HC| =

=4.275 x 1073 moles [T mark]

From the equation in a), 2 moles HCl reacts with 1 mole Ca(OH),,
50, 4.275 x 1073 moles HCl reacts with 2.1375 x 10~ moles
Ca(OH), [T mark].

So concentration of Ca(OH), solution =

3
(2.1375 31500 )x1000 _ ¢ 0855 mol dm-3 [1 mark].

ANSWERS
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Page 67 — Uncertainty and Errors

1 a) The titre is calculated by subtracting the initial volume from the
final volume. Each of these has an uncertainty of 0.05 cm?, so the
total uncertainty is 0.1 cm?.

percentage uncertainty = (0.1 + 3.1) x 100 = 3.23%

[2 marks — 1 mark for correct use of percentage uncertainty

formula, 1 mark for using uncertainty of 0.1 cm’]

The percentage uncertainty will decrease if the titres are larger

[1 mark]. Using a less concentrated solution will result in larger

titres [T mark].

2 % uncertainty in pipette = (0.06 + 25.00) x 100 = 0.24% [T mark]
% uncertainty in titre = (0.1 + 19.25) x 100 = 0.519...% [T mark]
Total % uncertainty = 0.24 + 0.519... = 0.759...% [T mark]

So uncertainty of concentration = 0.759...% of 0.0770
=0.00058 mol dm=3 (5.8 x 10~* mol dm=3) [T mark]

=z

Page 69 — Atom Economy and Percentage Yield

1 a) 2 is an addition reaction [T mark]
b) For reaction 1: % atom economy
= M(C,HCl) + [M(C,H.Cl) + M (POCL,) + M (HCD)] x 100%
[1 mark]
=[2x12.00+(5x1.0)+355] +[2x12.0)+ (5 x 1.0)+35.5
+31.0+16.0+ (3 x35.5) + 1.0 + 35.5] x 100%
=(64.5 + 254.5) x 100% = 25.3% [T mark]
The atom economy is 100% because there is only one product
(there are no by-products) [T mark]
Number of moles = mass + molar mass
Moles PCl, = 0.275 + 137.5 = 0.002 moles
Chlorine is in excess, so there must be 0.002 moles of product
[1 mark]. Mass of PCI5 =0.002 x 208.5 = 0.417 g [T mark]
percentage yield = (0.198 + 0.417) x 100% = 47.5% [1 mark]
Changing reaction conditions will have no effect on atom
economy [T mark]. Since the equation shows that there is only
one product, the atom economy will always be 100% [T mark].
Atom economy s related to the type of reaction — addition, substitution,
etc. — not to the quantities of products and reactants.

=)

Topic 6 — Organic Chemistry I

Page 71 — The Basics

O P
H-C—C—C—C—OH H-C—C—C—C—Br

N

butan-1-ol 1-bromobutane

[2 marks — 1 mark for each correct structure]
It tells you that the main functional group (-OH) is attached to
the first carbon in the chain [T mark]. The number is necessary
because the main functional group could be attached to the first
or second carbon/butan-2-ol also exists [T mark].
i) 1-chloro-2-methylpropane [T mark]
Remember to put the substituents in alphabetical order.
ii) 3-methylbut-1-ene [T mark]
iii) 2,4-dibromo-but-1-ene [T mark]
i) C,H, [T mark]
i) CH,CH,CH(CH,CH,)CH,CH, [T mark]

Page 73 — Organic Reactions
1 C [1 mark]
2 a) polymerisation [T mark]
b) hydrolysis / substitution [T mark]
c) substitution [T mark]

ANSWERS

Page 75 — Isomerism

1 a) B [1 mark]
b) Isomers that have the same molecular formula but different
structural formulae [T mark].

2 a)
OR

[1 mark]

g i e

D A
e ISR L
H H-C=H H=C—H
H H [1 mark]
O
3 a) )J\[I mark] /\/O [1 mark]

b) CH,COCH, [T mark] and CH,CH,CHO [T mark]
4 D [1 mark]

Page 77 — Alkanes

1 a) Radical substitution [T mark].
UV.

b) CH4+Bnr CH3Br+HBr [T mark]
c) Bre+ CH, — HBr + «CH, [1 mark]
*CH, + Br, = CH;Br + Bre [1 mark]

i) Two methyl radicals bond together to form an ethane
molecule [T mark]. The equation for the reaction is:
“CH, + *CH, — CH,CH, [T mark]

ii) termination step [T mark]

e) tetrabromomethane [T mark]

Page 79 — Crude Oil

1 a) i) E.g. There’s greater demand for smaller fractions for things such
as motor fuels [T mark]. / There's greater demand for alkenes to
make petrochemicals/polymers [T mark].

i) E.g. C,H,, = C,H, + C,oH,, [T mark].
There are loads of possible answers — just make sure the C's and H's
balance and there's an alkane and an alkene.
b) i) Any two from: Cycloalkanes / arenes / aromatic hydrocarbons /
branched alkanes [2 marks — 1 mark for each]
ii) They promote efficient combustion/reduce knocking
(autoignition) [T mark].

Page 81 — Fuels

1 a) C,H,, + 80, - 5CO, + 6H,0O [2 marks — 1 mark for reactants

and products correct, 1 mark for correct balancing]

The products of incomplete combustion include carbon

monoxide gas which is toxic [T mark]. This is because it binds to

haemoglobin in the blood, meaning less oxygen can be transported

around the body and leading to oxygen deprivation [T mark].

Sulfur dioxide and nitrogen oxides (NO,) [T mark].

b) Catalytic converters convert nitrogen oxides into harmless gases,
such as nitrogen and water vapour [T mark].

3 E.g. Advantage: it’s carbon neutral / can be made from waste that
would otherwise go to landfill / is renewable [T mark].
Disadvantage: engines would have to be converted to run off
biodiesel / growing crops for biodiesel uses land that could
otherwise be used to grow food [T mark].

b)

Page 82 — Alkenes

1 a) E.g. Both bonds form when two atomic orbitals overlap / when
the nuclei of two atoms form electrostatic attractions to a bonding
pair of electrons [T mark].

E.g. o-bonds form when two atomic orbitals overlap directly
between two nuclei, whereas n-bonds form when both lobes of
two p-orbitals overlap side-on / in 6-bonds, the electron density
lies directly between the two nuclei, whereas in m-bonds, the
electron density lies above and below the molecular axis /

c-bonds have a higher bond enthalpy than n-bonds [T mark].



Page 85 — Stereoisomerism

1a H CH,CH H,C CH,CH,
\ / 2 3 \
C—=C C—=C
H,C H H H

E-pent-2-ene [T mark] Z-pent-2-ene [T mark]
b) E/Z isomers occur because atoms can'’t rotate about C=C double
bonds [T mark]. Alkenes contain C=C double bonds and alkanes
don’t, so alkenes can form E/Z isomers and alkanes can’t [T mark].

2 B [T mark]
3a) i) H pe
C=—C
B “ E-1-bromo-2-chloroethene [T mark]
Br\ B /C|
H/Cic\H Z-1-bromo-2-chloroethene [T mark]
i) H\ /CI
/C:C\
Br CH,  E-1-bromo-2-chloroprop-1-ene [T mark]
H\Ci CH,
AN
Br Cl Z-1-bromo-2-chloroprop-1-ene [T mark]
b) i) 1-bromo-2-chloroethene [T mark] because there is a hydrogen

atom / an identical group attached to the carbons on either
side of the double bond [7 mark].

i) H\ /CI
C=C
B M trans-1-bromo-2-chloroethene [T mark]
Br\ /Cl
/C:C\
H H cis-1-bromo-2-chloroethene [T mark]

Page 87 — Reactions of Alkenes

1 a) Shake the alkene with bromine water, and the solution goes from
brown to colourless if a double bond is present [T mark].
b) Electrophilic addition [T mark].

RN Py
>C:C—(|;—C—H —> H(—CC—C—H
H H H B

o
SRR
Br Br H H

[4 marks — 1 mark for correct partial charges on bromine
molecule, 1 mark for correct curly arrows showing bromine
attacking the C=C double bond and the Br-Br bond breaking
heterolytically, 1 mark for structure of intermediate, 1 mark for
curly arrow showing attack of Br~ on the carbocation]
This reaction can go via a primary or a secondary carbocation. You'd get
the marks for the mechanism for showing it going by either one.
Ty [
SR AR
H Br H H Br H H H
2-bromobutane [T mark] 1-bromobutane [T mark]
The major product will be 2-bromobutane [T mark] since the
formation of this product goes via the more stable carbocation
intermediate [T mark].
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Page 89 — Polymers

H H
ta
CeHs H [1 mark]
b) H H
N._ S
CcC=cC
CeHs H [T mark]
2 a) E.g. Saves on landfill / Energy can be used to generate electricity
[T mark].

b) E.g. Toxic gases produced [T mark]. Scrubbers can be used to
remove these toxic gases / polymers that might burn to produce
toxic gases can be separated out before incineration [T mark].
3 A maximum of two marks can be awarded for structure and

reasoning of the written response:

2 marks: The answer is constructed logically, and displays clear
reasoning and links between points throughout.
The answer is mostly logical, with some reasoning and
links between points.
0 marks: The answer has no structure and no links between points.
Here are some points your answer may include:
Chemists could use reactant molecules that are as safe and as
environmentally friendly as possible. Chemists should aim to
use as few materials as possible in the manufacture process (e.g.
limit the use of solvents). Chemists should aim to use renewable
raw materials wherever possible. Chemists should minimise
energy usage (e.g. by using catalysts) during the manufacturing
process. Chemists should minimise the amount of waste products
made during the process, especially those which are hazardous
to human health or the environment. Polymers should be made
with a lifespan that is appropriate for their use. Chemists could
create biodegradable polymers which, when disposed of, are less
damaging to the environment.
[4 marks — 4 marks if 6 points covered, 3 marks if 4-5 points
covered, 2 marks if 2-3 points covered, 1 mark if 1 point covered]

1 mark:

Page 91 — Halogenoalkanes

1 a) C‘H3
H3C—c‘—|

CH,;
b) Agl [T mark]
c) The tertiary alcohol with formula C,H,Cl will be hydrolysed more
slowly than 2-methyl-2-iodopropane under the same conditions
[1 mark]. This is because C-Cl bonds are shorter so have a higher
bond enthalpy that C-I bonds [T mark], and are therefore harder
to break than C-I bonds [T mark] (resulting in a slower rate of
hydrolysis).

[1 mark] 2-iodo-2-methylpropane [T mark]

ANSWERS

Ivww .ebook3000.con}



http://www.ebook3000.org

260

Page 93 — More on Halogenoalkanes
1 a) CH,CHOHCH, [T mark]

b) i) ethanolic ammonia [T mark], warm [1 mark]
ii) Step 1:
T [
Cﬁ*— C—H —— H—C—C—C—H
|7 | ethanol [T ]
- H H IEH}H B
H—N' r

2 marks — 1 mark for NH, attacking 3+ carbon, 1 mark for
C-Br bond breaking]

Step 2:
P o
H—Cl—C C| H AH—Cl C| C| H
H | H H H NH,H H
HN 1H I - |
IN—H + H—NZ-H
Hk/l I
H H

[2 marks — 1 mark for correctly drawn intermediate, 1 mark
for showing ammonia attacking a positive nitrogen centre]
c) CH,;CHCH, [T mark]

Page 95 — Alcohols
a) primary: e.g. ||—|

tertiary: l|4

T
H H OHH  2-methylbutan-2-ol [T mark]

b) E.g. React ethanol with sodium bromide (KBr) with a
50% concentrated sulfuric acid catalyst [T mark].

a) Elimination reaction OR dehydration reaction [T mark].

b) C [T mark]

Page 97 — Oxidation of Alcohols

1 a) i) Propanoic acid (CH;CH,COOH) [T mark]
iiy CH,CH,CH,OH + [O] - CH,CH,CHO + H,O [T mark]
CH,CH,CHO + [O] - CH,CH,COOH [T mark]
i) Distillation. This is so aldehyde is removed immediately as it
forms [1 mark].
If you don't get the aldehyde out quick-smart, itll be a carboxylic acid
before you know it.

b) ) i
H—C—H
P
AR
H OHH [T mark]
ii) 2-methylpropan-2-ol is a tertiary alcohol [T mark].
2 D [1 mark]
3 React 2-methylpropan-1-ol (CH,CH(CH,)CH,OH) [T mark] with a
controlled amount of acidified potassium dichromate(VI) and heat
gently in distillation apparatus to distil off the aldehyde [T mark].

ANSWERS

Page 99 — Organic Techniques

1 a) i) Reflux is continuous boiling/evaporation and condensation
[1 mark]. It's done to prevent loss of volatile liquids while
heating [T mark].

ii) Unreacted hexan-1-ol [T mark]

iii) Pour the reaction mixture into a separating funnel and add
water [T mark]. Shake the funnel and allow the layers to
settle [T mark]. To separate the layers, open the tap to run the
lower layer out of the separating funnel into a container. Then,
collect the upper layer in a separate container [T mark].

The alkene product may dehydrate again to form a diene

[1 mark].

ii) Carry out the experiment in a distillation apparatus [T mark]
so the singly dehydrated product is removed immediately from
the reaction mixture and doesn’t react a second time
[1 mark].

Topic 7 — Modern Analytical Techniques |

Page 101 — Mass Spectrometry

1 a) 44 [1 mark]
b) X has a mass of 15. Itis probably a methyl group/CH,* [T mark].
Y has a mass of 29. Itis probably an ethyl group/C,H.* [T mark].

° o
T
H H H [1mark]
d) If the compound was an alcohol, you would expect a peak with
m/z ratio of 17, caused by the OH fragment [T mark].
56 [T mark]
b) CH,;CHCH" [T mark]
c) E.g. m/z =15 [1 mark], CH,* [T mark] or
m/z =28 [1 mark], CH,CH* [1 mark].
oo
H— CI_CI —C—H
H H H [1 mark], propan-1-ol [T mark]
The mass spectrum could be for one of 2 isomers — propan-1-ol
or propan-2-ol. The spectrum of propan-1-ol would produce a
peak at m/z = 31, due to the fragment CH,OH* [T mark]. This
would be absent from the spectrum of propan-2-ol [T mark]
(therefore the unknown alcohol is propan-1-ol).

Page 103 — Infrared Spectroscopy

a) A [1 mark]

b) There is a broad peak in the region of 3300-2500 cm™',
corresponding to an O-H stretch in a carboxylic acid [T mark].
There is also a strong peak in the region of 1725-1700 cm™',
corresponding to a C=0 stretch in a carboxylic acid [T mark].

a) A: O-H group in a carboxylic acid [T mark].

B: C=0 as in an aldehyde, ketone or carboxylic acid [T mark].

b) The spectrum suggests that the compound is a carboxylic acid, so

it must be propanoic acid [T mark] (CH,CH,COOH) [T mark].




Topic 8 — Energetics |

Page 105 — Enthalpy Changes

1

=% 5ho0 {4 Activation
— /1l energy, E,
AH =
-98 kJ mol”

2H,0() + O,

Enthalpy, H/k) mol

v

Reaction pathway

[3 marks — 1 mark for having reactants lower in energy than
products, 1 mark for labelling activation energy correctly, 1 mark
for labelling AH correctly, with arrow pointing downwards]

For an exothermic reaction, the AH arrow points downwards, but for an
endothermic reaction it points upwards. The activation energy arrow always
points upwards though.

2 @) CHyOH + 1120, — CO, + 2H,0 [1 mark]

b) C, +2H
c) Only 1 mole of C;Hg should be shown according to the definition

Make sure that only 1 mole of CH;OH is combusted, as it says in the
definition for A_H”.

)+ 20, — CH;OH,, [1 mark]

2(g 2(g)

of A.H® [T mark].

You really need to know the definitions of the standard enthalpy changes off
by heart. There are loads of nit-picky little details they could ask you
questions about.

3 a) G+ Oy = COy, [T mark]

b) It has the same value because it is the same reaction [T mark].
¢) 1tonne =1 000000 g

1 mole of carbon is 12.0 g

so 1 tonne is 1 000 000 + 12.0 = 83 333... moles [T mark]

1 mole releases 393.5 kJ

so 1 tonne will release 83 333... x 393.5 = 32 800 000 k]

(32.8 x 107 k)) [T mark]

The final answer is rounded to 3 significant figures because the number with
the fewest significant figures in the whole calculation is 12.0.

Page 107 — More on Enthalpy Changes

1

2

AT =25.8-19.0=6.80°C=6.80K

m =25.0 + 25.0 = 50.0 cm? of solution,

which has a mass of 50.0 g.

Assume density to be .00 g cm™.

Heat produced by reaction = mcAT

=50.0 x 4.18 x 6.80 = 1421.2 ) [T mark]

No. of moles of HCl = 1 x (25.0 + 1000) = 0.0250

No. of moles of NaOH = 1 x (25.0 + 1000) = 0.0250

Therefore, no. of moles of water = 0.0250 [T mark]

Producing 0.0250 mol of water takes 1421.2 J of heat, therefore

producing T mol of water takes 1421.2 + 0.0250 = 56 848 )
~56.8 kJ (3 s.f.)

So the enthalpy change is =56.8 k) mol-" [T mark]

You need the minus sign because it's exothermic.

No. of moles of CuSO, = 0.200 x (50.0 + 1000) = 0.0100 mol

From the equation, 1 mole of CuSO, reacts with 1 mole of Zn.

So, 0.0100 mol of CuSO, reacts with 0.0100 mol of Zn [T mark].

Heat produced by reaction = mcAT

=50.0 x 4.18 x 2.00 = 418 ) [1 mark]

0.0100 mol of zinc produces 418 J of heat, therefore 1 mol of

zinc produces 418 + 0.0100 = 41 800 ) = 41.8 k)

So the enthalpy change is —41.8 kJ mol-" [T mark].

You need the minus sign because it's exothermic.

Itd be dead easy to work out the heat produced by the reaction, breathe

a sigh of relief and sail on to the next question. But you need to find out

the enthalpy change when 1 mole of zinc reacts. It's always a good idea to

reread the question and check you've actually answered it.
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Page 109 — Hess’s Law

1 A,H®=sum of A;H°(products) — sum of A;H(reactants)
[1 mark]
AH®=10+ (3 x =602)] — [-1676 + 0]
A.H®=-130 k} mol-' [T mark]
Don't forget the units. It's a daft way to lose marks.

2 AH®= AH(glucose) - 2 x A_H° (ethanol) [T mark]
AH®=1[-2820] - [2 x =1367)]
AH®=-86 k) mol-' [T mark]

Page 111 — Bond Enthalpy

1 Sum of bond enthalpies of reactants = (4 x 435) + (2 x 498)
=2736 k] mol~!
Sum of bond enthalpies of products = (2 x 805) + (4 x 464)
= 3466 k) mol~" [T mark]
Enthalpy change of reaction = 2736 + (-3466)
=-730 kJ mol-' [T mark]
2 Sum of bond enthalpies of reactants = (> x 498) + 436
=685 kJ mol™!
Sum of bond enthalpies of products = (2 x 460)
=920 k) mol™' [T mark]
Enthalpy change of formation = 685 — 920
=-235 kJ mol-' [T mark]
3 a) Sum of bond enthalpies of reactants = (4 x 435) + 243
=1983 k] mol!
Sum of bond enthalpies of products = (3 x 397) + 432 + E(C-Cl)
=1623 + E(C-Cl) k) mol~" [T mark]
-101 =1983 - (1623 + E(C-CI))
E(C-Cl) = 1983 — 1623 + 101 = 461 kJ mol-' [T mark]
The values differ because the data book value of C—Cl is an
average of C-Cl bond energies in many molecules, while

=N

461 k) mol is the C-Cl bond energy in chloromethane [T mark].

Topic 9 — Kinetics |

Page 113 — Collision Theory

1 Increasing the pressure will increase the rate of reaction [T mark]
because there will be more particles in a given volume, so they

will collide more frequently and therefore are more likely to react

[1 mark].
2 The particles in a liquid move freely and all of them are able
to collide with the solid particles [T mark]. Particles in solids
just vibrate about fixed positions, so only those on the touching
surfaces between the two solids will be able to react [T mark].
3 a) X [T mark]
The X curve shows the same total number of molecules as the 25 °C
curve, but more of them have lower energy.
The shape of the curve shows fewer molecules have the required
activation energy [T mark].

=N
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Page 115 — Reaction Rates
1 E.g.

N
o
1

Concentration of Z (mol dm™)
o wn
L A -

;/x/ [

a

g
o

o
&
|

o

12 45 6
Time (min)

[1 mark for tangent drawn at 3 mins]
rate of reaction = gradient of tangent at 3 mins
gradient = change in y + change in x
e.g. =2.0-13)+3.4-1.0

=0.29 (+ 0.06) mol dm=3 min~!
[2 marks — 1 mark for answer within margin of error,
1 mark for units]
Different people will draw slightly different tangents and pick different spots
on the tangent so there's a margin of error in this answer.
0.29 (+ 0.06) mol dm™ min~! means any answer between
035 mol dm= min~" and 0.23 mol dm=3 min~" is worth the mark.

I
|
i
]
I
i
t
i
;
3

o

Page 117 — Catalysts

1 a) A [T mark]
A catalyst only lowers activation energy. It doesn't affect the enthalpy
change.

b) The catalyst lowers the activation energy [T mark], meaning
there are more particles with enough energy to react when
they collide [T mark]. So, in a certain amount of time, more
particles react [T mark].

¢) The vanadium(V) oxide catalyst is heterogenous because it's in
a different physical state to the reactants [T mark].

Topic 10 — Equilibrium I

Page 119 — Dynamic Equilibrium

1 a) At dynamic equilibrium, the rate of the forwards and backwards
reactions are the same [T mark] and the concentrations of the
reactants and the products are constant [T mark].

2
by K = NH
[Nl [H]

2 The reaction is heterogeneous so pure liquids / water should
be excluded from the expression [T mark]. The reactants and
products are also the wrong way round / the reactants should be
on the bottom of the expression and the products should be on
the top [T mark].

3 B[1 mark]

[1 mark]

Page 121 — Le Chatelier’s Principle

1 a) i) There’s no change as there’s the same number of molecules/
moles of gas on each side of the equation [T mark].
ii) Reducing temperature removes heat. The equilibrium
shifts in the exothermic direction to release heat, so the
position of equilibrium shifts left [T mark].
iii) Removing nitrogen monoxide reduces its concentration.
The equilibrium position shifts right to try and increase the
nitrogen monoxide concentration again [T mark].
2 For an exothermic reaction, a low temperature means a high yield
[1 mark]. But a low temperature also means a slow reaction rate,
so moderate temperatures are chosen as a compromise [T mark].

ANSWERS

Topic 11 — Equilibrium 11

Page 123 — Calculations Involving K.

1 C [1 mark]
[Cu®*] 0.193 1.3
= 1 k] = =1.04 mol™'d
2 . [quz[ mark] 0.4317 mol™ dm

[2 marks — 1 mark for correct value of K., 1 mark for

correct units]

(Units = (mol dm=3)/ (mol dm=3)2 = 1/mol dm= = mol™" dm?3)

Dontt forget, solids aren't included in the expression for the equilibrium

constant.

i) mass+ M =425 +46.0=0.923... [1 mark]

ii) moles of O, = mass + M, = 14.1 + 32.0 = 0.440... [T mark]
moles of NO =2 x moles of O, = 0.881... [T mark]
moles of NO, = 0.923... - 0.881... = 0.0427 [T mark]

b) Concentration of O, = 0.441 + 22.8 = 0.0193... mol dm™
Concentration of NO = 0.881 =+ 22.8 = 0.0386... mol dm
Concentration of NO, = 0.0427 + 22.8 = 0.00187... mol dm

[NO]z[OZ] (0.0386...)°x(0.0193...)

K =N arky — K =
c=TINO,p  [Tmarkl = K. (0.00187-)7 [1 mark]

= 8.23 mol dm™3 [2 marks — 1 mark for correct value of K_,

1 mark for correct units]
(Units = (mol dm=3)2 x (mol dm™3) /(mol dm=3)2 = mol dm™)
You might get a slightly different answer depending on how you rounded
your intermediate answers throughout this question. As long as your
answer is between 816 and 8.23, you'll still get the mark.

Page 125 — Gas Equilibria

p(SO,)p(Cly)
13 K, = =50,
b) Cl, and SO, are produced in equal amounts so
p(Cl,) = p(SO,) = 0.594 atm [T mark]
Total pressure = p(SO,Cl,) + p(Cl,) + p(SO,) so
p(SO,CL,) = 1.39 - 0.594 — 0.594 = 0.202 atm [T mark]

_0.594x0.594 _
C) Kp =030 - 1.75 atm

[2 marks — 1 mark for correct value of Kp’
1 mark for correct units]
(Units = (atm x atm)/ atm = atm)
2 a) p(O,) =" x0.36 =0.18 atm [T mark]
b) p(NO,) = total pressure — p(NO) - p(O,)
=0.98-0.36 -0.18 = 0.44 atm [T mark]

[1 mark]

2
0 K= PNV g g
P p(NO)*p(O,)
2
= # = 8.3 atm™ [2 marks — 1 mark for correct value
0.36°x0.18

of Kp, 1 mark for correct units]
(Units = atm?/(atm? x atm) = atm™)

Page 127 — lLe Chatelier’s Principle
and Equilibrium Constants

1 a) T, is lower than T, [T mark]. A decrease in temperature shifts the

position of equilibrium in the exothermic direction, producing

more product [T mark]. More product (and less reactant) means

K. increases [T mark].

A negative AH means the forward reaction is exothermic — it gives out heat.

A decrease in volume means an increase in pressure. This shifts

the equilibrium position to the right where there are fewer moles

of gas. The yield of ammonia increases [T mark].

K_ is unchanged [T mark].

2 ) g = PCOPEH)
p = p(CH,p(H,0)

b) A [T mark]

=)

[1 mark]



Topic 12 — Acid-Base Equilibria

Page 129 — Acids and Bases

1 a HCN=H*+CN~ OR HCN + H,0 = H,0" + CN~ [T mark]

b) Strongly to the left [T mark] as it is a weak acid so it is only
partially dissociated [T mark].

c) CN-[1 mark]

2 a) The enthalpy of neutralisation is the enthalpy change when
solutions of an acid and a base react together, under standard
conditions [T mark], to produce 1 mole of water [T mark].

b) He is incorrect/the values for the enthalpy change of neutralisation
will be different [T mark]. This is because nitric acid is a strong
acid, so will fully dissociate in solution. Therefore, the value for
the standard enthalpy change of neutralisation for the reaction of
nitric acid and potassium hydroxide only includes the enthalpy of
reaction between the H* and OH~ ions [T mark]. Ethanoic acid
is a weak acid, so only dissociates slightly in solution. Therefore,
the value for the enthalpy change of neutralisation for the reaction
of ethanoic acid and potassium hydroxide includes the enthalpy
of dissociation of the ethanoic acid, as well as enthalpy for the
reaction of the H* and OH~ ions [T mark].

Page 131 — pH

1 a) It's a strong monobasic acid, so [H*] = [HBr] = 0.32 mol dm=.
pH = —log,, 0.32 = 0.49 [1 mark]
b) HF is a weaker acid than HCI, so will be less dissociated in
solution. This means the concentration of hydrogen ions will be
lower, so the pH will be higher [T mark].

2 a) Ka:[H[H/[\?_] [1 mark]
b L T 10 %% 0.280 = 0.0125... [1 mark
) K=o 1H4 = V5.60x107)x0.280 = 0.0125... [1 mark]

pH = —log,,[H*] = —log,,(0.0125...) = 1.90 [T mark]
3 [HY1=10265=223... x 1073 mol dm= [T mark]
_[H7? _(2.23..x107)?
Ko =Trxg [1markl ===5 150

=3.34 x 10~ mol dm=3 [7 mark]

Page 133 — The lonic Product of Water

1 a) Moles of NaOH =2.50 + 40.0 = 0.0625 moles [T mark]
1 mole of NaOH gives 1 mole of OH".
So [OH] = [NaOH] = 0.0625 mol dm3 [1 mark].
b) K, = [H1[OH]
[H*1 =1 x 107"+ 0.0625 = 1.60 x 107'3 [T mark]
pH = -log,,(1.60 x 1071%) = 12.80 [T mark]
2 K, = [HT[OH]
[OH7] = [NaOH] = 0.0370
[H*] =K, + [OHT] = (1 x 107" + 0.0370 = 2.70 x 107'3 [T mark]
pH = —log, o[H*] = —log,,(2.70 x 1073) = 12.57 [T mark]
3 K, = 10PKa = 107420 = 6.3 x 1075 [T mark]

_H7? .
so [H ]—VKax[HA]

K =
= V63x109)%(1.60x10% =+/1.0x1078

3 [HA]
=1.0 x 107* mol dm=3 [T mark]
pH = —log,,[H*] = -log,, 1.0 x 10 = 4.00 [T mark]
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Page 135 — Experiments Involving pH
1 a) E.g. pH meter / pH probe connected to a data logger [T mark]
b) Substance A is a acidic, and [H*] = 103-20 = 0.00063 mol dm™3,
which means only a tiny fraction of the molecules in A dissociate
[1 mark].
Substance B is alkali, so [H*] = 1071380 = 1 58... x 10~ mol dm™.
Since K, = [H*][OH] = 1.0 x 10714,
[OH1=1.0 x 107'* + 1.58... x 107"* = 0.63 mol dm™3.
This means there’s more dissociation in B than in A/ a larger
number of molecules dissociate in B than in A [T mark].
Substance C is slightly acidic, so [H*] = 107680
=1.6 x 107 mol dm=.
This means a tiny fraction of molecules dissociate in C [T mark].
So, substance B dissociates the most in solution [T mark].

Moles of benzoic acid in solution = 1.22 + 122 = 0.0100 moles

Concentration of benzoic acid solution = W

=0.100 mol dm= [T mark]
[H*] = 10290 = 0.00251... mol dm~3 [T mark]
Assume that [HA] at equilibrium is 0.100 because only a very
small amount of HA will dissociate [T mark].
[H4* (0.00251...)°
K =e;r,coom [Tmarkl ==4750
=6.309... x 10> = 6.31 x 10> mol dm=3 [7 mark]

b) [H*] = /K,[C,H,COOH] [1 mark]
= /(6.309...x107%)x0.0100 = 7.94... x 104

=7.94 x 10~ mol dm3 [T mark]
o) pH =-log,, [H*] = -log(7.94... x107) = 3.1 [T mark]

d) [H*] = v(6.309...x 109 x 1.00 = 0.00794... mol dm=3 [T mark]
So pH = —log(0.00794...) = 2.1 [T mark]
e) The pH would be (3.1 + 0.5 =) 3.6 [T mark] since, as the solution
is diluted by 10, the pH increases by 0.5 [T mark].

2 a)

Page 138 — Titration Curves and Indicators

1 Nitric acid: 144A

pH

74

0 >
volume of base added

[1 mark]

A

Ethanoic acid: ;1
pH

74

volume of base added [T mark]
2 Thymol blue [T mark]. t's a weak acid/strong base titration so the
equivalence point is above pH 8 [T mark].

ANSWERS
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3 a) 9 (accept values in the range 8 — 10) [T mark]
b) 15 cm3 [T mark]
c) E.g. phenolphthalein [T mark] because the pH range where it
changes colour lies entirely on the vertical part of the titration
curve [T mark].

dgd
pH
7-/
0 >
volume of NH; added |1 mark]
e) The change in pH is gradual, so is difficult to see with an indicator

[1 mark].

4 a) i) 8 (accept values in the range 7 — 9) [T mark]
ii) 3.5 (accept values in the range 3.0 — 4.0) [T mark]
_[H1[HCOOT]
b) K, = THCOOH] [1 mark]
¢) Itis reduced to half its original value, 0.05 mol dm= [T mark].
d) At the half-equivalence point pK, = pH = 3.5 [T mark]

s0 K, = 1073 = 3 x 10~* mol dm=3 [T mark — allow marks for
correct method with value from 2a)ii) if answer is not 3.5]

Page 141 — Buffers
_[C4H,COO T [H]
1 a) Ka_m

[H*] = 6.40 x 107 x 83‘88 = 0.000128 mol dm [T mark]

pH = -log,,(0.000128) = 3.892... = 3.893 [T mark]
b) The buffer solution contains benzoic acid and benzoate ions in
equilibrium: C,H,COOH = H* + C;H,COO- [1 mark].
Adding H,SO, increases the concentration of H* [T mark].
The equilibrium shifts left to reduce concentration of H*, so the
pH will only change very slightly [T mark].
CH,(CH,),COOH = H* + CH,(CH,),COO" [T mark]
b) [CH,(CH,),COOH] = [CH,(CH,),COO T,
50 [CH,(CH,),COOH] + [CH,(CH,),COO] = 1 and K, = [H*].
pH = —log,, (1.5 x 107°) [T mark] = 4.8 [1 mark]
If the concentrations of the weak acid and the salt of the weak acid are
equal, they cancel from the K_expression and the buffer pH = pK_.

[1 mark]

Topic 13 — Energetics 11
Page 143 — lattice Energy

1 a)
" _
K(g) +e + Br(g)
First ionisatiop energy AAH4 First electron
of pota55|urrl1 affinity of
(+419 k) mol™) K+ Breg AH5 bromine 1
4 (=325 k) mol™)
Atomisation enthalpy + -
of potassium AH3 Kig + Brig V_
(+89 kJ mol™) K + Brig)
Atomisfakt)ion enthalpyAAH2
of bromine Lattice energy
-1 .
(+112 k) mol )_M AH6 osz(())trz:]sizgm
Enthalpy of formation
of potassium bror?ide AH1
(=394 k) mol™)
v KBr (5) v

[3 marks — 1 mark for correct enthalpy changes, 1 mark for
formulae/state symbols, 1 mark for correct directions of arrows]
b) Lattice energy, AH6 = -AH5 — AH4 — AH3 — AH2 + AH1
=—(=325) — (+419) — (+89) — (+112) + (-394) [1 mark]
=-689 k] mol-' [T mark]

ANSWERS

2 a)

3+ —
Al @t 3Cl(g) + 3e

Third
ionisation energy
of aluminium
(+2745 kJ mol ™)

Second A
ionisation energy
of aluminium
(+1817 kJ mol ™)

First A

AH6

2+ —
Al @t 3C|(g) +2e
AH5

. _
Al @t 3Cl(g) +e

ionisation energy AH4
of aluminium
(+578 kj mol™ Al(g) + 3C|(g)
Atomisation enthalpyA AH3

of chlorine x 3
3 x (+122 k) mol ™)

Al + 1%2Clyy

Atomisation enthalpyA AH2

of aluminium

(+326 k) mol™) Al + 1%2Cly
Enthalpy of formation |

of aluminium AHI

chloride
(<706 kf mol™) Y

AlCL,

AH7

3 —
Al J(rg) + 3Cl ' 4

AH8

First electron
affinity of
chlorine x 3
3 x (=349 k) mol ™)

Lattice energy
of aluminium
chloride

\ 4

[3 marks — 1 mark for correct enthalpy changes and correctly
multiplying all the enthalpies, 1 mark for formulae/state symbols,

1 mark for correct directions of arrows]

b) Lattice energy, AH8
=-AH7 — AH6 — AH5 — AH4 — AH3 — AH2 + AH1
=-3(-349) — (+2745) — (+1817) — (+578) — 3(+122) - (+326)

+ (=706) [T mark]

=-5491 k) mol-' [T mark]
3 a)
2APY + 30, + 6e
(g) (g)
Third ionisation energy A First electron
of aluminium x 2 AH6 AH7 affinity of
2x (2745 K mol™) | 2417, + 30y + 4e” oxygen x 3

A

Second ionisation energy
of aluminium x 2
2 x (+1817 k) mol )

First ionisation energy

AH5

. _
2Al © 30(g) +2e

3+ — -
2Al @+ 30 g+ 3e v_

AH8

3 x (141 kJ mol™)

Second electron
affinity of

o AHA4 oxygen x 3
of aluminium x 2 3 x (844 kJ mol™)
2 x (+578 k) mol™) | 2Alg+ 30,

3 2—
Atomisation enthalpy A 2Al Yg)7L 30 [OA 4
of oxygen x 3 ! AH3 [
3 x (+249 k) mol™) | 2Al(g) + 11/202(g)
Atomisation enthalpy A )
of aluminium x 2 AH2 AH9 La;tt[lce energy
-1 of aluminium
2 x (+326 k) mol™") 2Al + 11/202(g) oxide
Enthalpy of formation
of aluminium oxide AH1
(~1676 kJ mol™) 4 AlOgyq) v

[3 marks — 1 mark for correct enthalpy changes and correctly
multiplying all the enthalpies, 1 mark for formulae/state symbols,

1 mark for correct directions of arrows]

b) Lattice energy, AH9
=-AH8 — AH7 — AH6 — AH5 — AH4 — AH3 — AH2 + AH1
=-3(+844) — 3(-141) — 2(+2745) - 2(+1817) — 2(+578)

—3(+249) - 2(+326) + (-1676) [T mark]

=-15 464 k) mol" [T mark]



Page 145 — Polarisation

1 AI* has a high charge/volume ratio (or a small radius AND a
large positive charge) [T mark], so it has a high polarising ability
[1 mark] and can pull electron density away from CI- [T mark]
to create a bond with mostly covalent characteristics [T mark].
(Alternatively CI- is relatively large [T mark] and easily polarised
[T mark] so its electrons can be pulled away from CI- [T mark] to
create a bond with mostly covalent characteristics [T mark].)
Increasing covalent character: NaBr, MgBr,, Mgl, [T mark].
Covalent character is greatest when cations are small and have
large charge, which applies more to Mg?* than to Na* [T mark],
and when anions are large, which applies more to I~ than to Br-
[1 mark].
b) Experimental and theoretical lattice energies match well when a
compound has a high degree of ionic character [T mark].
Nal has a higher degree of ionic character than Mgl, because
Na* has a smaller charge density / smaller charge and isn’t much
smaller than Mg?* [T mark].

Page 147 — Dissolving
1 a)

Enthalpy change of solution

A8 AH3

> Ag+(aq)+ Fi(aq)

AH1

Enthal f hydrati f Ag™
lattice energy nthalpy of hydration of Ag" g

Enthalpy of hydration of F’(g)
Agtg)"' Fi(g)
[2 marks — 1 mark for a complete correct cycle,
1 mark for correctly labelled arrows]
b) AH3 = -AH1 + AH2
= —(-960) + (-506) + (~464) [T mark] = -10 k] mol!
[1 mark]
2 a) , -
Cag+ 2Cl(g)

Enthalpy of hydration of Caz(é)

lattice energy | AH1 AH2

Enthalpy of hydration of Cl (7g)
CaCl,

Enthalpy change of solution *AH3 Caf;q) + ZC](;q)

[2 marks — 1 mark for complete, correct energy levels,
1 mark correctly labelled arrows]

b) —(-2258) + (-1579) + (2 x =364) [1 mark] = =49 k] mol-' [T mark]
Don't forget — you have to double the enthalpy of hydration for CI~
because there are two ClI™ ions in CaCl,.

3 By Hess'’s law:

Enthalpy change of solution (MgCl, )

= —lattice energy (MgCl, ) + enthalpy of hydration (Mgz"(g))
+ [2 x enthalpy of hydration (CI- )] [T mark]

So enthalpy of hydration (CI7,)

= [enthalpy change of solution (MgCl, ) + lattice energy (MgCl, )
— enthalpy of hydration (Mg?* )] + 2

= [(-122) + (-2526) — (-1920)] + 2 [T mark]

=-728 + 2 =-364 k} mol-' [1 mark]

4 Ca?* will have a greater enthalpy of hydration [T mark] because
it is smaller and has a higher charge / has a higher charge density
than K* [T mark]. This means there is a stronger attraction
between Ca?* and the water molecules, so more energy is
released when bonds are formed between them [T mark].

g))

265

Page 149 — Entropy

1 a) The reaction is not likely to be feasible [T mark] because there are
fewer moles of product than moles of reactants / there’s a gas in
the reactants and only a solid product, and therefore a decrease in
entropy [T mark].

Remember — more particles means more entropy.
There's 1% moles of reactants and only 1 mole of product.

b) AS =26.9 - [32.7 + ("2 X 205)] [T mark]
=-108 J K-' mol-' [T mark]

c) The reaction is not likely to be feasible because

AS is negative/there is a decrease in entropy [T mark].
2 a) AS=48-70=-22] K" mol' [T mark]

b) Despite the negative entropy change, the reaction might still
be feasible because other factors such as enthalpy, temperature
and kinetics also play a part in whether or not a reaction occurs
[1 mark].

Page 151 — More on Entropy Change

1 a) You would expect an increase in the entropy of the system
[1 mark] because a solid is combining with a substance in
solution to produce another solution, a liquid and a gas — this
leads to an increase in disorder [T mark]. There is also an
increase in the number of molecules which will also lead to an
increase in disorder [T mark].

b) The reaction is endothermic, so the entropy change of the
surroundings will be negative [T mark]. However, if the entropy
change of the system has a large enough positive value then this
will override the negative entropy change of the surroundings and
result in an overall positive entropy change [1 mark].

AS =S [T mark]

system products Sreactants
=(2x26.9 - (2 x32.7) +205) = 53.8 —270.4 [T mark]
=-217 ) K" mol~' (3 s.f.) [T mark, include units]
b) AS roundings = ~AH/T = ~(-1.204 000 + 298) [1 mark]
= +4040 ) K" mol-' (3 s.f.) [T mark]
AS AS, + AS, (-216.6) + 4040.3 [T mark]

total = system surroundings —

=+3824 ) K" mol-" (3 s.f.) [T mark]

Page 153 — Free Energy

T a AS=1[214+ (2 x 69.9)] - [186 + (2 x 205)]
=-242.2 JK"mol™" [T mark]
AG =-730 000 — (298 x —242.2)
~ —-658 000 Jmol-! (3 s.f.) (= -658 kJmol-") [T mark]

b) The reaction is feasible at 298 K because AC is negative [T mark].

o T=2H _ 730000+ -242.2 = 3010 K (3 s.f.) [T mark]

T=A
2 a) AG==[8.31 x 723] x In (60)
= -24600 ) mol~' (3 s.f.) (= =246 k) mol-") [T mark]
b) As AG = AH — TAS [1 mark] and the change in entropy for the
reaction is negative, an increase in temperature will result in a less
negative value for the free energy change of reaction [T mark].

ANSWERS
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Topic 14 — Redox 11
Page 155 — Electrochemical Cells

1 a) Get a strip each of zinc and iron metal. Clean the surfaces of the
metals using a piece of emery paper (or sandpaper).

Clean any grease or oil from the electrodes using some propanone
[1 mark]. Place each electrode into a beaker filled with a solution
containing ions of that metal (e.g. ZnSO, ) and FeSO, )

[T mark]. Create a salt bridge to link the two solutions together by
soaking a piece of filter paper in salt solution, e.g. KClq) or KNO,
(ag), and draping it between the two beakers. The ends of the filter
paper should be immersed in the solutions [T mark].

Connect the electrodes to a voltmeter, using crocodile clips and
wires [T mark].

wire — the external circuit

S K

salt bridge

=

voltmeter

N

<

2+
Zn (aq)

[4 marks — 1 mark for complete circuit of wires and salt bridge,
1 mark for zinc electrode drawn on the left, 1 mark for a correct
aqueous solution of ions in each half-cell, 1 mark for correct
direction of electron flow]

The salt bridge completes the circuit [T mark] and allows the salt
ions to flow between the half-cells to balance the charges [T mark].
E.g. Soak a piece of filter paper in a salt solution,

e.g. KNO3(aq) [1 mark].

) silver [T mark]

2 a

b

Page 157 — Electrode Potentials

1 a) Iron [T mark] as it has a more negative electrode potential/it loses
electrons more easily than lead [T mark].
b) Standard cell potential = -0.13 — (-0.44) = +0.31 V [T mark]
2 a) +0.80V - (-0.76V) = +1.56 V [T mark]
b) The concentration of Zn?* jons or Ag* ions was not 1.00 moldm=3
[1 mark]. The pressure wasn’t 100 kPa [T mark].

Page 159 — The Electrochemical Series

Ta) Zng+ Niz”“(aq) = Zn2+<aq) + Ni [T mark]

E® = (-0.25) — (-0.76) = +0.51 V [T mark]

IMNO, ) + T6H* o + 5502 =

2Mn2+(aq) +8H,0 + 55n4+(aq) [1 mark]

E® = (+1.51) = (+0.14) = +1.37 V [T mark]

c) No reaction [T mark]. Both reactants are in their oxidised form
[1 mark].

2 KMnO, [1 mark] because it has a more positive/less negative

electrode potential [T mark].

Cu“(a ,+ Nig = Cuy + NiZ+ (aqy [T mark]

b) If the copper solution was more dilute, the £° of the copper
half-cell would be lower (the equilibrium would shift to the left/
the copper would lose electrons more easily), so the overall
cell potential would be lower [T mark].

b

ANSWERS

Page 161 — Storage and Fuel Cells
1 a) i)and ii)

flow of electrons

H, in

=

L

_lil‘*ozin

Oxidation — [

H,O out 4—[

—— Reduction

[2 marks — 1 mark for labelling the sites of reduction and
oxidation correctly, 1 mark for drawing the arrow showing the
direction of electron flow correctly]

b) Positive electrode: H, , + 40H", , — 4H,0,, + 4e” [1 mark]
Negative electrode: O, + 2H,0, + 4™ — 4OH", , [T mark]

c) It only allows the OH™ across and not O, and H, gases [T mark].

2 a) The PEM only allows H* ions across it [T mark], forcing the

electrons around the circuit to get to the cathode. This creates an
electrical current [T mark].

b) Anode reaction: H, — 2H* + 2e™ [T mark]
Cathode reaction: 2H* + 20, + 2e- — H,O [T mark]

Page 164 — Redox Titrations

1 a) 15.0 cm? of manganate(VIl) solution contains:
(15.0 x 0.00900) + 1000 = 1.35 x10~* moles of manganate(VII)
ions [T mark]
From the equation the number of moles of iron = 5 x the number
of moles of manganate(VIl). So the number of moles of iron =
5x 1.35 x107* = 6.75 x10~* [T mark]
In the tablet there will be 250 + 25.0 = 10 times this amount
=6.75 x 1073 moles [T mark]

c) 1 mole of iron has a mass of 55.8 g, so the tablet contains:

6.75 x1073 x 55.8 = 0.37665 g of iron [T mark]

The percentage of iron in the tablet = (0.37665 + 3.20) x 100

=11.8% [1 mark]

=)

A redox reaction [T mark].
b) Number of moles = (concentration x volume) = 1000

=(0.500 x 10.0) + 1000 [T mark] = 0.00500 moles [T mark]
c) Number of moles = (concentration x volume) = 1000

=(0.100 x 20.0) + 1000 [T mark] = 0.00200 moles [T mark]
d) 1 mole of MnO, ions needs 5 moles of electrons to be reduced.
So to reduce 0.00200 moles of MnO,~, you need
(0.00200 x 5) = 0.0100 moles of electrons [T mark].
The 0.00500 moles of tin ions must have lost 0.0100 moles of
electrons as they were oxidised OR all of these electrons must
have come from the tin ions [T mark]. Each tin ion changed its
oxidation number by 0.01 + 0.005 = 2 [T mark]. So, the oxidation
number of the oxidised tin ions is (+2) + 2 = +4 [T mark].

Page 167 — More on Redox Titrations

1 a) 10~ + 57 + 6H* — 31, + 3H,0[1 mark]
b) Number of moles = (concentration x volume) = 1000
Number of moles of thiosulfate = (0.150 x 24.0) + 1000
=3.60 x 10-3 [T mark]
c) 2 moles of thiosulfate react with 1T mole of iodine, so there were
(3.60 x 1073) + 2 = 1.80 x 103 moles of iodine [T mark]
d) 1/3 mole [T mark]
e) There must be 1.80 x 1073 + 3 = 6.00 x 10~* moles of iodate(V)
in the solution [T mark]. So concentration of potassium iodate(V)
=(6.00 x 104 + (10.0 = 1000) = 0.0600 mol dm=3 [T mark]




2 Number of moles = (concentration x volume) + 1000
Number of moles of thiosulfate = (0.300 x 12.5) + 1000
=3.75 x 107 [T mark]
2 moles of thiosulfate react with T mole of iodine.
So there must have been (3.75 x 1073) + 2 = 1.875 x 1073 moles
of iodine produced [T mark]
2 moles of manganate(VIl) ions produce 5 moles of iodine
molecules, so there must have been
(1.875 x 1073) x (2 + 5) = 7.50 x 10~ moles of manganate(VIl) in
the solution [T mark]
Concentration of potassium manganate(VII)
=(7.50 x 1T0~* moles) + (18.0 + 1000) = 0.0417 mol dm=3 [7 mark]
The number of moles of thiosulfate used =
(19.3 x 0.150) + 1000 = 0.002895 moles [T mark]
From the iodine-thiosulfate equation, the number of moles of
I, = half the number of moles of thiosulfate, so in this case the
number of moles of I, = 0.002895 + 2 = 0.0014475
= 0.00145 moles [T mark]

From the equation, 2 copper ions produce 1 iodine molecule
[1 mark], so the number of moles of copper ions
=0.0014475 x 2 =0.002895 = 0.00290 moles [T mark]
¢) In 250 cm? of the copper solution there are:

(250 + 25.0) x 0.002895 = 0.02895 moles of copper [T mark]

1 mole of copper has a mass of 63.5 g, so in the alloy there are:

0.02895 x 63.5 = 1.8383... g of copper [T mark]

% of copper in alloy = (1.8383... + 4.20) x 100 = 43.8% [T mark]

=N

Topic 15 — Transition Metals
Page 169 — Transition Metals

1 Manganese has the electronic configuration [Ar] 4s?3d° so its
outer electrons are in the 4s and 3d subshells. These subshells
are very close in energy [T mark], so there is no great difference
between removing electrons from the 4s subshell (e.g. to make
Mn?2*) or from the 3d subshell (e.g. to make MnO,") [T mark].
The energy released when manganese forms compounds or
complexes containing manganese in variable oxidation numbers
is greater than the energy required to remove these outer electrons
[1 mark], (so manganese can exist with variable oxidation
numbers).
Iron: 1s2 2s2 2p® 3s? 3p® 3d® 4s? OR [Ar] 3d® 4s? [T mark]
Copper: 152 2s? 2p% 3s? 3p® 3d10 45! OR [Ar] 3d'0 4s' [T mark]
b) Copper has only one 4s electron [T mark] because it is more
stable with a full 3d subshell [T mark].
c) Iron loses the 4s electrons to form Fe2* [T mark].
It loses the 4s electrons and an electron from the 3d orbital
containing 2 electrons to form Fe3* [T mark].

Page 171 — Complex Ilons

1 a) Coordination number: 6 [T mark]

Shape: octahedral [T mark]

b) Coordination number: 4 [T mark]
Shape: tetrahedral [T mark]
Bond angles: 109.5° [T mark]
Formula: [CuCl,]2~ [T mark]

c) CI-ligands are larger than water ligands [T mark], so only 4 CI~
ligands can fit around the Cu?*ion [T mark].

Page 173 — Complex Ions and Colour
1 a) i) [Ar] 3d'° [T mark]
ii) [Ar] 3d° [T mark]
b) Cu?* because it has an incomplete d-subshell [T mark].

267

2 A maximum of two marks can be awarded for structure and

reasoning of the written response:

2 marks: The answer is constructed logically, and displays clear
reasoning and links between points throughout.

1 mark: The answer is mostly logical, with some reasoning and
links between points.

0 marks: The answer has no structure and no links between points.

Here are some points your answer may include:

Normally, all the 3d orbitals have the same energy. When

ligands form dative covalent bonds with a metal ion, the 3d

electron orbitals split in energy. Electrons tend to occupy the

lower orbitals and energy is required to move an electron from

an lower 3d orbital to a higher one. The energy needed to make

an electron jump from the lower 3d orbital to the higher 3d

orbital is equal to a certain frequency of light. This frequency gets

absorbed. All the other frequencies are transmitted and it is these

frequencies that give the transition metal colour.

[4 marks — 4 marks if 6 points mentioned covering all areas of

the question, 3 marks if 4-5 points covered, 2 marks if 2-3 points

covered, 1 mark if 1 point covered]

Page 175 — Chromium

1 a) The solution changes from orange to green [T mark].
b) Cris reduced from +6 to +3 [T mark].
Zn is oxidised from 0 to +2 [T mark].
Cr,0,2~ + 14H* + 3Zn — 2Cr3* +7H,0 + 3Zn?* [1 mark]

c) The solution turns blue [T mark] because the Cr3* is reduced
further to Cr2* [T mark]. It is not oxidised back to Cr3* because it
is in an inert atmosphere [T mark].

Amphoteric means something can react with both an acid and a
base [T mark].
In acid: [Cr(OH)3(HZO)3](S) + 3H+(aq) - [Cr(HZO)6]3
In base: [Cr(OH),(H,0);], + 30H . —
[Cr(OH)6]3f(aq) +3H,0,, [T mark]
b) [CrOH),(H,0),] ) + 6NH3aq —
[Cr(NH3)6]3+(aq) + 3OH7(aq) + 3H20(|) [1 mark]
The grey-green precipitate would dissolve to form a purple
solution [T mark].

+(aq) [1 mark]

Page 177 — Reactions of Ligands

1a) [Fe(Hzo)ﬁ]3+ + EDTA%* — [FeEDTA]- + 6H,0 [T mark]
b) The formation of [FeEDTA]- results in an increase in entropy,
because the number of particles increases from two to seven
[T mark].
2 a) [CO(HZO)6]2+(a ) [1 mark]
b) [CO(HZO)6]2*<aq) +2NH;q —
[Co(OH),(H,0),1, + 2NH ", [T mark]
This is an acid-base reaction [T mark].
[Co(OH),(H,0) ], + 6NH3(aq) -
[CoNH)gI2* o) + 20H 4H,0,, [T mark]

This is a ligand exchange reaction [T mark].

Page 179 — Transition Metals and Catalysts

1 a) Heterogeneous means ‘in a different phase from the reactants’.
Homogeneous means ‘in the same phase as the reactants’
[1 mark].

b) The orbitals allow reactant molecules to make weak bonds to the
catalyst [T mark].

c) By changing oxidation state easily, transition metals can take in or
give out electrons [T mark] and so they can help transfer electrons
from one reactant to another [T mark].

You could also give an answer that describes a catalyst in terms of helping
to oxidise and reduce.

ANSWERS
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2 The overall equation for the reaction is:
_ + 2
2MNO, ) + 16H" + 50,7 =

2Mn2* o+ 8H,0, + 10CO, [T mark].
This is slow to begin with, because the MnO,~ and C2042*
ions are both negatively charged, so repel each other and don't
collide very frequently [T mark]. The Mn?* product, however,
is able to catalyse the reaction. It reduces MnO,~ to Mn?*:
MnO, ) + 4MNZ* 4+ 8H* (= 5Mn* o+ 4H,0 [T mark].

The Mn3* ions are reduced back to Mn?* by reaction
with C,0,2"
2Mn3+(aq) +C,0,~- g = 2MnZ+ _— 2C02(g) [1 mark].

This means the reaction is an autocatalysis reaction. As more
Mn?* is produced, there is more catalyst available and so the
reaction rate will increase [T mark].
3 a) When molecules stick to the surface of a solid [T mark].
b) The surface of the catalyst activates the molecules, weakening the
bonds between the atoms in the reactants [T mark], making them
easier to break and reform as the products [T mark].

Topic 16 — Kinetics Il

Page 181 — Reaction Rates

1 a) E.gthere is an increase in number of ions so follow the reaction
by measuring electrical conductivity [T mark].

Plot a graph of concentration of propanone against time [T mark]
and find out the rate at any time by working out the gradient of
the graph at that time [T mark].

b

c) >
w £
o T
e
.‘év
c T
L0
gO
oY
T
Y 0.004 >

T 1

0 5 1IO 1l5 ZIO 2|5 3IO 3I5 40
Time (s)

Rate after 15 s =0.1 + 25 = 0.004 mol dm=3s~"
[3 marks — 1 mark for labelled axes the correct way round,
1 mark for points plotted accurately, smooth best-fit curve and a
tangent drawn at 15 s, 1 mark for rate within range
0.004 +0.001 and correct units]

Page 183 — Orders of Reactions
1 a) A

2.5—’\

2.0

-3

[N,Os] (mol dm ")

1.5

1.0

0.5

T T T T T T >
50 100 150 200 250 300

Time (s)

[2 marks — 1 mark for [N,O.] on y-axis, time on x-axis, and
points plotted accurately, 1 mark for a smooth best-fit curve]

ANSWERS

b) i) Time value = 85 s [T mark, allow 85 2]
(Horizontal line from 1.25 on y-axis to curve and vertical line from curve
to x-axis.)
ii) Time value difference = 113 (+2) - 28 (+2) =85 s
[1 mark, allow 85 +4]
(Vertical lines from curve at 2.0 moldm™ and 1.0 moldm™3)
c) Half life for 0.625 mol dm=" from 1.25 mol dm'=170 -85 =85 s
Half life for 1.25 mol dm™" from 2.5 mol dm'=85-0=85s
So, the half lives remain constant and are independent of
concentration so the order of reaction is 1 [T mark].
2 a) The reaction rate would double [T mark].
b) The overall order is 3 [T mark].

Page 185 — The Initial Rates Method

1 a) All the sodium thiosulfate that has been added has been used up
so any more iodine that is formed will stay in solution turning the
starch indicator blue-black [T mark].

The time it would take for the colour change to occur would

increase as there would be a greater amount of thiosulfate

instantaneously removing iodine from solution meaning it would
take longer for it to be used up [T mark].

2 Take samples of the reaction mixture at regular intervals and
stop the reaction using sodium hydrogen carbonate [T mark].
Titrate the samples against sodium thiosulfate, using starch as
the indicator, to calculate the concentration of iodine [T mark].
Repeat the experiment several times changing the concentration
of the iodine [T mark].

=)

Page 187 — Rate Equations
1 a) Rate = KINOI” [H, | [T mark]
Sum of individual orgers =2 + 1 = 3rd order overall [T mark].
i) 0.0027 =k x (0.004)2 x 0.002 [T mark]
k =0.0027 + ((0.004)2 x 0.002)
k =84 000 dm® mol-2s-1 (2 s.f.) [T mark]
(Units: k = mol dm=3 s71/[(mol dm—)2 x (moldm™)]
=dm®mol2sT)
ii) The rate constant would decrease [T mark].
When [X] is doubled and [Y] and [Z] remain constant between
experiment 1 and 2, there is no change in the initial rate so the
rate is zero order with respect to [X] [T mark].
When [Y] is doubled and [X] and [Z] remain constant between
experiment 1 and 3, the initial rate quadruples so the rate is
second order with respect to [Y] [T mark].
When [Z] is doubled and [X] and [Y] remain constant between
experiment 3 and 4, the initial rate doubles so the rate is first
order with respect to [Z] [T mark].
b) 1.30 x 103 x 3 = 3.90 x 103 mol dm=3s~' [T mark]
c) rate = k[Z][Y]? [T mark]

b

Page 189— The Rate-Determining Step

1 H* is acting as a catalyst [T mark]. You know this because it is not
one of the reactants in the chemical equation, but it does affect
the rate of reaction/appear in the rate equation [T mark].

If the molecule is in the rate equation, it must be involved in
the reaction in or before the rate-determining step. The orders
of the reaction tell you how many molecules of each reactant
are involved up to the rate-determining step [T mark]. So the
rate-determining step is affected by one molecule of H, and one
molecule of ICI [T mark].

Incorrect [T mark]. H, and ICl are both in the rate equation,

so they must both be involved in the reaction in or before the
rate-determining step. / The order of the reaction with respect
to ICl is 1, so there must be only one molecule of ICl in the
rate-determining step [T mark].

2 a)

=)



Page 191 — Halogenoalkanes and
Reaction Mechanisms

1 D [T mark]
1-chloropropane is a primary halogenoalkane, which means it will react
using an Sy 2 mechanism. So both 1-chloropropane and sodium hydroxide
must be in the rate equation, as the rate will depend on the concentration
of both them.

2 a) T-iodobutane is a primary iodoalkane [T mark].
b) Rate = k[CH,CH,CH,CH,I [[OH"] [T mark]
c) Mechanism is Sy 2 [1 mark]
d) CH,CH,CH, CH,CH,CH, H CH3CH2/CH2
Ho‘;/>c—|€“ HO-- C--1| — HO—C_ +
| | N
H H H

[3 marks — 1 mark for each curly arrow, 1 mark for correct
transition molecule]
3 a) Rate = k[CH,CBr(CH,)C,H,]

b) Step 1—
Rate determining step |C§H(7\ |C3H7
H3C— (lziBrS_: H3C—C|+ + :Br
CH; CH,
C3H; CyH,
Step 2 H3C_ C‘t/\ -OH~ 5 H3C— C —OH

CH, CH,
[3 marks — 1 mark for each correct step in the mechanism,
1 mark for correct identification of rate determining step]

Page 193 — Activation Energy

1
VT k T | Ink
305 0.181 0.00328 -1.709
313 0.468 0.00319 -0.759
323 1.34 0.00310 0.293
333 3.29 0.00300 1.191
344 10.1 0.00291 2.313
353 22.7 0.00283 3.127
[2 marks — 1 mark for all 1/T values, 1 mark for all In k values]
A
4.00
3.00
2.00
~Z
= 1.00
0.00
-1.00
-2.00
AN— >

/T

[2 marks — 1 mark for at least 5 accurate points, 1 mark for line
of best fit]

b) Value = -10750 +250 [T mark]

c) —E,/R=-10750 [1 mark].
£,=10750 x 8.31 =89 300 ) mol~" OR 89.3 k] mol~" [T mark]

2 Homogeneous catalysts are in the same state as the reactants,

homogeneous however, are in a different physical state than the
reactants [T mark].
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Topic 17 — Organic Chemistry 11

Page 195 — Optical Isomerism
1 a) H H Br H

H—C—C—C=C—H
Ill ]L ||_| |L [1 mark]

It doesn't really matter how you mark the chiral centre, as long as

you've made it clear which carbon you've marked.

b) Since the butan-2-ol solution is a racemic mixture, it must contain
equal amounts of both optical isomers. The two optical isomers
will exactly cancel out each other’s light-rotating effect [T mark].

c) The reaction has proceeded via an Sy 1 mechanism [T mark].

You know this because the original solution contained a single
optical isomer, but the product is a racemic mixture [T mark].

Page 197 — Aldehydes and Ketones
a) C[1 mark]
b) B and C [T mark]
c) Compound B is a ketone and is therefore not oxidised by acidified
dichromate(VI) ions and no colour change occurs [T mark].

Page 199 — Reactions of Aldehydes and Ketones

1 a) Eg. H H HH Ilﬂ (I? T
o
M= g g5
HHHHH H 11 mark]

The reaction with 2,4-DNPH tells you that the molecule contains
a carbonyl group [T mark]. The reduction to a secondary alcohol
tells you it must be a ketone [T mark]. The result of the reaction
with iodine tells you that the molecule contains a methyl carbonyl
group [T mark].

b) You can measure the melting point of the precipitate formed with
2,4-DNPH [T mark]. Each carbonyl compound gives a precipitate
with a specific melting point which can be looked up in tables

[1 mark].
kg HHHHH OH I
| | | [
B
HHHHH H H [1mark]
2 a) Nucleophilic addition [T mark]
b) i) OH
|
H,C—C —CH,
|
C=N [1 mark]
i) .
(205 (I)g/—\ll_r |OH
H,C — C5C —> HC-—CH, —> H.C-C—CH,
|

[4 marks — 1 mark for correct structures, 1 mark for each
correct curly arrow]

c) Depending on which side the CN~attacks from, one of two
optical isomers is formed [T mark]. Because the groups around
the C=0 bond are planar, there is an equal chance that the CN~
will attack from either direction [T mark], meaning an equal
amount of each optical isomer, i.e. a racemic mixture, will form
[T mark].

Page 201 — Carboxylic Acids

1 a) Reflux [T mark] propan-1-ol with acidified potassium
dichromate(VI) [T mark].
b) Add a carbonate/hydrogencarbonate [T mark]. Propan-1-ol will
show no reaction, but propanoic acid will produce bubbles of
carbon dioxide [T mark].

ANSWERS
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2 W H W HCH, o
Lol S I
H-C-C-C—C—-C—-C C
[ N N N e | ~ “OH
HoH HHH [1 mark] [1 mark]

b) Pentanoic acid has a longer carbon chain than methanoic acid
[1 mark]. This means the chain is more likely to get in the way of
the hydrogen bonds forming between pentanoic acid and water.
The energy released from formation of the water—acid hydrogen
bonds for pentanoic acid is less than that for methanoic acid .
This leads to less energy to compensate for the breaking of
water-water hydrogen bonds and therefore a reduction in
solubility [T mark].

c) C,H,,0, + PCly — C,H,,0OCl + POCI, + HCI [T mark]

Page 203 — Esters

1 a) 2-methylpropyl ethanoate [T mark]
b K o

H-C-C
| A
H

OH

o
HO~(-G ~C-1

H CH,H 1 mark] 2-methylpropan-1-ol [T mark]
This is an acid hydrolysis reaction [T mark].

2 L n

|
\o—cl —CH,
CH,

[1 mark] Ethanoic acid [T mark]

[1 mark]

b) HCOOH + CH,CH(CH,)OH HCOOCH(CH,), + H,0
[1 mark for correct reactants, 1 mark for correct products,
1 mark for reversible reaction]

¢) An esterification reaction [T mark].

+

Page 204 — Acyl Chlorides

N
Y%
H—C—C—C—C— ¢
TT 1T Ng
H H H H
[1 mark]
b) i) T T T
A
H H H [1 mark]

i) C;HgOC! + C;HyN — C;H,ONHC,H, + HCI [T mark]

Topic 18 — Organic Chemistry 11l

Page 207 — Aromatic Compounds

1 a) i) 2 moles [T mark]

i) 2 x 120 = 240 kJ [T mark]

You would expect 3 moles of H, to react with a molecule with

the Kekulé structure. Each mole should release 120 kJ, so there

should be 3 x 120 = 360 k] released in the reaction [T mark].

c) The delocalisation of electrons makes benzene more stable
(it lowers the energy of the molecule) [T mark] and so it releases
less energy when it reacts [T mark].

d) E.g. The Kekulé structure cannot explain why the bonds between
carbons in benzene are all the same length [T mark], since
C=C double bonds are shorter than single bonds [T mark]. The
benzene molecule represented by the Kekulé structure should
react in the same way as alkenes [7 mark] (i.e. by electrophilic
addition), but benzene is actually much less reactive [T mark]
(and tends to react via electrophilic substitution).

b

ANSWERS

2 Cyclohexene would decolourise the brown bromine water,
benzene would not [T mark]. This is because bromine water
reacts in an electrophilic addition reaction with cyclohexene, due
to the localised electrons in the double bond [T mark], to form a
colourless dibromocycloalkane, leaving a clear solution. Benzene
has a ring of delocalised n-bonds which spreads out the negative
charge and makes it very stable, so it doesn’t react with bromine
water and the solution stays brown [T mark].

Page 210 — Electrophilic Substitution Reactions
1 a) i) A: Nitrobenzene [T mark]
B + C: Concentrated nitric acid [T mark]
and concentrated sulfuric acid [T mark]
D: Warm, not more than 55 °C [T mark]
When you're asked to name a compound, write the name, not the formula.
i) HNO, + H,50, — H,NO,* + HSO,~ [T mark]
H,NO,* — NO,* + H,0 [T mark]

ii) NO,

[2 marks — 1 mark for each step]
b) i) J: Bromobenzene [T mark]
ii) E+ F: Bromine [T mark] and FeBr, [T mark]
G: Room temperature [T mark]
Conditions: non-aqueous solvent (e.g. dry ether), reflux [T mark]
b) The acyl chloride molecule isn’t polarised enough/isn’t a strong
enough electrophile to attack the benzene [T mark]. The halogen
carrier makes the acyl chloride electrophile stronger [T mark].
+

C) H3C—C\
O  [1 mark]

Page 211 — Phenols

1 a) With benzene, there will be no reaction but with phenol a
reaction will occur which decolourises the brown bromine water
and forms a precipitate [T mark]. The product from the reaction
with phenol is 2,4,6-tribromophenol [T mark].

Electrons from one of oxygen'’s p-orbitals overlap with the
benzene ring’s delocalised system, increasing its electron density
[T mark]. This makes the ring more likely to be attacked by
electrophiles [T mark].

c) Electrophilic substitution [T mark].

=

Page 214 — Amines

1 a) The amine molecules remove protons/H*/H ions from the water
molecules [T mark]. This gives alkyl ammonium ions and
hydroxide ions, which make the solution alkaline [T mark].

b) CH,COCI + C,H,NH, — CH,CONH(C,H,) + HCl [ mark]

C4HgNH, + HCl — C,HyNH,* + CI~ [T mark]

The lone pair of electrons on the nitrogen atom can accept

protons/H* ions, or it can donate a lone pair of electrons

[1 mark].

b) Methylamine is stronger, as the methyl group/CH, pushes

electrons onto/increases electron density on the nitrogen, making

the lone pair more available [T mark]. Phenylamine is weaker,
as the nitrogen lone pair is less available — nitrogen’s electron
density is decreased as it's partially delocalised around the
benzene ring [T mark].

LiAlH, and a non-aqueous solvent (e.g. dry ether), followed

by dilute acid [T mark].

b) Hydrogen gas [T mark], metal catalyst such as platinum or

nickel and high temperature and pressure [T mark].

Page 215 — Amides

1 a) N-propylbutanamide [T mark]
b) Butanoyl chloride [T mark], propan-1-amine (CH,CH,CH,NH,)
[1 mark], room temperature [T mark].




Page 217 — Condensation Polymers

1 a) Eg. (H) (H) H H
| |
H H

[2 marks — 1 mark for ester link correct, 1 mark for rest of
structure correct]
The oxygen atom at the right-hand end of the repeat unit could just as
easily go on the left-hand end instead. As long as you have it there, it
doesn't really matter which side it's on.

b) ester link [T mark]

2 a) Eg. ? (E
—C—(CHy);—C— f‘* — (CHyg— T‘* —
H H
[2 marks — 1 mark for amide link correct, 1 mark for rest of
structure correct]
b) For each link formed, one small molecule (water) is eliminated

[1 mark].
Page 219 — Amino Acids

1 a) Cysteine is chiral but glycine isn’t [T mark]. So a mixture
containing just one enantiomer of cysteine will rotate the plane of
plane-polarised light, but glycine won’t [T mark].

b) A maximum of two marks can be awarded for structure and
reasoning of the written response:
2 marks: The answer is constructed logically, and displays clear
reasoning and links between points throughout.
1 mark: The answer is mostly logical, with some reasoning and
links between points.

0 marks: The answer has no structure and no links between points.

Here are some points your answer may include:
Draw a line near the bottom of a piece of chromatography
paper, and put a spot of the amino acid mixture on it. Put the
paper into a beaker containing a small amount of solvent that
lies below the level of the spot of mixture. Put a watch glass on
the beaker and leave until the solvent has nearly reached the
top of the paper, then remove the paper and mark the distance
the solvent has moved. Each amino acid will have a different
solubility in the solvent, so as the solvent spreads up the paper
the different amino acids will separate out. Leave the paper to
dry and spray with ninhydrin (to reveal location of spots), then
measure how far the solvent front and the spots have travelled.
Calculate the R; values of the amino acid spots using the equation
distance travelled by spot
distance travelled by solvent
known amino acid Ry values [T mark].
[4 marks — 4 marks if 6 points mentioned covering all areas of
the question, 3 marks if 4-5 points covered, 2 marks if 2-3 points
covered, 1 mark if 1 point covered]

R; value = and compare to a table of

2 a) An amino acid’s isoelectric point is the pH where its average
overall charge is zero [T mark].
b) i) (‘:HZOH
HZN*C‘ — COOH
H
. [1 mark]
i) ‘CHZOH
HQN*C‘ — COO
H [1 mark]
It might seem a bit obvious to say this, but if you've drawn these out
in more detail — like drawing the NH, group out with all its bonds

shown — you'd get the mark.

Page 220 — Grignard Reagents

1 a) 1-bromobutane, magnesium, dry ether [T mark]
b) i) Ethanal and dry ether [T mark], then dilute HCI [T mark].
ii) CO, and dry ether [T mark], then dilute HCI [T mark].
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Page 223 — Organic Synthesis
1 E.g. Step 1: The methanol is refluxed with K,Cr,O, and acid to
form methanoic acid [T mark].
Step 2: The methanoic acid is heated with ethanol using an acid
catalyst to make ethyl methanoate [T mark].
2 E.g.Step 1: React propane with bromine in the presence of UV
light to form bromopropane [T mark].
Step 2: Bromopropane is then refluxed with aqueous sodium
hydroxide solution to form propanol [T mark].
Heat under reflux [T mark].
b) K,Cr,O./potassium dichromate and H,SO,/sulfuric acid
[1 mark], reflux [T mark].

' Br
4 Eg. Step: Br,, FeBr, (cat.)
Pt R
heat

[2 marks — 1 mark for reagents, 1 mark for product]

Step 2: Br MgBr
©/ Mg, dry ether ©/
—

[2 marks — 1 mark for reagents, 1 mark for product]
1 :
Step 3 MgBr
1) propanal, dry ether
2) dilute HCI "

[2 marks — 1 mark for reagents at each stage]

Page 225 — Practical Techniques
1 a)

Iy

'T‘ pure product
water&

impure organic
compound
[3 marks — 1 mark showing steam distillation apparatus, 1 mark
for a correct set-up, 1 mark for correct labels]

b) Put the mixture in a separating funnel and add ether [T mark].
Add some salt (e.g. NaCl) to the mixture, as this makes the
aqueous layer very polar, ensuring that all the phenylamine is
dissolved in the ether layer [T mark]. Put a stopper on the funnel,
and shake it, then remove the stopper and let the mixture settle
into layers [T mark]. Open the tap and run each layer off into a
separate container [T mark].

heat

Page 227 — More Practical Techniques

1 a) The purer sample will have the higher melting point, so the
sample that melts at 69 °C is purer [T mark].

b) E.g. recrystallisation in propanone [T mark].

) E.g. the purity could be checked by measuring the melting point

and comparing it against the known melting point of stearic acid

[T mark].

The scientist used the minimum possible amount of hot solvent to

make sure that the solution would be saturated [7 mark].

Filter the hot solution through a heated funnel to remove any

insoluble impurities [T mark]. Leave the solution to cool down

slowly until crystals of the product have formed [T mark]. Filter

the mixture under reduced pressure [T mark]. Wash the crystals

with ice-cold solvent [T mark]. Leave the crystals to dry [T mark].
c) The melting point range of the impure product will be lower and

broader than that of the pure product [T mark].
3 B [T mark]

=

2 a)

=N

ANSWERS
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Page 229 — Empirical and Molecular Formulae
1a) 0.100 g of the carbonyl gives 0.228 g of CO,.
0.228 + 44.0 = 0.00518 moles of CO,.
1 mole of CO, contains 1 mole of carbon, so 0.100 g of the
carbonyl must contain 0.00518 moles of C [T mark].
0.100 g of the carbonyl makes 0.0930 g of H,O.
0.0930 + 18.0 = 0.00517 moles of H,O.

1 mole of H,O contains 2 moles of H, so 0.100 g of the carbony!

must contain 2 x 0.00517 = 0.0103 moles of H [T mark].
0.00518 moles of C has a mass of 0.00518 x 12.0 = 0.0622 g
0.0103 moles of H has a mass of 0.0103 x 1.0 = 0.0103 g
0.0622 + 0.0103 = 0.0725g

S0 0.100 g of the compound contains 0.100 — 0.0725 = 0.0275 g

of O [T mark].

0.0275 g of O = 0.0275 + 16.0 = 0.00172 moles

So the mole ratio is C = 0.00518, H=0.0103, O = 0.00172
Divide by the smallest (0.00172): The ratio of C:H:O is 3:6:1.
So the empirical formula = C;H,O [T mark].

=

So by mass, hydrogen is (6.0 + 58.0) x 100 = 10.3% [T mark]
Molecular formula is the same as the empirical formula
as they have the same mass [T mark].

o

d) The carbonyl reacts with Tollens’ reagent to form a silver mirror,
so it must be an aldehyde. So, the structure is:
HH H
[ /
H-C-C-C_
[ \O
HH [1 mark]

2 a) To get the mole ratio, divide each % by atomic mass:
C: 37.0+12.0=3.08 H: 22+1.0=22
N: 18.5 +14.0=1.32 O: 42.3 +16.0 =2.64 [1 mark]
Then divide by the smallest (1.32):
The ratio of C:H:N:Ois 2.33:1.67:1:2 [T mark]
Multiply by 3 to get whole numbers: C:H:N:O=7:5:3:6
So the empirical formula = C,H.N,O, [T mark]
The molecular mass = 227
The empirical mass = (7 x C) + (5 x H) + (3 x N) + (6 x O)
=(7x12.00+(5x1.0)+ (3 x 14.0) + (6 x 16.0) =227
The empirical formula is the same as the molecular formula
as they have the same mass [T mark].

b) E.g. CH,
O,N No,
[1 mark, allow different placing
NO, of groups around ring]
3 a)

25X(g) + 12502(g) - 75C02(g) +?¢H,0
Dividing by 25 gives: Xg + 50, = 3CO, + nH,0

5 moles of O, reacts to give 3 moles of CO, and n moles of H,0O,

son=(5x2)-3x2)=4.
X(g) +50, = 3CO, + 4H,0 [T mark]
All the C atoms in CO, come from X, so X contains 3 C atoms.

All the H atoms in H,O come from X, so X contains (4 x 2) =8 H

atoms. The molecular formula of X is C,Hg [1 mark].

b) The empirical mass is (3 x 12.0) + (8 x 1.0) = 44 [T mark].
The mass spectrum of X has an M peak at m/z = 88, so the
molecular mass of X is 88. So X contains 88 + 44 = 2 empirical
units. The molecular formula of X is C,H,, [T mark].

Topic 19 — Modern Analytical Techniques I1

Page 230 — High Resolution Mass Spectrometry
1 a) C[1 mark]

The relative molecular mass of the compound = the m/z value of the

molecular ion, so calculate the precise M, of each possible molecular formula:

A: (3 x 12.0000) + (6 x 1.0078) + (2 x 15.9990) = 740448

B: (4 x 12.0000) + (10 x 1.0078) + 159990 = 74077

C: (3 x120000) + (10 x 1.0078) + (2 x 14.0064) = 740908

D: (2 x 120000) + (6 x 1.0078) + (2 x 14.0064) + 159990
= 740586

ANSWERS

Mass of empirical formula: (3 x 12.0) + 6.0 + 16.0 = 58.0 [T mark]

b)

The four options given in part a) all have the same M, to the
nearest whole number, so their molecular ions would all have the
same m/z value on a low resolution mass spectrum [T mark].

Eg K H H H ’
HGo(eCly OR HoGog=(og
HHH HHHH
but-1-ene but-2-ene
H
| H
OR H-C-C=C
I 1 “H
H CH,

methylpropene
[2 marks — 1 mark for correct structure, 1 mark for correct name]
Answering questions like this can involve a bit of trial and error. Here, there
was a big clue in the question — it's a hydrocarbon, so it only contains H
and C atoms. There are actually two other hydrocarbons with the formula
C,Hg, 5o well done if you thought of cyclobutane or methylcyclopropane.

Page 233 — NMR Spectroscopy

1 a)

b

o

The peak at § = 0 is produced by the reference compound,
tetramethylsilane/TMS [T mark].

All three carbon atoms in the molecule CH,CH,CH,NH, are in
different environments [T mark]. There are only two peaks on the
carbon-13 NMR spectrum shown [T mark].

The 3C NMR spectrum of CHyCH,CH,NH, would have three peaks
because this molecule has three carbon environments.

The peak at 8 = 25 represents carbons in C-C bonds [T mark].
The peak at § = 40 represents a carbon in a C-N bond [1 mark].
The spectrum has two peaks, so the molecule must have two
carbon environments [T mark].

So the structure of the molecule must be:

HNFLH
Ho GGG
H H H [1 mark]

The two carbon environments are CH;-CH(NH,)-CH, and
CH(NH,)—(CH,),.
C [1 mark]

Page 235 — Proton NMR Spectroscopy

1 a)

=)

=)

The quartet at 3.6 ppm is caused by 3 protons on the adjacent
carbon. The n+1 rule tells you that 3 protons

give 3 + 1 = 4 peaks [T mark].

Similarly the triplet at 1.3 ppm is due to 2 adjacent protons
giving 2 + 1 = 3 peaks [T mark].

A CH, group adjacent to a halogen or oxygen (in an alcohol,
ether or ester) or a CH, group adjacent to a nitrogen (in an amine
or amide) [T mark].

A CH, group [T mark].

) CH, added to CH, gives a mass of 29, which leaves a mass

of 64.5 — 29 = 35.5 for the rest of the molecule. This is the
relative atomic mass of chlorine [T mark], so a likely structure is
CH,CH,CI [T mark].

4 [1 mark]

With questions like this, it really helps to draw out the structure of the
molecule you're dealing with. That way you can clearly see how many
different H environments there are.

Here's the structure of 3-chlorobut-1-ene: H ITI ]I—l l|~l
o=t
Cl H

There will be a doublet with a chemical shift of

d = 4.5-6.5 ppm (corresponding to the H in the alkene
environment) [T mark], a quartet with a chemical shift of

d = 4.5-6.5 ppm (corresponding to the other H in the alkene
environment) [T mark], a quintet with a chemical shift of

8 & 2.0-4.0 ppm (corresponding to the H in the halogen
environment) [T mark] and a doublet with a chemical shift of § ~
0.2-1.9 ppm (corresponding to the H in the alkane environment)
[T mark].



Page 237 — Chromatograph
Distance travelled by spot

Distance travelled by solvent [1 markj

R; value of spot A =7 + 8 = 0.875 [1 mark]

The R, value has no units, because it's a ratio.
b) Substance A has moved further up the plate because it’s less
strongly adsorbed onto the surface / more soluble in the solvent
than substance B [1 mark].
E.g. the stationary phase consists of small solid particles packed
in a tube [T mark]. The sample is injected into a stream of high
pressure liquid — this is the mobile phase [T mark]. The detector
monitors the output from the tube [T mark].
b) The chromatogram shows a peak for each component of the
mixture [T mark]. UV light is passed through the liquid leaving
the tube and the detector measures the absorbance [T mark].
From these, the retention time can be seen and compared to
reference books or databases to identify the substances [T mark].
Gas chromatography [T mark]
b) Different substances have different retention times [T mark].

The retention time of substances in the sample is compared

against that for ethanol [T mark].

1 a) R;value =

Page 239 — Combined Techniques

1 a) Relative mass of molecule = 73 [T mark]

You can tell this from the mass spectrum — the m/z value of the molecular
ion is 73.

Structure of the molecule:

=N

H H
L L _NH,
Hog--cg
H H 0 [1 mark]
Explanation: [Award 1 mark each for the following pieces of
reasoning, up to a total of 5 marks]:
The infrared spectrum of the molecule shows a strong absorbance
at about 3200 cm™', which suggests that the molecule contains an
amine or amide group.
It also has a trough at about 1700 cm™', which suggests that the
molecule contains a C=0 group.
The 13C NMR spectrum tells you that the molecule has three
carbon environments.
One of the 3C NMR peaks has a chemical shift of about 170,
which corresponds to a carbonyl group in an amide.
The TH NMR spectrum has a quartet at § ~ 2, and a triplet
at § =~ 1 — to give this splitting pattern the molecule must contain
a CH,CHj, group.
The "H NMR spectrum has a singlet at § =~ 6, corresponding to
H atoms in an amine or amide group.
The mass spectrum shows a peak at m/z = 15 which corresponds
to a CH,* group.
The mass spectrum shows a peak at m/z = 29 which corresponds
to a CH,CH,* group.
The mass spectrum shows a peak at m/z = 44 which corresponds
to a CONH,* group.
Relative mass of molecule = 60 [T mark]
You can tell this from the mass spectrum — the m/z value of the
molecular ion is 60.
b) Structure of the molecule:

|
H-C-
H

|
- CI—OH
H [1 mark]

I-0—T
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Explanation: [Award 1 mark each for the following pieces of
reasoning, up to a total of 5 marks]:

The 3C NMR spectrum tells you that the molecule has three
carbon environments.

One of the 3C NMR peaks has a chemical shift of 60 — which
corresponds to a C-O group.

The infrared spectrum of the molecule has a trough at about
3300 cm™, which suggests that the molecule contains an
alcoholic OH group.

It also has a trough at about 1200 cm™', which suggests that the
molecule also contains a C-O group.

The mass spectrum shows a peak at m/z = 15 which corresponds
to a CH,* group.

The mass spectrum shows a peak at m/z = 17 which corresponds
to an OH* group.

The mass spectrum shows a peak at m/z = 29 which corresponds
to a C,Hg* group.

The mass spectrum shows a peak at m/z = 31 which corresponds
to a CH,OH* group.

The mass spectrum shows a peak at m/z = 43 which corresponds
to a C;H.* group.

The TH NMR spectrum has 4 peaks, showing that the molecule
has 4 proton environments.

The TH NMR spectrum has a singlet at § ~ 2, corresponding to
H atoms in an OH group.

The "H NMR spectrum has a sextet with an integration trace of 2
at 8§ =~ 1.5, a triplet with an integration trace of 2 at § = 3.5, and
a triplet with an integration trace of 3 at § &~ 0.5 — to give this
splitting pattern the molecule must contain a CH,CH,CH, group.

Practical Skills

Page 241 — Planning Experiments

1 Using litmus paper is not a particularly accurate method of
measuring pH / not very sensitive equipment [1 mark]. It would
be better to use a pH meter [T mark].

Page 243 — Practical Techniques

1 a) The student measured the level of the liquid from the top of the
meniscus, when he should have measured it from the bottom
[1 mark].
b) B [T mark].

Page 245 — Presenting Results
7.30 + 7.325 +7.25 _ 7 96666... cm?

1 a) mean volume =
=0.00727 dm3 or 7.27 x 103 dm3 (3 s.f.) [T mark]
b) 0.50 + 1000 = 0.00050 mol cm=3 or 5.0 x 10~* mol cm=3
[1 mark]

Page 247 — Analysing Results

1 a) 15°C and 25 °C [T mark].
b) Positive correlation [T mark].
c) C[1 mark]

Page 249 — Evaluating Experiments
1 a) The volumetric flask reads to the nearest 0.5 cm?3, so the
uncertainty is +0.25 cm?3.

uncertainty 400 = 9:25 100 = 1.0 % [7 mark]
reading 25

b) E.g. The student should add the thermometer to the citric acid
solution and allow it to stabilise before adding the sodium
bicarbonate to give an accurate value for the initial temperature
[1 mark]. The student should then measure the temperature
change until the solution stops reacting to give a valid result for
the temperature change of the entire reaction [1 mark].

percentage error =

ANSWERS
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A C E
acid dissociation constant, K, Cahn-Ingold-Prelog rules 84 Ecen 154, 156, 158, 159, 173
130, 131, 133, 134, 137, 140 calorimetry 106, 107, 109 electrochemical cells 154-157,
acid-base titrations 63-65, carbon-13 NMR 231-233, 238 160, 161
136-138, 162 carboxylic acids 96, 200-204 electrochemical series 158
acidic buffers 139 catalysts 113, 116, 117, 119, electrode potentials 156-159, 173
acidic hydrogen-oxygen fuel cell 161 178, 179, 193 electron configurations
acids 128-131 catalytic converters 80, 179 10, 11, 16, 168
activation energy 104, 112, 113, catalytic cracking 79 electron pair repulsion theory 24, 25
192, 193 cathodes 154 electron shells (energy levels)
acyl chlorides 201, 204, 215 cell potentials 154, 156, 158, 159, 173 10, 11, 13
addition polymers 88 chain isomers 74 electronegativity 28, 145
addition reactions 72, 86-88 chemical formulae 39 electrons 4, 10, 11
adsorption 116, 179 chirality 194, 195, 218 electrophiles 73, 86, 208
alcohols 33, 34, 81, 90, chromatography 219, 236, 237 electrophilic addition reactions
92, 94-97, 198 chromium 174, 175 86, 87, 206
aldehydes 96, 196-199 cis-platin 171 electrophilic substitution reactions
alkaline buffers 139 cis-trans isomerism 85, 171 208-211
alkaline hydrogen-oxygen fuel cell 160 clock reactions 184, 185 elimination reactions 72, 93, 95
alkanes 31, 76-80, 86 collision theory 112, 113 EMF 154
alkenes 82, 86-88, 95 colorimetry 180 emission spectra 12, 13
amides 204, 215 combustion analysis 228, 229 empirical formulae 56, 57, 70, 228
amines 93, 212-214 combustion reactions 80 enantiomers 194, 195
amino acids 216, 218, 219 complex ions 170-172, 175-177, 213 endothermic reactions 104
amphoteric behaviour 174, 218 concentrations 55 energy storage cells 160
anhydrous salts 99, 225 concentration-time graphs 180-183 enthalpy change of
anion-exchange membranes 160 condensation polymerisation hydration 146, 147
anodes 154 203, 216, 217 solution 146
anomalous results 246 conjugate acid/base pairs 128, 139 enthalpy changes 104-111, 146
aromatic compounds 205-211, 223 coordination numbers 170, 171 enthalpy level diagrams 104
Arrhenius equation 192, 193 correlation 246 entropy 148-151, 159, 176
atom economy 68, 69 covalent bonding 22, 23 equilibrium constant, K_
atomic emission spectra 12, 13 cracking 78, 79 118, 119, 122, 123, 126, 127,
atomic orbitals 10, 82 crude oil 78, 79 152, 153, 159
atomic (proton) number 4, 5 curly arrows 72 equilibrium constant, K, 124-127
autocatalysis 178 cycloalkanes 76, 79 equivalence points 136
Avogadro constant 54 errors 66, 242, 248, 249
esterification reactions 202, 211
D esters 202-204
B exothermic reactions 104
data loggers 134 E/Z isomerism 83-85
balancing equations 58 dative covalent bonding 23, 170
bar charts 244 d-block 168
bases 128, 129, 132 dehydration reactions 95 F
batteries 160, 161 delocalised model (of benzene) 205
Benedict’s solution 96, 197 dependent variables 240 Fehling’s solution 96, 197
benzene 205-210 desorption 116, 179 filtration under reduced pressure 226
bidentate ligands 170 dilution (of acids and bases) 135 fission 76
biofuels 81 dipoles 28-30 flame tests 45
boiling point determination 99, 227 diprotic acids 130 fluted filter paper 226
bond angles 24, 25, 170, 171 displacement reactions 46, 47, 59 fractional distillation 78
bond enthalpy 22, 110, 111 displayed formulae 70 fragmentation patterns 100
bond fission 76 disproportionation reactions 40, 48, free energy 152, 153
bonding pairs 24 49, 158 Friedel-Crafts reactions 209
Born-Haber cycles 142, 143 distillation 96, 98, 224, 243 fuel cells 160, 161
Bronsted-Lowry acids and bases 128 dot-and-cross diagrams 20, 22, 23 fuels 80, 81
Biichner funnels 226 double bonds 22, 82, 83 functional group isomers 74
buffers 139-141 drying agents 99, 225
burettes 63, 136, 242 dynamic equilibrium 118, 126

INDEX



G

gas chromatography 237
general formulae 70
giant covalent lattice structures 26, 36
giant ionic lattice structures
20, 36, 142
giant metallic lattice structures 27, 36
graphene 26
graphite 26
graphs 244
gravity filtration 226
Grignard reagents 220
Group 1 44, 45
Group 2 42-45

H

haemoglobin 80, 170, 176
half-cells 154-156
half-equations 40
half-equivalence point 137
half-lives 183
halides 46, 47, 50, 51
halogen carriers 208, 209
halogenation 208
halogenoalkanes 35, 76, 77,
90-94, 190, 191
halogens 46-49
hazards 62, 241
Henderson-Hasselbalch equation 141
Hess’s law 108, 109
heterogeneous catalysts 116, 179
heterogeneous equilibria
119, 122, 125
heterolytic fission 76
high-performance liquid
chromatography (HPLC) 236
high-resolution mass spectrometry 230
homogeneous catalysts 116, 178
homogeneous equilibria 118, 122
homologous series 70, 71, 221
homolytic fission 76
hydration 34, 146, 147
hydrocarbons 76, 78-80, 82
hydrogen bonding 32, 33, 196
hydrogen halides 50, 87
hydrogenation 86, 206, 212
hydrogen-oxygen fuel cells 160, 161
hydrogen-rich fuels 161
hydrolysis reactions 72, 90, 91,
190, 202, 203

ideal gas equation 61

incomplete combustion 80

independent variables 240

indicators 63, 136-138

infrared (IR) spectroscopy
102, 103, 238

initial rates method 184-186

initial rates of reaction 115, 184, 185

instantaneous dipole-induced dipole
bonding 30

integration traces 235

intermolecular forces 30-33

iodine clock reaction 184, 185

iodine-sodium thiosulfate titrations
165, 166

ionic bonding 19-21

ionic equations 58

ionic lattices 20, 142

ionic product of water 132, 133

ionic radii 19, 20, 147

ionisation energies 14, 15, 17, 42

ions 4, 19-21, 52, 53

isoelectric point 218

isoelectronic ions 20

isomers 74, 75, 83-85

isotopes 5-7

isotopic abundances 6-8

IUPAC 70

K

K, (acid dissociation constant)
130, 131, 133, 134, 137, 140
K. (equilibrium constant)
118, 119, 122, 123, 126, 127,
152, 153, 159
Kekulé model (of benzene) 205
ketones 96, 97, 196, 198
K (equilibrium constant for gases)
124-127
K,, (ionic product of water) 132, 133

L

lattice energies 142-144
Le Chatelier’s principle 120, 126-128
Liebig condenser 98
ligand exchange reactions
174, 176, 177
ligands 170, 176
London forces 30, 31
lone pairs 24
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M

margin of error 248

Markownikoff’s rule 87

mass (nucleon) number 4

mass spectrometry 7-9, 100,
101, 230, 237, 238

Maxwell-Boltzmann distributions
112, 113, 117

mean bond enthalpies 110, 111

mechanisms 72, 86, 87, 92,
93, 188-191, 198, 208

melting point apparatus 227

metallic bonding 27

molar gas volumes 60

molar masses 54

mole fractions 124

molecular formulae 56, 57, 70, 228

molecular ion peak 9, 100

molecular shapes 24, 25

moles 54, 55

monodentate ligands 170

monomers 88, 217

monoprotic acids 130

multidentate ligands 170

m/z value 7, 100

N

n+1rule 234

neutralisation reactions 63, 129,
136, 137

neutrons 4

nitriles 92, 200, 212

nitrobenzene 210, 212

NMR spectroscopy 231-235, 238

nomenclature 70, 71, 202

non-polar solvents 34, 35

N-substituted amides 204, 214, 215

nuclear symbols 4

nucleophiles 73, 92

nucleophilic addition reactions 198

nucleophilic substitution reactions
92, 93, 190, 195, 214

(0)

optical activity 194, 195, 198

optical isomerism 194

orbitals 10, 82

orders of reaction 182, 184, 186, 188
organic synthesis 221-223

oxidation 40, 72, 96, 97, 154
oxidation numbers 38-40, 169, 170
oxidising agents 40, 162
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P

paper chromatography 219, 236

partial pressures 124, 125, 127

Pauling scale 28, 145

peer review 2

peptide links 216

percentage composition 56, 228

percentage errors 66, 67, 248

percentage uncertainty 66, 67, 248

percentage yields 68, 69

periodicity 16-18

permanent dipole-permanent dipole
bonds 31

pH 130-141

pH charts 138

pH meters 134

pH probes 134

pH scale 130

phenols 211

photochemical reactions 76

pi (n-) bonds 82

pie charts 244

pipettes 242

pK, 133, 137

pK,, 133

plane-polarised light 194

polar bonds 28, 29

polar molecules 29, 31

polar solvents 34

polarisation 144, 145

pollutants 80

polyamides 216

polyesters 203, 216

polymer electrolyte membrane 161

polymerisation reactions 72, 88,
203, 216

polymers 88, 89, 216, 217

polyprotic acids 130

positional isomers 74

precipitation reactions 59

principal quantum numbers 10

proteins 216

proton NMR 234, 235, 238

protons 4

Q

qualitative tests 243
quantitative tests 243
quantum shells 10, 12, 13

R

racemic mixture 194, 195, 198
radical substitution reactions 76, 77
radicals 73, 76, 77

random errors 66, 246, 249

INDEX

rate-concentration graphs 182
rate constant, k 186, 187, 192, 193
rate-determining step 188-191
rate equations 186, 188, 189
rates of reactions 113-115,
180-189

reaction profile diagrams 104, 112, 116

recrystallisation 226

redox reactions 40, 41, 154, 163-166

redox titrations 162, 163, 165, 166
reducing agents 40, 162
reduction 40, 72, 154, 198
reduction potentials 173

reflux 96, 98, 224, 243
reforming 79

relative atomic mass, A, 6

relative formula mass 6

relative isotopic mass 6-8

relative molecular mass, M, 6
repeat units (of polymers) 88, 217
reversible reactions 118

R values 219, 236

risk assessments 62, 241

S

salt bridges 154

scatter plots 244, 246
separation 98, 225

shapes of molecules 24, 25
shielding (of electrons) 14, 17
sigma (o-) bonds 82
significant figures 245

simple molecular structures 30, 33, 36

skeletal formulae 70

S\1 reactions 190, 191, 195

S\2 reactions 190, 195

solubility 34, 35

solvent extraction 225

spin-pairing 10

spin-spin coupling 234

standard conditions 105

standard electrode potentials 156-158

standard enthalpy change of
combustion 105, 108
formation 105, 108
neutralisation 105, 129
reaction 105, 110

standard hydrogen electrode 156

standard solutions 62

state symbols 59

steam distillation 224

stereoisomers 83-85, 194

storage cells 160, 161

structural formulae 70

structural isomers 74

substitution reactions 72, 92-94,

208-211
synthetic routes 221-223
systematic errors 66, 249

tangents 114, 181
tests for
aldehydes 96, 197
alkenes 86
ammonium ions 53
carbonates 52
carbonyls 199
halide ions 51
sulfates 52
theoretical lattice energies 144
theoretical yield 68
thermal cracking 78
thermal stability 44
thin-layer chromatography 219
titrations
acid-base 63-65, 136-138, 162
calculations 64, 65, 163-166
curves 136, 137, 140
iodine-sodium thiosulfate 165, 166
redox 162-166
T™S 231
Tollens’ reagent 197
transition metal complexes 170-172,
175-177
transition metals 168, 169, 172,
173, 177-179

U

uncertainty 66, 67, 248, 249
units of rate constant 187

\

vanadium 173
variables 240, 246
volumetric flasks 62, 242

W
washing 225

yield 68

y 4

zwitterions 218
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