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PREFACE 
 
 
Systematic formulations of absolute and chemical electronegativity and 

hardness are analyzed among the local and non-local electronic density 
contributions in the frame of density functional theory. It is analytically proved 
that in all proposed cases can be founded the proper conditions within the absolute 
and chemical formulations to equalize. There appears that a new variational 
concept and term named as chemical action plays the unifying role among the 
quantum fluctuations of electronegativity and hardness at whatever level of 
atomic and molecular structural information. The power of these proofs consists 
in bypassing the knowledge of the total energy density functional. This way there 
was emerged out the new concepts of HOMO and LUMO chemical actions that 
neglecting the correlation-exchange terms account as the potential chemical works 
of the valence shells when exchanging electrons with the environment. As an 
application the associated atomic electronegativity, hardness and chemical action 
scales are computed and discussed for each unified quantum picture with the help 
of Slater orbitals. The so called bosonic electronegativity and hardness 
characterizing the fermionic-bosonic mixtures on valence states emerge out and 
their associate atomic scales are computed. It follows that they display periodic 
albeit inverse trends than those expected from pure fermionic behavior. This 
approach may be found most useful when explaining the Bose-Einstein 
condensates and superconductivity of atoms through electronegativity and 
hardness concepts. Extension to molecular systems is prospected by employing 
the recursive rules for electronegativity and hardness abstracted from 
electronegativity equalization principle combined with electronegativity-hardness 
invariant. In this molecular framework the unified forms of electronegativity and 
hardness are used to complete the proposed bonding scenario based on equality 
and inequality electronegativity and hardness reactivity principles for a specific 
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series of Lewis bases. New index for checking the maximum hardness condition 
is formulated and applied as well. This way, the complete set of global 
electronegativity-hardness indicators of reactivity of atoms and molecules for 
various physico-chemical conditions is formulated in an elegant analytical manner 
within the conceptual density functional theory. 

 
Keywords: electronegativity, chemical hardness, ionization potential, electronic 

affinity, density functional softness theory, chemical action functional, 
chemical action principle, electronegativity equalization principle, chemical 
potential inequality principle, hard and soft acids and bases principle, 
maximum hardness principle. 
 
 



 

 
 
 
 
 
 

Chapter 1 
 
 
 

1. INTRODUCTION 
 
 
In an epistemological order the atomic and molecular constitutions are 

compressed by chemical reactivity; it is eventually followed by biological activity 
and social behavior.  

However, the chemical reactivity stands as the bridge between the atomic and 
molecular levels of matter in their manifested state. In the continuous search for 
the quantitative description of the qualitative predictions of reactivity modern 
conceptual and computational chemistry had been raised [1-12]. Nevertheless, 
along the physico-mathematical models of atoms, molecules and clusters [10], 
relative simple indices yet with powerful chemical insight have been formulated 
in order to quantify the various levels of atomic organization of matter. In fact, 
among many formulations, the chemical history has retained those that are able to 
reflect the iterative nature of matter and bonds. This constraint roots from the 
former Dalton atomic theory prescribing that an atom has to preserve its most 
identity when combines with other forming molecular samples. In this context the 
electronegativity concept appears as one of the oldest vehicles in chemical 
prediction and interpretation of reactivity and bonding [3]. It emerges out from the 
Berzelius attempt to classify the substances as electropositive and 
electronegativity, under the strong influence of electricity concepts of his time 
[13]. From this point forward the concept of valence of an atom has been proved 
to give the proper description of the atoms-in-molecules combination emphasizing 
that the chemistry deals primarily with the outermost shells and orbitals of atoms 
and molecules [1, 14]. 

At this point worth to note that there was always opponents of assuming the 
virtual reality as the cause of the unfolded one - see [15] and the references herein. 
Enough recalling the famous enmities around the unification of space with time 
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and of the fact that the time-space itself has a proper curvature as the Einstein 
theories prescribes [16]. In quantum physics the wave-function and then the 
orbital concept were blamed to lack the observable reality despite its proved 
probabilistic nature and confirmed spectral predictions. Remarkably, these days 
the wave-function concept was extended to the universe itself and the more deeply 
effects based on the so called hidden variables are employed in the current 
quantum information theories [17], leading with the teleportation and other virtual 
quantum or sub-space effects [18].  

In quantum chemistry the electronegativity concept was highly disputed since 
the Pauling cornerstone definition of it as “a measure of the power of an atom in a 
molecule to attract electrons to itself” [14, 19]. From beginning, one could 
observe that this definition combines the atomic and molecular levels of a quality 
assumed to be the driving force for bonding, the electronegativity ( χ  or EN). 
However, to clarify the very meaning of this concept let’s analyze it through the 
resonance structures: 

 
−++− ↔↔ δδδδ BAABBA ,                    (1) 

 
giving the two limiting structures of the diatomic complex AB. Indeed, as the 
resonance structures are involved the power to attract electrons to itself seems 
somewhat an ambiguous sentence for atomic existence in a molecule.  

In other words, there appears the fundamental question: which of the two 
bonded atoms of the reactions (1) is more electronegative? Aiming to solve such 
dilemma many survey reflections on the problem of electronegativity and related 
concepts have been put forth [20-26]. Regarding  electronegativity Pauling’s 
definition, by considering the atoms involved in one of the limiting structures of 

(1), −+ δδ BA  say, one could found two opposite phenomenological directions for 
the above question: 

 
B is more electronegative since carriers more negative charge than its partner, 

or  
A is more electronegative since its propensity to further attach extra-electronic 

charge to the molecule. 
 
From the two opposite cases, both apparently true, the electronegativity 

paradox follows.   
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Still, this apparent paradox is, however, simple solved by the answer: none of 
them, while the most intuitive case requires that both electronegativities of atoms 
A and B in molecule AB equalize: 

 

BA χχ =              (2) 
 
This way, without judging to literal the incipient assertion of Pauling, we 

have to recognize that his genius once again anticipated one of the most 
influential principles of chemistry: the electronegativity equalization principle 
(EEP) [27-50].    

In favor of this interpretation and of principle of electronegativity we can 
invoke now also the simple and illumination perspective of Mulliken respecting 
the electronegativity of atoms-in-molecules [51]. He considered the reaction that 
corresponds to (1), replacing the limiting structures by the equivalent ionic 
components: 

 
−++− +↔+↔+ BABABA                                              (3) 

 
In this case, the relative tendencies of the two species to attract electrons can 

be quantified by the energies required to undergo the two side reactions of (3). 
This way, the energy required for that the reaction  

 
−+ +→+ BABA          (4) 

 
 
to flow is given by the difference between the energy required to remove an 
electron  from A, its ionization potential  IP, and the energy consumed to attach 
the electron to the outer shell of B, its electron affinity EA: 

 

BA EAIPE −=Δ −+           (5)   
 
Similarly, for that the other equivalent reaction of (3) to be realized, 
 

+− +→+ BABA ,          (6) 
 

the consumed energy is 
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AB EAIPE −=Δ +−          (7) 
 
Now, as no preference between reaction (5) and (6) occurs in (3) their 

equivalency means the equalization of the involved energies, (5) with (7), 
respectively, which rearranges as: 

 
 BBAA EAIPEAIP +=+         (8) 
 
Equality (8) states in fact that a characteristic sum of each separate atom 

becomes equal with the correspondent one from other species when combine to 
form a bonded complex.  

However, considering the semi-sum of the IP and EA quantities as qualitative 
definition of electronegativity for any species X (atom, molecule, or radical in its 
state of interaction) [51],  

 

2
XX

X
EAIP +

=χ ,         (9) 

 
Mulliken inferred as well the electronegativity equalization principle (2), 

through (8) with (9). 
There follows that the χ  concept has to be seen as the a priori atomic 

property, in an absolute sense, that becomes chemical when atoms combine to 
form molecules or polyatomic systems. More, formally, the atomic and molecular 
χ  has to have the same analytical expression, as fulfilled by (9), in agreement 
with the former Dalton intuition according with atoms chemically combines such 
that preserving most of its identity within a molecular system. Such demand 
allows for the recursive expansion (and explanation) of the world of substances 
and materials paralleling the complexity of the growing electron-nuclear 
collections of atoms. Therefore, concerning electronegativity, it has to account 
and can be seen as the average propensity of binding between two partners at 
whatever level of electronic-nuclear organization of matter. 

From now, there is clear that having at hand concepts like electronegativity is 
of the most interest and helps when searching for predicting and explaining 
reactivity as a whole, since posing the virtually active properties of isolated atoms 
or groups of atoms 

Before going to develop more accurately these kinds of global reactivity 
indices, let’s make a note also for the units or dimension of electronegativity 
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quantity. From definition (9) it seems to be of energetically nature although from 
Pauling definition it has to measure the “attracting power” of an atom. The 
conciliations between these aspects were given by assuming electronegativity as a 
potential, more precisely as the negative of the chemical potential μ   of an 
electronic system [5, 52]: 

 

)(xVN
E
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=−= μχ ,       (10) 

 
being x the general spin-coordinate variable. 

The definition (10) is without doubt a dynamical one: it regards the variation 
of the total energy E of an electronic system when the unit of electronic charge is 
transferred to the environment under the constraint that the potential under which 
the total N-electrons evolve, V(x) - not restricted to the Coulomb one, remains 
constant. In other words, definition (10) provides an index for the spontaneous 
reactivity. More, it assumes electronegativity as a potential, from both physically 
and chemically perspectives.   

 There is however immediately that under assumption of the continuous 
and derivable energy function respecting total number of electrons, E = E[N], the 
electronegativity of (10) approximates the former Mulliken formula (9) as the 
finite difference (FD) approach: 
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N
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=
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22
)()(

2
1000101010

)(

,     (11) 

 
being N0 the referential number of electrons in neutral state.  

Of course, also here rises a problem, namely that of accepting a continuous 
distributions of energy through electric charges, to assure a context in which the 
derivation (11) is valid, a hypothesis hardly imagined by the classical 
electromagnetism. However, this also much disputed problem [53-58], finds 
solution within the quantum theory frame in which particles behaves also as 
waves, continuously by their very nature, being therefore no restricted to integer 
numbers when contributing to the total energy of a quantum system, as atoms and 
molecules are. This way, partial charges of atoms-in-molecules appears to be as 
well a reasonable effect of the quantum nature of the chemical bonding [52-62].  

However, once clarified the electronegativity problem, through definition (11) 
and by its potential nature, there is clear that worth performing also the second 
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derivative of the total energy respecting the total number of electrons, in the same 
conditions as equation (10) was considered: 

 

)(
2

2

)( 2
1

2
1

xVxV N
E
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⎞
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⎛

∂
∂

=⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

−=
χη ,     (12) 

introducing the so called chemical hardness [4, 24, 63-70].  
At this point, another question deserves attention: why needs also the 

hardness along electronegativity to be conceptually considered? The answer relies 
on the physical nature of the electronegativity as potential. Since a complete 
physical picture of a phenomenon involves potential and forces there is straight 
that having a quantity with a potential nature in hand the other representing the 
corresponding force can be inferred by taking the minus of its gradient. The 
operation (12), grounded on the electronegativity concept (10) as the chemical 
potential of the concerned electronic system, fits well with this vision. Thus, the 
chemical hardness (12), in fact the quantity η2 , can be adequately called the 
associate chemical force. This interpretation as a chemical force perhaps 
motivates why in recent studies some groups prefer skipping the factor ½ form the 
basic definition of hardness (12) [71-74], albeit equally strong arguments are 
given bellow in the favor of maintaining it.       

More, under the quantum assumption that the electronic charges behave also 
like waves as adopted, in finite approximation of the first derivative of the total 
energy EN in (11), for chemical electronegativity, the respective expression for the 
hardness (12) can be as well laid down, 

 

FD
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xV

N EAIPEEE

N
E

ηη ≡
−

=
+−

≅⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂

∂
= −+

22
2

2
1 10010

)(
2

2
,      (13) 

 
in terms its own ionization potential and electron affinity.  

This way, hardness, posses the same characteristics as its originator, the 
electronegativity, having the role of accompanying the reactivity global 
description from the force perspective so completing the driving reactive 
influence prescribed by the potential nature of electronegativity.       

The last issue here has to be dedicated to necessity of the factors (1/2) 
included in the definition of electronegativity and hardness in expressions (9) and 
(12), respectively. This can be motivated in two ways. 
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One way is to consider that both electronegativity and hardness are regulated 
by the same occupation number q: 

 
( )EAIPq +=χ , 

( )EAIPq −=η ,         (14) 
 

due to the concerting effects that both indices assume, as approaching and 
establishing bonding, respectively. Now, in order that indeed χ  and η  to be 
affordable as parametrical minimal bond description one notes that the occupation 
number has to achieve the value q=0.5 as each atom within a bond contribute with 
one electron to its covalence. The non-integer value of q is in complete 
accordance with the quantum nature of the electron in bonds.  

The second way is based on the equivalent gauge reactions, in which an acid-
base complex is formed:    

 
+•−••

•
−•

•
+ +↔↔+ BABABA       (15) 

 
Eventually, the left reaction of (15) implies that partial charge transfer 

through Lewis acids and bases occur, while the right reaction of (15) states for the 
complete charge transfer redox process. In these conditions, the exchange of 
electrons between the radicalic extremes of (15) arises through the ionic/covalent 
- acid/base involved structures by means of general charge path: 

 

211
1

1

1

1
=+=+= ∫∫∫

+

−

+

−

N

N

N

N

N

N
dqdqdq      (16) 

 
The path (16) records at once the acidic (electron-accepting: 

1+≤≤ NqN ) and basic (electron-donating NqN ≤≤−1 ) behavior of the 
species, making it an inherent part of the description of their chemical reactivity 
[75]. Therefore, the electronegativity and hardness indices (14) have to be 
averaged by the charge path (16) leaving with the working semi-sum and semi-
difference of the electron-releasing and electron-attaching energies, IP and EA, 
respectively [76-78].   

We have therefore arrived at the every fruitful conception that chemical 
reactivity can be predicted and quantitatively characterized by global indices, end 
especially by electronegativity and hardness as ones of the most influential indices 
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for the charge transfer and bonding. Additionally, we have agreed that only a 
quantum frame is the suitable picture in which the chemical reactions can be 
treated through chemical potential models. Finally, the definition of a suitable 
reactivity index, as electronegativity and hardness, has to preserve its formal 
structure at whatever level of atomic organization of matter, being absolute for the 
isolated atoms, groups and substances, and becoming chemical when they are 
analyzed in the state of interaction. More, the working reactivity indices have to 
pose the recursive character that is to can be logically (or intuitively) combined 
paralleling the complexity of bonding.   

Certainly, all these ideas may seem strange for those who do not believe that 
the manifested reality has roots in virtual causes [15]; they are for sure limited to 
fail in searching of the very principles of nature only because a principle can not 
be directly measured but only proved by the effects prescribed. In this context, the 
orbital concepts, the aufbau principle of atomic order in the Periodic System [79-
83], the molecular orbital theory [84-86], the density functional theory [87-95], 
the valence concept [1, 14, 19], or the chemical reactivity indices [96-120] and 
their principles [55, 57] are the specific tools for the conceptual and theoretical 
chemists that undergo the sacred mission of exploring the folded information of 
nature in order to better understand its flowering in acts and composites.  

To be more plastic, to explore the chemical reactivity within quantum context 
is the same as Plato sought for the ideas of the manifested things and their 
transformations. In one day he was asked in agora: “maestro, how it is possible 
that I see the horse but not the idea of horse!” And the Plato replied: “this because 
you have not the eye with which to see that idea!” 

The present chapter is primarily devoted to present the chemical reactivity as 
a whole, through global indices and their principles having electronegativity and 
hardness at the foreground. Electronegativity and electronegativity equalization 
principle are seen only as the first act in bonding and molecular formation. They 
are accompanied by the second effect, a sharper one, through the chemical 
hardness influence with a tuning role in stabilizing the molecular sample and bond 
through associated principles as well. Questing for different quantum formulation 
of electronegativity and hardness, and looking for their unification within a single 
analytical scheme for unfolding chemical reactivity stands as the main purpose of 
the actual venture and should become, when completed and validated, the holly 
grail of chemistry.  



 

 
 
 
 
 
 

Chapter 2 
 
 
 

2. BASIC CHEMICAL REACTIVITY PRINCIPLES 
 
 
Although often arises the inquiry about χ  and η  physical reality, it can be 

assessed, for instance, by appealing to the already classical quantum picture of 
chemical bonding. There is well known that molecular bond is mainly 
characterized by bonding and anti-bonding orbitals, placed below and above of 
the non-bonding ones, respectively. This picture is well consecrated and its ability 
to explain many spectroscopic facts proved [121-129]. Performing now the 
phenomenological analogy, nevertheless a pertinent one, between the IP and 
bonding and between the EA and anti-bonding orbitals, appears that χ  and η  
finely characterize the bonding nature as a whole, in an average sense of bonding 
and anti-bonding orbitals.  

To be more specific, in the context of molecular orbital theory, according 
with Koopmans’ theorem [130], the IP and EA can be written as the frontier 
orbital energies: 

 

HOMOIP ε−≅  , 

LUMOEA ε−≅ ,       (17) 
 

in terms of HOMOε  and LUMOε  as the eigenvalues of the highest and lowest 
occupied molecular orbitals, HOMO and LUMO, respectively. Replacing (17) in 
(11) and (13) χ  and η  acquire the computational expressions: 

 

2
HOMOLUMO εε

χ
+

=− , 
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2
HOMOLUMO εε

η
−

= ,        (18) 

 
providing the route of particular evaluation without the recourse to calculation of 
the total energies of the electronic system, a laborious and not always very 
accurate task.   

However, as far as the frontier orbitals are that ones mostly involved in 
chemical reactivity and bonding there follows that the role of χ  and η through 
(18) in establishing the nature of the chemical bond is undoubtedly significant. 
They provide the most comprehensive principle of chemical reactivity as will be 
in next revealed. 

Being about modelling reactivity, an elegant way of describing it calls the 
perturbation of the ground or valence state energy of an isolated system when 
engaging to an interaction [131, 132]. This is to write the energy as its expansion 
respecting to the changed charge NΔ into a specific reaction. At this point, even 
formerly such series expansion was considered up to the fourth order in NΔ  
[133-137], we consider that a simple and in principle complete scheme of global 
reactivity can be achieved on the electronegativity and hardness basis only, due to 
their character as the chemical potential and force, driving the changing in the 
total energy of the system, see relations (10) and (12), respectively.   

In this context, the interaction energy NEΔ  of an electronic system that 

changes the charge NΔ  with environment assumes the paradigmatic parabolic 
analytical form: 

 

( )211/0 NNEE vN Δ+Δ+=Δ ημ ,     (19) 
   

standing for the total ground (subscript “0”) or the valence (subscript “v”) 
perturbed energy E0,v in the course of reaction through the chemical potential 1μ  

and force 1η . Worth again noting, here from (19), the virtual nature of 
electronegativity and hardness as they are proper to a certain system in the 
absolute sense but becoming manifested chemical ones since the reaction flows, 
i.e. when 0≠ΔN . 

Let’s assume now that energy (19) is associated with the minimum 
perturbation to produce the chemical reaction or molecular (trans-) formation. 
Then, if further perturbation is considered respecting the change of charge, NΔδ  
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with the small quantity ]1,0[∈δ , another reaction path is unfolding through the 
expansion: 

 

( )211/0 NNEE vN Δ+Δ+=Δ δηδμδ   

           ( )222/0 NNE v Δ+Δ+= ημ ,     (20) 
 

being δμμ 12 =  and 2
12 δηη =  the new driving chemical potential and force, 

respectively. 
Searching for the conditions for that the optimum reactivity path is naturally 

selected, we can immediately observe that as the variational principle of reactivity 
demands the restoring path from interaction energy (20) back to (19) one, 

 
minimum→→ ΔΔ NN EEδ ,      (21) 

 
as the difference in their slopes and curvatures achieve maximum values. In these 
conditions, the variational principle for energetic paths is transferred to the 
variational principles at the level of chemical potential (or electronegativity) and 
chemical force (or hardness), accordingly written: 

 
( ) 01121 ≥−=−=Δ=Δ Δ→Δ δμμμμμ δ NN ,   (22) 

( ) 01 2
121 ≥−=−=Δ=Δ Δ→Δ δηηηηη δ NN    (23) 

 
This way, the chemical reactivity principles emerge from the exploitation of 

the electronegativity and hardness principles, (22) and (23), respectively. These 
are known as chemical inequality and equality (or neutralization) principles when 
(22) is employed as inequality or equality, respectively, while the hard-and-soft 
acids and bases and maximum hardness principles are obtained from equality and 
inequality considerations of (23), respectively. They are also summarized in the 
table 1.  

One has to bear in mind that both principles (22) and (23), with the special 
principles of table 1, appear when bonding or a chemical reaction is concerned, 
and a comprehensive theoretical analysis has to include all these causes in 
interpreting the reactivity effects.    
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Table 1. Synopsis of the basic principles of reactivity, at the chemical 

potential (or electronegativity) and chemical force (or hardness) levels, as 
abstracted from analytical principles (22) and (23), respectively 

 
Bonding 
Index 

General 
Principle 

Special 
Principle 

Principle  
of Bonding 

 

0=Δμ  

Chemical potential (or electronegativity) 
equality (EE): 
“the chemical potential of all constituent 
atoms in a bond or molecule have the 
same value” [5] 

 
 
 

χμ −=  

 
 
 

0≥Δμ  
 
 

0>Δμ  

Chemical potential (or electronegativity) 
inequality (EI):  
“the constancy of the chemical potential 
is perturbed by the electrons of bonds 
bringing about a finite difference in 
regional chemical potential even after 
chemical equilibrium is attained 
globally” [137-140] 

0=Δη  
Hard-and-soft acids and bases (HSAB): 
“hard likes hard and soft likes soft” [141-
145] 

 
η  

 

0≥Δη  

0>Δη  
Maximum hardness (MH): 
“molecules arranges themselves as to be 
as hard as possible” [116, 117, 119, 120] 

 
 
Therefore, the global scenario of reactivity, based on electronegativity and 

hardness principles of table 1, implies that there are four stages of bonding: 
 
i. approaching stage is dominated by the difference in electronegativity 

between reactants and is consumed when the electronegativity 
equalization principle is fulfilled among all constituents of the products; 
this stage is associated with the charge flow from the more 
electronegativity regions to the lower electronegativity regions in a 
molecular formation thus covering the covalent binding step; 

ii. even after the chemical equilibrium is attained globally the electrons 
involved in bonds acts as foreign objects between pairs of regions, at 
whatever level of molecular partitioning procedure, inducing the 
appearance of finite difference in adjacent electronegativity of neighbor 
regions in molecule; it is due to the quantum fluctuations associate with 
the quantum nature of the bonding electrons and it corresponds to the 
degree of ionicity occurred in bonds; 
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iii. the induced ionicity character of bonds is partially compensated by the 
chemical forces through the hardness equalization between the pair 
regions in molecule; the HSAB principles is therefore involved, as a 
second order effect in charge transfer – see expansion (19) for instance, 
being driven by the ionic interaction through bonds; 

iv. still, the quantum fluctuations provides a further amount of finite 
difference, this time in attained global hardness, that is transposed in 
relaxation effects among the nuclear and electronic distributions so that 
the remaining unsaturated chemical forces to be dispersed by stabilization 
of the molecular structure.  

 
This way, there was proved that electronegativity and hardness provides the 

minimum set of reactivity indices able to cover the complete process of binding, 
as a whole.  

In order to make a more intuitive idea how above principle act at the energetic 
level the figure 1 depicts the equality and inequality variants of them, in (a) and 
(b), respectively.  

 

 

Figure 1. (a) Orbital energy diagram for a molecule [143], showing the electronegativity 
and hardness according with (18), on which basis the equalization of electronegativity and 
hardness principles, EE and HSAB of table 1, follows. (b) Plot of the electronic energy vs. 
electrons for a molecule [55], on which base the electronegativity inequality and maximum 
hardness principles of chemical reactivity, EI and MH of table 1, follow. 
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From the figure 1(a) there is immediately that during a reaction or bonding 
the difference in electronegativities of the partners is encountered firstly, as the 
main effect of reactivity will be the adjustment of the middle of the HOMO-
LUMO gap so that easier frontier transfer of the electrons to be realized. This 
explains the EE principle of table 1 on an energetic relative scale.  

More, one can see that hard molecules are characterized by large HOMO-
LUMO gap while soft molecule by a small one; therefore, as a second effect of 
reactivity, the hard-hard and soft-soft interactions are favorite respecting the hard-
soft and soft-hard ones since the exchange of the charge induced by the ionic 
character of bonding is much easier performed through the first two cases due to 
the close lying of the energies of the frontier orbitals. This explains also the 
HSAB principle on a relative energetic scale.  

Instead, from figure 1(b) is getting out that as the energetic curve of 
interaction, with the paradigmatic parabolic form (19), approaches the optimum 
reaction path, to achieve its minimum for the neutral collection of nuclei, the 
slope ( μΔ ) and the curvature ( ηΔ ) of the energetic limits (21) reach their 
maximum, that is the graphical formulation of the chemical potential and hardness 
inequality principles, recovering the IE and MH reactivity principles of table 1. 

Nevertheless, for practical purposes a closer quantitative rationalization of the 
chemical reactivity principles in terms of electronegativity and hardness is 
desirable. As such, regarding the electronegativity equalization principle many 
studies are performed with considerable successful results by making at work the 
interaction energy of type (19) through expressions (2) and (10) for a large 
collection of compounds and reactions [36-41]. However, the situation is not 
outstanding when hardness is called through its associate MH and HSAB 
principles to quantify the molecular formations and description of chemical 
reactions [146-156]. The existing debates are founded on the fact that still is 
questing for an adequate quantity with which hardness to correlate when a 
propensity for bonding is studied. There are studies that perform a parallel 
analysis of hardness variation with the exchanged charge NΔ  [99, 142], while 
others are done respecting the reaction energies GΔ  [74], with relative 
meaningful results. More tedious, statistical correlations between the enthalpies of 
the Lewis acid-base interactions were also performed to include the electrostatic, 
covalent and even the so called transmittance-receptance terms of the transferred 
electron charge during reactions [157].  

There is quite surprising that after our best knowledge no systematic studies 
are reported for linking the hardness with its conceptual source, the 
electronegativity when applying the HSAB principle. Such link is therefore here 
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advanced based on the very definitions of what soft and hard acid and base are. 
Still, the right connection can be achieved recalling that electronegativity has the 
potential nature at the chemical level, so being proportional with the inverse of the 
radius of atoms or length of bonds, r/1∝χ . Worth noting that such dependence 
was the main picture in which one of the most recent atomic electronegativity 
scale was given [83]. It can be equally derived from a simple model of charging 
energy of a conducting sphere of radius r [81, 97, 142]. Yet, electronegativity can 
be seen as being proportional also with the inverse of the polarizability, 

r/1∝χ , since polarizability α  is on its turn proportional with the volume 
encompassed by the electronic system under discussion [82].  With these remarks 
in hand let’s list the main definitions of soft and hard acids and bases, connecting 
their hardness degree with electronegativity: 

 
• a soft base, e.g. R–  or H–, is very polarizable and thus with low 

electronegativity; 
• a hard base, e.g. F– or OH–, is not much polarizable and thus with high 

electronegativity; 
• a soft acid, e.g. RO+ or HO+, has usually low positive charge and large 

size, so posing lower electronegativity;  
• a hard acid, e.g. H+ or XH (hydrogen bonding molecules), has normally 

high positive charge and small size, so posing high electronegativity. 
 
More, one can straightforwardly infer from figure 1 (a) that the relative 

position of electronegativities between two reactants can give the acid or base 
nature of the species since the more basicity the more χ−  is pushed towards 
positive range. This observation seems crucial to us and can explain why the 
consecrated classification of some common compounds to be acids or bases [4, 
68] has not an absolute value and founds some computational disagreements [74, 
151], while the relative electronegativities involved in concerned reactions have to 
as well be taken as the appropriate measure.   

Collecting all these ideas in a representative quantum concept we can draw 
the figure 2 for appropriate indication of the acid/base and hard/soft trends of the 
chemical species within the electronegativity-hardness chemical space ( ηχ , ). 
The figure 2 (a) depicts the phenomenological correlation between 
electronegativity and hardness for a given chemical species leaving with their 
natural classification as acids and bases on the electronegativity scale and hard 
and soft on the hardness scale as their positions are more departed from the (0, 0) 
origin point within the chemical space ( ηχ , ).  A similar classification can be 
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done in figure 2 (b) for a series of acids and bases, separately, with the result in 
categorizing them as hard-and-soft character with low-and-high polarity as their 
positions are more departed from the (0, 0) origin point within the chemical space 
( ηχ , ). This way, there is provided a new valuable working scheme with the help 
of which the relative acidic or basic nature as well as the hard and soft strength of 
the molecules in their state of interaction is analyzed.  

 

 

Figure 2. (a) The diagram of the compound repartition as hard-and-soft acids and bases 
within the electronegativity-hardness space ( ηχ , ). (b) The diagram of the hard-and-soft 
nature of the high-and-low polar acids and bases within the electronegativity-hardness 
space ( ηχ , ). 

Having from now a rationale for the HSAB principle in term of 
electronegativity, through the ( ηχ , ) chemical space, still remains to suitable 
quantify the MH principle. Also here, despite much theoretical concern for its 
proof [117, 119] and of the important computational confirmations [118, 121], 
there seems that the proper index to measure the degree in which the maximum 
hardness is achieved or not in certain circumstances is still missing. Going to fill 
this lack let’s recall from table 1 and of the related bonding stages that the MH 
principle states at the end of reactivity effects, employing the rest of the 
uncompensated hardness in bonds to stabilize the molecule. Therefore the MH 
principle involves a kind of self-difference of hardness. However, it has to 
characterize at the same time the resulting global hardness obtained through the 
hardness equalization (or HSAB step) from the preceding stage in bonding. From 
here the delicate point to have, in principle, a single hardness at the end of HSAB 
stage and to be as well involved in a sort of internal difference targeting molecular 
stabilization and measuring the resistance to further combinations. This situation 
can be elegantly solved if the inverse of hardness is introduced, the softness [5, 
55,104, 105]: 
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η2
1

=S          (24) 

          
Worth noting that the softness achieves the conceptual inverse meaning of 

hardness, namely the propensity of engaging into a reaction, leaving with the 
appropriate possibility of reformulation of the above hardness principles of 
bonding [55-58]. Due its characteristic that directly relates polarizability as well 
[109], global softness is often more conveyable to deal with when describing 
reactivity.  

More, once having introduced softness as inverse of hardness, and measuring 
at the same time the degree of polarizability, one can also remark from figure 2(b) 
that the hard-high, hard-low, soft-high, and soft-low polar classification recovers 
the hard-soft, hard-hard, soft-soft, and soft-hard conventional taxonomy of acids 
and bases within the ( ηχ , ) space, respectively.  

However, here, as MH principle follows the HSAB principle the hardness and 
softness combination looks the best way to be considered. This way, in order to 
quantify the final stage of bonding the MH index is proposed: 

 

2
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2
111
ηηη

η
−=−=

−
=Υ

SS
,     (25) 

 
that, obviously, closely tends to its maximum value, 1=Υ , when the hardness is 
as maximum as also its softness (24) tends to zero.  

The index (25) was called with Greek “Υ ” because is the closest available – 
not attributed yet - majuscule to the Geek “I” of η  echoing for that reason the 
“maximum hardness”. It is constructed as a difference on the global hardness 
value acquired via hardness equalization of the HSAB bonding stage. 

To better emphasize on the maximum hardness index (25) in the context of 
hard-and-soft reactivity worth rewriting it in an explicit manner as: 

 

ηη
η S
−=Υ        (26) 

Expression (26) is particularly relevant for MH principle because lights on 
how the molecular stability is related with the difference between the hard-hard 
( ηη / ) and soft-hard ( η/S ) ratios within the hard (shorthanded as “h”) and soft 
(shorthanded as “s”) acids and bases reactions, 
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12212211 sshhhssh −+−↔−+− ,     (27) 
 

during which a soft base (s1) bonded to a hard acid (h1) removes a hard base (h2) 
from a soft acid (s2). As such, the difference (26) measures the degree with which 
the equilibrium in (27), say between h1 – h2 and s2 – h2, is broken to favor or not 
the stabilization of hard-hard and soft-soft products.   

Remarkably, the MH index (25) allows the existence of two cases of 
reactivity. One is when ]1,0[∈Υ  which indicates that the departure of the 
equilibrium in (27) takes place to its right side as (25) closely tends to 1, leaving 
with the meaning that hard-hard bond is more favorable than the soft-hard state of 
adducts (h – h >> s – h, or  ηη / >> η/S ). The other case arises when 0<Υ  in 
(25) thus indicating that the stabilization process is not finished respecting HSAB 
principle: as far as ηη /  < η/S  implies that h – h bond is less strong respecting 
s – h ones, leaving the equilibrium in (27) more shifted to its left side.   

Overall, throughout this section was clearly illustrated how the 
electronegativity and hardness concepts can provide simple yet insightful frame 
for treating chemical reactivity from their associate principles. They will be in 
next joined with another useful concept and principle with a quantum role in 
unification of their different analytical formulations within one of the most 
preeminent quantum theory of nature, the Density Functional Theory (DFT).   



 

 
 
 
 
 
 

Chapter 3 
 
 
 

3. CHEMICAL ACTION PRINCIPLE 
 
 
With the birth of quantum chemistry as the new conceptual frame for physical 

chemistry, appears also the need of the in deep characterization of the chemical 
concepts with the physico-mathematical tools of quantum mechanics. With this 
desideratum the quantum theory of atoms and molecules were firstly formulated 
by Pauling, Mulliken, and Slater, employing the already classical wave function 
or orbital theory of matter [19, 68]. However, despite of the impressive success in 
explaining and predicting reactivity the wave function representation suffers for 
enlarging to much the dimension of the reactivity space to that of the Hilbert-
Banach space.  

Fortunately, even not less abstract, alternative representation of quantum 
constitution of matter was emerging from the incipient quantum statistical works 
of Thomas, Fermi and Sommerfeld until the lucid density functional theory of the 
many-electronic systems due to Hohenberg, Kohn, and Sham [87, 88]. 

The result was a new quantum vision of nature, the Density Functional 
Theory (DFT) [158-160], leading with a whole rewriting of the consecrated 
concepts in physical chemistry, from valence and bonding until the stereo-
selectivity and reactivity ones [161-166].  

This effort covers the last five decades in quantum chemistry research and is 
due to the impressive abstract yet chemical intuitions of Parr, Pearson, and People 
schools of physical and mathematical chemistry. They lead with the new 
paradigm of treating the structure of atoms and molecules and of their correlations 
with the manifested chemical properties. Not less important, the electronegativity 
and hardness concepts have found their combined qualitative-quantitative 
realization as well their associate principle of bonding, i.e. EE, EI, HSAB, and 
MH principles of table 1. 



Mihai V. Putz 20 

The key passage from the electronic wave function to electronic density was 
done though understanding that the quantification of concepts means 
quantification of their functions releasing with the functional framework. As a 
consequence, in modern physical chemistry the quantum numbers are density 
functionals, i.e. functions of functions, assuring therefore that an entire structure 
or process is counted when projected or sublimated in a quantitative analysis. 

However, in what follows the main theorems and flavor of DFT are presented 
through presenting the Hohenberg-Kohn theorems, emphasizing on the limiting 
threshold that still persists in knowing the total energy of a system as an explicit 
density functional expression. Nevertheless, as often happened in development of 
quantum chemistry, this, in principle complete, quantum picture allows retaining 
of the significant part for reactivity, the potential of the electron interaction with a 
collection of nuclei, in a form of density functional quantity called chemical 
action [12, 167].  

The associate derived principle, its use in chemical reactivity, and 
connections with electronegativity and hardness are as well consequential and 
contributes in unifying a strongly debated issue [3, 5, 134, 135], the orbital with 
the global nature of the global indices and bonding.   

 
 

3.1. HOHENBERG-KOHN THEOREMS 
 
In short, Density Functional Theory is based upon two fundamental principles 

known as Hohenberg-Kohn (HK) theorems [87]. 
 
(i) The true state electronic density )(xρ determines everything about a 

chemical (many-electronic) system and integrates to the total number 
of electrons in the system: 

 

∫ = Ndxx)(ρ         (28)   

 
Relation (29) provides, however, an entire revolution of the old quantum 

chemistry thinking since replaces the normalization condition of the wave-
function. In the present acceptation the abstract one-electron-N-variables-wave-
function becomes N-electrons-single-variable-density with a clear more intuitive 
representation of the poly-electronic systems. It is accompanied by the total 
energy representation as the electronic density functional of which principle is 
stetted by the second theorem of DFT.   
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(ii) For any trial electron density ρ  holds the variational principle of 
total energy in DFT, around the true state density ρ . 

 

0][][][ =⇔≥ ρδρρ EEE ,     (29)  
 

Here, another comment is required as well. For instance, the “total energy 
functional” nomination seems somehow confusing as no single number can 
explain the wide energy spectrum. In this respect one has to understand that the 
electronic density ρ  is not unique for a system, varying from eigen-state to 
eigen-state. Still, this formulation allows the freedom of considering the ground as 
well the valence state alone in quantum considerations concerning reactivity since 
the conservation of charge in that state is assured though first HK theorem (28).  

As such, the both HK theorems can be combined to provide the working 
energetic variational principle of the eigen-energy corresponding to a true 
electronic density ρ  characterizing the distribution of N-electrons in that state. It 
has the form [5]:     

 
0]}[][{ =− ρμρδ NE ,      (30) 

 
being μ  the Lagrange parameter that caries the role of adjusting the energy 
surface so that to become minimum, as (29) requires, for a given state within (28) 
constrain. 

There is therefore most striking that from the very quantum principle of 
energy raises the chemical potential (or the electronegativity) existence as the key 
parameter in minimizing it, posing from (30) the functional derivative definition: 
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The link with the previous conceptual definition (10) is quite straight through 

the series of identities [5]:  
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There is therefore proved that electronegativity finds its proper place in the 
DFT, so casting the promise to deliver the most comprehensive analytical 
expressions, density functionals, and quantification of the chemical reactivity. 

 
 

3.2. CHEMICAL ACTION PRINCIPLE THROUGH  
TOTAL ENERGY PRINCIPLE 

 
From both theoretically and experimental point of view, the most important 

density functional stands the total energy of a system evolving under the external 
potential V(x). It separates as [88]: 

 
][][][ ρρρ AHK CFE += ,       (33) 

 
where  

 
][][][ ρρρ eeHK VTF +=       (34) 

 
represents the HK functional, written as the sum of the electron kinetic functional 

][ρT  and the electron repulsion functional ][ρeeV , respectively, whereas the 
exact term:  
 

dxxVxCA ∫= )()(][ ρρ       (35) 

 
represents the chemical action [167] for the reasons bellow revealed.  

Unfortunately, despite its formal simplicity the energy functional is still an 
unknown exact analytical expression, although many approximations and models 
have been proposed for [6]. Worth noting that depending on the level for 
approximating HK functional (34) the resulted computational schemes leave 
different numbers for quantifying the same reactivity effects, creating in certain 
circumstances embarrassment in chemical interpretation [8]. However, especially 
when dealing with chemical reactivity one can restrict the analysis to the valence 
effects only, without being afraid of loosing interpretation and much of the 
quantitative of the involved phenomena.   

Therefore, based on the universal nature of the unknown functional (34), the 
variational principle for total energy can be decomposed as well:  
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⇔= 0][ρδE 0][][ =+ ρδρδ AHK CF      (36) 
 

providing that both components obey, separately, the same variational constraint: 
 

0][ =ρδ HKF ,        (37) 

0][ =ρδ AC         (38) 
 
Since the optimum principle at the HK level (37) furnishes the information 

regarding the electronic repulsion, exchange and correlations energies, in short of 
inner effects among the electrons on different states and shells of an atom or a 
molecule, being a subject of approximation and relative quantification, the 
chemical action level (38) allows full treatment of the effects occurred due of the 
external (or nuclear) influence upon the electronic system. However, it delivers 
best results when electronic density in (35) is restricted to the valence shells or 
orbitals.   

This way, because the exact analytical form of the functional ][ρHKF  is not 

yet known the chemical action ][ρAC  should assumes a fundamental role in the 
structure and modification of the many-electronic valence states within DFT 
framework. 

However, worth to note that it was Mel Levy the first one who, using the 
universal properties of the Hohenberg-Kohn functional, had arrived to a version of 
the above chemical action principle, available both for an arbitrarily large M-set 
of non-interacting as well as of interacting Hamiltonians, through the 
minimization of his G functional [168]: 

 

[ ]∫ +++= )()(...)()()()( 21
,...,,

,...,2,1 xVxxVxxVxdxG MM ωβα
ωβα ρρρ        (39) 

 
The minimum of functional (39) establishes in fact a realization of the 

chemical action principle (38) and optimizes the ordering pairs of the densities 
with the associate external potentials. 

More, the chemical action concept and its principle fit with the 
recommendation of the HK theorems from which the external potential and the 
electronic density are uniquely correlated for a given eigen-state. In this property 
resides the immense potentiality for the practicing of this concept to derive and 
control the density functionals, i.e. to quantify the reactivity. An illustration of the 
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chemical action conceptual reliability will be later presented regarding the 
electronegativity and hardness density functional formulations. 

 
 

3.3. CHEMICAL ACTION THROUGH TOTAL  
ENERGY [N, V] REPRESENTATION  

 
One of the most important issues in DFT regards the N- and V(x)- 

representability of the working electronic density that is used to construct the 
global density functionals, in particular the total energy [92]. While N-
representability properly associates a trial density with the integral constrain (28) 
the V(x)-representability problem consists in finding the right density that 
uniquely correlates with the overall potential applied to the electronic system or in 
which the electronic system evolves [93]. The last condition is usually achieved 
through fulfilling the second HK theorem (29), usually under the (30) form.     

As such, in order to see which unified condition has to satisfies both N- and 
V(x)-representability constraints worth expanding the change in total energy 
functional of a system onto the restricted base [N, V(x)], that restricted to the first 
order expansion looks like [158]: 

 
dxxdVxdNdE )()(∫+= ρμ      (40)  

 
From (40) one can immediately recognize that the controlling parameter and 

function of this expansion are the chemical potential and the electronic density:  
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respectively, since interpreting the total energy from the thermodynamical 
potential perspective. However, to link the change of the total energy (40) with 
the energy variational principle recommended by the second HK theorem worth 
rearranging it as: 
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dxxdVxdNdE )()(∫=− ρμ ,     (43)  

 
firstly, and then taking the path integral over the reaction coordinate, followed by 
the functional differentiation around the eigen-states to assure the minimization 
procedure. There results the equivalent form of (43) that is:  
 

[ ]{ } [ ]{ }∫ ∫∫ =− dxxdVxdNdE )()(ρδμδ     (44) 

 
Now, recalling that around eigen-states the chemical potential (or 

electronegativity) is essentially constant, due to the chemical potential or 
electronegativity equalization principle (EE) of table 1, 

 
CONSTANT=μ ,        (45)  

 
and performing the integrations along the considered reaction path in (44) there 
leaves with the variational identity: 

 
{ } ACNE δ=ρμ−ρδ ][][       (46)  

 
that appears to be the most general relationship between chemical potential 
(negative of electronegativity) and the total energy, through the chemical action 
[112]. 

At this point there is evident that since replacing the charge density functional 
by its definition (28) in (46) there results that the chemical action alone sustains 
both the HK theorems, by considering also of the energy minimization (30), 
through its associate optimum principle:  

 

[ ] 0)()( == ∫ dxxdVxCA ρδδ      (47) 

 
with this re-derivation of the chemical action principle, the chemical action 
concept acquires first of its interpretation: as far as the left hand side of equation 
(46) establishes the stationary principle in DFT, the right hand side formally 
recovers the variational principle for the system’s action. This way, CA of (35) 
assumes an action meaning, here at the chemical level. 

Further interpretations of the chemical action, together with its functional 
relation with electronegativity and hardness, are in next presented. 
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3.4. CHEMICAL ACTION CONCEPT AND ITS FUNCTIONALS 
 
Aiming to understand the role of the chemical action in characterizing the 

atomic and molecular samples one can immediately remark that the functional 
form (35) can be seen as the average of the external potential over the electronic 
density of a certain state. In fact, chemical action reflects the observable potential 
of an electronic state: 

 
dxxVxxVC xA ∫== )()()( )( ρρ      (48) 

 
with the observable nature of the chemical potential we can bring it to the virial 
theorem in writing the total energy of atoms and molecules [169, 170]: 

 

( )eeA
at VCE += 5.0 , 

( )nneeA
mol VVCE ++= 5.0 ,      (49) 

 
where <Vee> and <Vnn> are the electronic and nuclear interaction energies, 
respectively.  

Now, keeping only electron-nuclear interaction energies together with the 
other external energies applied to the system, we are situated in the same level of 
approximation as the frame in which the chemical action principle (38) was 
deduced via neglecting of the universal HK functional terms (34). This can be 
justified because of their universal natures, since kinetic energy of a free electron 
and the repulsion energy between two electrons have to have the same values 
whatever the external potential is applied upon them; thus treating these energies 
as additive constants to the total energy of a system equally they can be 
subtracted; this way, the remaining terms account for the particular energetic 
behavior depending of the strength and type of the existing external potential, 
quantified by means of chemical action hereafter. However, at the molecular 
level, due to the screening of the electronic clouds the subtraction of the nuclear-
nuclear repulsion can be as well admitted at a certain level of approximation. In 
these conditions, one can roughly see the chemical action as double quantity of 
the total energy of an electronic system when the electronic universal energetic 
terms as well as the nuclear ones due the screening effects are omitted: 

 
 
 



Chemical Action Principle 27 

molatmolat
A EC ,*, 2≈        (50) 

 
More, in the same phenomenological context an orbital interpretation of the 

chemical action can be as well presented. It is based on rewriting of the integral 
definition, (35) or (48), as the sum of the orbital chemical actions (cAi) of all 
orbitals laying bellow that of the current averaged state density:        
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This way, chemical action can also be seen as the double sum of all orbital 

energetic contributions, 
 

∑≈
i

iAC *2 ε ,       (52) 

 
since applying the modified virial theorem at the orbital level when the electron 
kinetic, electron-electron and nuclear-nuclear energies are omitted: 

 

)(
* )(5.0

iiN xii xv ρε ≈       (53) 

 
with these approximations that reveal many faces of the chemical action concept, 
let’s light in next also on the effects of the chemical action principle, (38) or (47). 
For that, performing the explicit functional derivation respecting the electronic 
density and external potential the chemical action principle rewrites as:  

 
⇔= 0][ρδ AC [ ] dxxVxdxxVx ∫∫ =− )()()()( δρδρ   (54) 

Aiming to give significance of the terms of (54), one can easily observe that 
the right hand side of (54) covers the average of the change in local chemical 
work ( WCδ ) induced by the local chemical force, )( xf V

→ , due to its relation with 
the minus of the functional gradient of external potential: 

 

( )[ ]dxxVxdxxxfxC VW ∫∫ −=⎥⎦
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δρδρδ )()()(   (55) 
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Thus, by combining (54) with (55) there is inferred that the chemical action 
achieves also the meaning of the averaged chemical work performed on or from 
the concerned system: 

 
dxxVxCC WA )()(∫== ρ      (56) 

 
From this last quality the chemical action concept relates directly also with 

the electronic affinity and ionization potential, when the system performs a 
chemical work to attach or to detach an electron form its current state, 
respectively:  

 

dxxVxC NA )()(1
1 ∫ +

+ = ρ CALUMOCAEA −−≅≡ ε ,    (57) 

dxxVxC NA )()(1
1 ∫ −

− = ρ CAHOMOCAIP −−≅≡ ε ,     (58) 

 
within the context of vertical electronic transfers so that the Koopmans’ theorem 
can be also applied to release the chemical action LUMO and HOMO related 
orbital energies. 

With respective chemical action chemical affinity and ionization potential of 
(57) and (58), the associate chemical action electronegativity and hardness can be 
formulated by combining them in the working expressions (11) and (13), 
respectively: 

 

2
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2

11 +− −
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η         (60) 

 
The importance of introducing pure chemical action electronegativity and 

hardness consists – firstly, in replacing the total energy framework with the 
exclusive external potential based one. Then, applying the virial approximation to 
the chemical action functionals (57) and (58), as in (51) with (52), 
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one gets the global-orbital electronegativity and hardness relationships, 
respectively as: 

 

∑=
i

CAiCA χχ ,        (63) 

∑=
i

CAiCA ηη ,       (64) 

 
while the orbital electronegativity and hardness assumes the orbital energetic 
definitions: 

 
** +− +≈ iiCAi εεχ ,       (65) 
** +− −≈ iiCAi εεη         (66) 

 
The actual results have the merit to unify the orbital and global pictures of 

electronegativity and hardness, a matter being long time under discussions [3, 5]. 
There was indicated that orbital quantities sum up to give the global ones when 
neglecting all the pure electronic and nuclear energetic interactions. Otherwise 
they have to become all equal, and equal with the global representative quantity as 
prescribed by the equalization electronegativity (EE) and hardness (HSAB) 
principles of bonding, see table 1. However, chemical action concept manifests as 
a flexible theoretical tool bridging total energy, electronic density, chemical work 
and reactivity indices within a single unitary framework in which the external 
potential gives the dominant character of analysis. This approach becomes most 
useful when only valence shells are invoked to modeling and interpreting 
chemical reactions. However, in what follows the chemical action will be always 
present, in a direct or indirect manner, to characterize and further contribute to 
unify various density functionals formulations of electronegativity and hardness, 
assuring so far the way of unifying the orbital with the global levels of reactivity.     





 

 
 
 
 
 
 

Chapter 4 
 
 
 

4. SYSTEMATIC ELECTRONEGATIVITY  
AND HARDNESS  

 
 
In the context of DFT different electronegativity and hardness functionals are 

derived, within different absolute or chemical pictures, employing the local or 
non-local or both combined properties of softness hierarchy. At each level of 
approximation or comprehension the chemical action or its related terms are 
involved with the unification role over the implicit orbitals, as previous discussed.  

 
 

4.1. ABSOLUTE AND CHEMICAL  
ELECTRONEGATIVITY AND HARDNESS    

 
For an N-electronic system, being under the external potential influence V(x), 

its functional energy )](,[ xVNEE = , admits the total differential equation with 
the form (40). 

Nevertheless, by using the Cauchy property of the total differentiable 
quantities the Maxwell type relation can be associated with the equation (40):      
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)(
)(

ρ
δ
δχ

,      (67) 

 
where the chemical potential was replaced by its minus absolute electronegativity 
(10).    
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Now, being Δ the change in electrons, restricted to the valence shell, equation 
40 can be rearranged to be integrated successively as:   

 

[ ]{ } dxxVxdNNENE
vN

vN
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                                     dxxVxdN
vv

v
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N

N
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Δ±

)()(ρχ ,   (68) 

 
around the number of concerned valence electrons, Nv.  

This way, in equation (68) appears the influence of the chemical action, (35) 
or (48). 

Next, assuming the variation of electronic charge in (68) to be unity ( 1=Δ ) 
the electronic affinity and ionization potential can be recovered to be respectively: 

 

A

vN

vN
CdNEA +−=− ∫

+1

χ   ,  

A

vN

vN
CdNIP +−= ∫

−1

χ        (69) 

 
The ionization potential and electron affinity of expressions (69) can be used 

to derive the chemical electronegativity and hardness, through equations (11) and 
(13), respectively, performing the finite integrals of the absolute electronegativity 
(10):   
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12
1
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N
C dNEAIP χχ ,                                                                  (70) 

A

vN

vN
CC CdNEAIP

+−=
−

≡ ∫
+1

2
χχη      (71) 

 
From equations (70) and (71) one can observe that the chemical 

electronegativity writes as simple average of the absolute one over the exchanged 
charge path (16), while chemical hardness depends both on chemical 
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electronegativity and chemical action. However, there is clear that the knowledge 
of the absolute electronegativity (10) is compulsory in order to have as an output 
the associate chemical electronegativity and hardness.  

In this respect, recalling the nature of the thermodynamical potential of 
electronegativity via its direct relation with chemical potential, one can consider 
the representation )](,[ xVNχχ =  also for the absolute electronegativity by 
means of the first order N- and V(x)- expansion: 
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where accounted of equation (67).  

Nevertheless, more meaningful, equation (72) can be fashioned as: 
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S
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since the local softness,  
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and the global one (24),  
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−== ∫ χ
,      (75) 

 
are respectively introduced, counting on the fundamental DFT expression (28) 
and of the absolute hardness relation with absolute electronegativity (12). 

Now, in terms of local and global softness, the differential electronegativity 
equation (73) can be integrated to give: 
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   (76) 

 
From the hierarchically point of view, the absolute electronegativity (76) can 

be considerate as the starting point in deriving the chemical electronegativity and 
hardness – see equations (70) and (71), respectively. However, the dependence is 
on the softness rather than on the total energy.  

To summarize, all working absolute and chemical levels of electronegativity 
and hardness are collected in the table 2.  

 
Table 2.  Different electronegativity (left column) and hardness (right 
column) in the absolute (first two rows) and chemical (last two rows) 

formulations relating the local and global softness contributions. 
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Nevertheless, since the global softness (24) is quite insensitive to the number 

of electrons one can further assume that the present softness picture holds for 
every value of the number of valence electrons, starting at zero and culminating in 
the desired value.  

From table 2 there appears that a proper softness formulation should be 
further considerate in order to obtain the electronegativity and hardness density 
functional formulations.  

Fortunately, such a density functional softness theory exists [5], and it is 
based on the softness kernel local-nonlocal picture [109]: 
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)'()()'()'()',( xxxxxLxxs ρρδ +−= ,    (77) 
 

whose the local contribution is regulated by the response function: 
 

2)(
)()()(

xV
xVxxL

∇

∇⋅∇
−=

ρ
      (78) 

 
that modulates the delta-Dirac function )'( xx −δ . 

Worth noting that the above approximate softness kernel formula (77) is 
sustained by three quantum mechanical constraints: the translational invariance 
condition [129], the Hellmann-Feynman theorem [126], and the normalization of 
the linear response function [110], are providing therefore sufficient rigorous 
framework for further analytical developments.  

This way, the hierarchy of the softness density functional picture recovers the 
local softness form from the kernel one (77) via simple integration: 
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while global softness will acquire explicit density functional expression through 
further integration of local softness (79) over the remaining coordinate: 

 

2)()( vNdxxLdxxsS +== ∫∫ dx
xV
xNv ∫ ∇

∇
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)(
)(2

)78( ρ
    (80) 

 
Finally, with local and global softness expressions, (79) and (80), 

respectively, the absolute and chemical softness-related electronegativity and 
hardness density functionals of table 2 become analytic density indices (in atomic 
units). Thus, the whole class of the global reactivity descriptors, here presented, 
can be expressed within a consistently [ρ(x), V(x)] – DFT based context, at 
various degrees of local and nonlocal electronic effects and comprehension, as 
will be in next revealed. 
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4.2. LOCAL LIMITED SOFTNESS EFFECTS  
 
The exclusive local softness formulation for electronegativity and hardness is 

based on the expressions (79) and (80) in which the non-local effects are totally 
neglected. This approach, were recently employed to analyze the HSAB effects by 
assuming the electronic effects associated with neglecting of the exchange-
correlation terms far away of nuclei, where the electronic density fall-off [171]. In 
this context the working softness quantities are approximated as:   

 

adxxLS ≡≅ ∫ )( , 

)()( xLxs ≅ ,         (81) 
 

where, practically, the analytical conditions 0)( →xρ  or 0)'( →xρ  were 
stated.  

With relations (81) the associate analytical N-dependent expressions for 
absolute and chemical electronegativity and hardness results by solving the table 
2. For instance, the absolute electronegativity comes out by integration in (76): 

 

a
bNv +−=χ ,       (82)  

 
where another density functional response index was introduced: 

 

dxxVxLb )()(∫≡        (83) 

 
Here, worth remarking that the various response density functionals that 

emerged from the softness kernel model (79), like a and b of (81) and (83), 
respectively, are formally assumed to be “independent” of the number of 
electrons. These assumptions cannot be rigorously justified but on the post-facto 
ground, being applied due to the flexibility in further mathematically 
manipulations that they induce [75].  

With absolute electronegativity (82) the chemical electronegativity (70) can 
be immediately inferred, with the nice result:  
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a
bNv       (84)   

 
However, the identity (84) gives us an important fact, namely that the 

absolute electronegativity (the minus of chemical potential) and the chemical (or 
integral) electronegativity are rigorously equal when the non-local effects are 
neglected.  

 
Table 3. Limited electronegativity (left column) and hardness (right column) 

in the absolute (first two rows) and chemical (last two rows)  
formulations, abstracted from table 2, when the local softness  

approximation (81) is employed 
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The rest of quantities of table 2 are reported in table 3 with their analytical 

form for the case of accounting for the limited effects of local softness only. 
Hereafter the “limited” nomination will be the characteristic appellative of this 
case, instead of “local” one, avoiding to induce the paradoxically idea of local-
global indices of reactivity.  

Nevertheless, from table 3 one can clearly seen that the exclusive local effects 
consists in a drastic unification of absolute and chemical electronegativity and 
hardness formulations through the simple density functionals, (81) and (83).  

The unified expressions in this case will be called as (softness) limited 
electronegativity and hardness, 
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a
bNv

L
+

−=χ ,        (85) 

 

aL 2
1

=η ,        (86) 

 
respectively, being different from that one which explicitly contains the chemical 
action correction, called hereafter (softness) limited chemical action hardness:  

 

AL
CA
L C+=ηη         (87) 

 
Note that the chemical action correction appears only to the chemical 

hardness, not to electronegativity, emphasizing on the regulating role that 
chemical action carries in the chemical bonding scenario, see table 1 and the 
accompanied discussion, where it is added to the chemical hardness as the 
averaged quantum fluctuation targeting the final stabilization of bond through the 
maximum hardness realization. Thus, this “plus value” chemical action 
contributes to stabilize the maximum chemical hardness at the end of bonding 
process.  

Another observation regards the cases where the chemical action does not 
appear explicitly. Still, its implicit influence is sensitively induced by means of 
the [ )(),( xVxρ ] combinations that appear also in the definitions of a and b 
functionals, (81) and (83), via the local response function (78). This can be better 
seen if one rewrites the function (78) as 
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where, we can recognize that  

 

ACxVx ∇=)()(ρ        (89) 

 
according with the basic chemical action definition, (35) or (48). 

More, as we already learn from the chemical action interpretation, the definite 
integrals of response indices (81) and (83) can be decomposed on the appropriate 
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sum of orbitals, as was done in (51), to further unify the orbital with the global 
nature of the computed “local” electronegativity and hardness density functionals 
(85)-(87). 

 
 

4.3. [N] - REPRESENTABLE NONLOCAL SOFTNESS EFFECTS  
 
The next interesting case consists in considering as the starting point the full 

softness density functional formulation form (80) when, from the basic variation 
of the absolute electronegativity [N, V(x)] representation (72), only the charge 
transfer is considered, within a bonding picture based on vertical potential 
interaction, thus neglecting the relaxation effects in external potential 
rearrangements.  

This approach corresponds in the bonding scenario of table 1 with the 
situation in which the quantum effects associated with the inequality 
electronegativity principle (EI) are neglected. It however leads with an implicit 
fulfillment of the hardness global equilibrium and an instantaneous HSAB and 
MH applied principles.    

Analytically, in this case, the absolute electronegativity of the table 2 restricts 
itself to the expression:    
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while the absolute and related softness hardness takes the unified form: 
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Passing to the chemical variant of the concerned reactivity indices, the 

chemical electronegativity and hardness are respectively obtained:   
 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

++
−+

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ++
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −−
= 2

2

)1(
)1(

ln
4
11

arctan
2

11
arctan

2
1

v

vvvvv
C Na

Na
a

N
a

N
a

N
a

N
χ ,   (92) 
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at the same time as the chemical action adds directly to the chemical hardness thus 
furnishing the chemical action hardness index,    
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this way emphasizing, as previously, on the major role of the chemical action in 
assuring the maximum hardness values and variational principle. 

Aiming to deal with unified versions of the above (90)-(94) electronegativity 
and hardness density formulations worth searching for appropriate limits in which 
they converge. In this respect, unlike the previous case, the nonlocal effects are 
explored here, that is to apply the equivalent limits:   

 

0)( →xL
)78(

⇔ 0)( →∇ xρ
)81(

⇔ 0→a ,     (95) 
 

together with the statistical one: 
 

∞→vN ,        (96) 
 

in various orders of expansions. Only in these conditions the relations (90)-(94) 
find the proper unified formulations, as presented in the table 4.  

A special remark deserves here. Restricting now to the non-local effects 
means counting exclusively on exchange and correlations between electrons thus 
giving them the priority role in deciding the bonding and reactivity. On the other 
hand, the statistical limit (96) requires that electrons correlate in such manner to 
permit an infinite collection of them on the same state; this is nothing than the 
bosonic state of matter. More interesting, the limit (96) acquires in the same time 
also the significance for the pure statistical fermionic samples, without exchange 
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and correlation, being this the limit in which the Thomas-Fermi model becomes 
exact, as the extreme case of the density functional theory [7].  

 
Table 4. First bosonic electronegativity (left column) and hardness (right 

column) in the absolute (first two rows) and chemical (last two rows) 
formulations, abstracted from table 2, when the nonlocal softness limit 

( 0)( →∇ xρ or 0→a ) together with different orders of statistical limit 

( ∞→vN ) are employed on relations (90)-(94) 
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From these last two issues results that a special boson-fermionic mixture is 

formed when absolute and chemical electronegativity and hardness unify as in 
table 4; nevertheless, to underline the special feature of this case, based on the 
joint limits (95) and (96), they are called as first bosonic density functionals of 
electronegativity and hardness, respectively:    
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Of course, as observed form table 4, the special behavior of the chemical action is 
manifested as the “plus value” also to the first bosonic chemical hardness as well,  
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thus directly contributing to the regulation of the maximum chemical hardness by 
the resulted first bosonic chemical action hardness.  

 
 

4.4. [N, V] - REPRESENTABLE NONLOCAL SOFTNESS 
EFFECTS    

 
In the same manner as before, the full [N, V(x)] representation of absolute 

electronegativity equation (72) can be considered to the limiting (95) and (96) 
nonlocal effects of softness (80). Firstly, making use of the entirely softness 
picture, through relations (79) and (80), one can straightly get the analytical 
counterpart of the expression (76):  
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with the help of which the corresponding absolute hardness comes out by 
applying the derivative definition (12) with density functional result: 
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while the softness related one maintains the previous dependence (91).  

With expressions (100) and (101) the rest of the indices from the table 2 take 
now their specific analytical density functional forms: 
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There is obvious that, in this case, more than in the previous one, there 

appears that none of the above analytical indices display identical working 
formulations. To achieve the unification goal the limits (95) and (96) are again 
considered at different orders so that to release the convergent density functionals 
versions of absolute and chemical electronegativity and hardness. The unified 
results are presented in the table 5. However, from it, there outcomes that whereas 
electronegativity becomes equal expressed in both of its natural versions, as the so 
called second bosonic electronegativity: 
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the respective hardness expressions still present some inherent differences even in 
the conditions of the unified frame of electronegativity.   

As such, since the softness-related hardness preserves the previous first 
bosonic limit (98) will be not repeated here as a distinct second bosonic hardness 
that, however, will be attributed to that abstracted from the unified absolute with 
chemical electronegativity, namely: 
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In any case, as already noted, the second bosonic chemical action hardness is 
obtained from the second bosonic hardness (106) to which the chemical action 
adds,  
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to characterize the averaged chemical quantum effects compressed in maximum 
hardness stabilization principle. 

 
Table 5. Second bosonic electronegativity (left column) and hardness (right 

column) in the absolute (first two rows) and chemical (last two rows) 
formulations, abstracted from table 2, when the nonlocal softness limit 

( 0)( →∇ xρ or 0→a ) together with different orders of statistical limit 

( ∞→vN ) are employed on relations (91) and (100)-(104)  
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However, all presented limited and statistical or bosonic density functional 

electronegativity and hardness will be next evaluated at the atomic level and then 
implemented at the molecular level providing therefore the suitable platform for 
practicing the reactivity principles of chemical bonding of table 1.  



 

 
 
 
 
 
 

Chapter 5 
 
 
 

5. ATOMIC ELECTRONEGATIVITY  
AND HARDNESS  

 
 
Going to apply the introduced unified density functionals of electronegativity 

and hardness the computation of associated atomic scales stands as the natural 
next step. Yet, before exposing the specific procedure of computation and discuss 
the results let’s remember the main analytical approximation used in the present 
endeavor so far. They consist in: 

 
• adopting the absolute definitions for electronegativity and hardness 

through the basic first and second total energy derivatives - see equations 
(10) and (12), respectively; 

• adopting the chemical definitions for electronegativity and hardness 
through semi-sum and semi-difference of ionization potential and 
electron affinity – see equations (11) and (13), respectively, with the 
reactivity path integral realizations of table 2; 

• considering the first order truncation of the [N, V(x)] – expansion of 
absolute electronegativity – see equation (72), based on the [N, V(x)] – 
representability of the total energy (40); 

• restricting the effective number of electrons to those of the valence shell, 
Nv. 

 
However, the remaining conditions to be explicit implemented in the present 

approach, for consistency, regard the N - dependency of density functionals a, b, 
and CA of equations (81), (83), and (35), respectively, together with the explicit 
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V(x) – dependency of  )(xρ , as required by the basic context of the Hohenberg-
Kohn theorems of DFT.  

 
 

5.1. COMPUTATIONAL METHOD   
 
The atomic case will be considered by employing the simple yet meaningful 

Slater’s asymptotic large distance picture, for valence shells, for a hydrogenic-like 
wave function in the central field of an effective nuclear charge Z*,  

 

r
ZrV
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due to the screening effects of the inner electrons [172].  

As consequence, the desired effective radial density at the valence shell level, 
when Nv electrons are involved, takes the working form [75]: 
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being characterized, beside the principal quantum number n, by the orbital 

exponent *ξ . The values of Z* and *ξ  are computed upon specific rules 
constructed so that the associate energy levels to check fairly with experiment 
[172-176]. 

In these conditions, the chemical action density functional (35) is firstly 
written as: 
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Still, in order to evaluate the above integral the valence shell properties are 
employed by performing the saddle point approximation around the most 
probable radius of atom r0, from the perspective of the quantity to be evaluated.  

This way, the integrals of the type  
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are approximated as [75]: 
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computed at the saddle point qr /0 α=  where the phase function 

α/ln)( qrrrf −=  of (111) fulfills the stationary condition 0)(' =rf .  
With the recipe (112), the chemical action expression (110) takes the actual 

working form:   
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In the same manner, the response function (78) is primarily written: 
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to be then used in evaluation of the response density functionals (81) and 

(83), respectively:  
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With expressions (113), (115), and (116) the systematic (softness) limited-, 

first bosonic-,  second bosonic- and chemical action- related electronegativity and 
hardness, see the sets of equations (85)-(87), (97)-(99), (105)-(107), and (57)-(60), 
respectively, can be computed since their particular formulations are employed 
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upon a certain atomic system with the relevant parameters, as displayed in the 
table 6.  

 
Table 6. The periodic input parameters used in the actual study: the total  
number of s+p electrons, Nv, the principal quantum number n, the orbital 

exponent ξ* and the effective charge Z*, calculated upon Slater method [172], 
for the valence shells of the ordinary elements. 

 

 
 
 
Certainly, by the present way of computation another set of approximations 

have been assumed, this time at the numerical atomic level, as follows: 
 
• assuming one-electron picture under the hydrogenic radial density 

function formulation, see equation (109); 
• setting the largest quantum number of orbital angular momentum, l = n-

1, in the general Laguerre polynomials, such that to deal only with one 
maxima – or 0 nodes – in the working density function (109); 
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• employing  the asymptotic Slater approach, properly for electronegativity 
and hardness modelling of bonding where the interactions are envisaged 
from the valence shells, so using the effective nuclear charge and orbital 

exponent, Z* and *ξ , respectively, with the individual values for atoms 
given in table 6. 

• transforming the working electronic density function by multiplying it 
with the number of valence electrons, see equation (109), so fulfill the 
DFT basic constraint (28) and becoming compatible with the many-
electronic definition of electronegativity and hardness through the table 
2; 

• applying the saddle point approximation to evaluate the involved 
integrals in computing chemical action (35) and the response functionals 
(81) and (83), providing the working valence formulas (113), (115) and 
(116), respectively. 

 
 

Table 7. Calibration coefficients of the electronegativity χ  and hardness η  
for the considered chemical action -, (softness) limited-, first- and second 

bosonic- related electronegativity and hardness, see the sets of equations (59)-
(60), (85)-(87), (97)-(99), and (105)-(107), respectively, such way their values 
for atomic H to recover their counterpart finite differences, computed upon 

the IP and EA formulas, (11) and (13), having the 7.18  and 6.45 eV (electron-
volts), respectively. 

 
Source χ  η  
[chemical action] 

CAχ ×27.21×(19.6712) CAη ×27.21 ×(-17.6712) 

Lη ×27.21 ×(176.509) 
[softness limited] 

Lχ ×27.21 ×(0.888776) 

CA
Lη ×27.21 ×(-0.0129295) 

][ I
Bη ×27.21 ×(0.47409) 

[first bosonic] ][I
Bχ ×27.21×(0.287259) 

][ICA
Bη ×27.21 ×(-0.013291) 

][II
Bη ×27.21 ×(0.00195574) 

[second bosonic] ][II
Bχ ×27.21×(0.00201752) 

][IICA
Bη ×27.21 ×(0.00230432) 
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Finally, before computing the atomic scales, the calibration procedure has to 
be also performed respecting the experimental-based electronegativity and 
hardness values for the H atom, 7.18 and 6.45eV (electron-volts), by means of the 
measured values of IPH and EAH, 13.62 and 0.73 eV, in the formulas (11) and 
(13), respectively, for each considered electronegativity and hardness density 
functional introduced in this study; the results are presented in table 7.  

  
 

5.2. RESULTS AND DISCUSSIONS  
 
Originally, in 1869, the periodic system was the fruit of the Mendeleyev 

experimental observation that the physical and chemical properties of elementary 
chemical substances vary as periodic functions with their atomic weight. 
Fortunately, he arranged his chart so that also the atomic number Z had played an 
important role, being later confirmed by the X-ray studies of Moseley in 1913. 
More, with the advent of quantum mechanical description of atoms and molecules 
there was clear that the elements are arranged in a bi-dimensional space according 
with their number of shells and their occupancy (or valence) down groups and 
along periods, respectively.  

However, despite some objections in the sense that this so called aufbau 
principle is merely based on experiment and do not corresponds with an inner 
structural quantum information [15], there is clear that as far as electronic 
occupancy in atoms takes a gradual character the exchange-correlation effects are 
included in all functions that combines the periodic quantum number that 
characterize a certain element.  

There was therefore a challenge to find the proper functions that making that 
job provide the true theoretical, or intrinsic, character of the quantum constitution 
of atoms, without invoking necessarily the electronic spin effects. Consequently, 
the third dimension of Periodic System is to be associated with fulfillment or 
proving the aufbau principle. 

In this respect, Leland Allen was first to recognize that the electronegativity 
concept and its scale can indeed furnish the appropriate function to reproduce the 
observed periodicities of experimental quantities, see [13] and the references 
therein, as the ionization potentials and electronic affinities, for instance.  

Here, one note is nevertheless useful for what next and to justify to some 
extent why we have so many atomic scales for the same quantity, the 
electronegativity, at our disposal.  

We concentrate only on the basic chemical definition (9) to sustain this issue. 
As we see, the chemical electronegativity implies the knowledge or evaluation of 
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two quantities, IP and EA. However, they are conceptually distinct since the first 
is manifested only when additional energy is furnished to the electronic system 
while the second one unfolds as the inner propensity for electronic attraction 
without any perturbation on the system.  

In short, it seems that the IP is more environmental quantity while EA stands 
as the more intrinsic one. Phenomenologically, this situation is in full compatible 
with the actual interpretation of electronegativity as the bridge between the virtual 
and manifested natures of chemical bonding, here combined through EA and IP 
propensities, respectively.  

The lesson is clear: as quantity caries more virtual character the lesser 
experimentally accessible is. Indeed, the more structural characteristic EA gives 
much more experimentally difficulties in order to measure it; the situation is 
reverse for IP nature and assaying [174, 175]. The same characteristics can be 
transferred to the present day concept of hardness: being associated with the 
second order effects, i.e. the stabilization of the electronegativity variation, it 
characterizes even more specific, or isolated, or virtual, character of the concerned 
electronic system. Only for this reason there is not justification to reject or to deny 
the χ  and η role in chemical reactivity [15] as they fully drive the chemical 
potential and force in bonding.       

 

 

Figure 3. From up to down: experimental first ionization potentials and the first electron 
affinities (on the left column), together with the corresponded HOMO- and LUMO- 
chemical actions (on right column), from table 8, respectively, for the ordinary elements.  
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Table 8. Experimental first ionization potentials, first electron affinities 
[162],  and the corresponded HOMO- and LUMO- chemical actions 

calculated upon equations (57) and (58) by specializing the relation (113), 
respectively, in eV (electron-volts),  for the ordinary elements. 

 

 
 

Table 9. The finite difference (or experimental related) chemical 
electronegativity  and chemical hardness calculated with the help of IP and 

EA of table 8 upon equations (11) and (13), together with the chemical action 
-electronegativity and -hardness computed from equations (59) and (60), 

respectively, in eV (electron-volts),  for the ordinary elements. 
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Figure 4. From up to down: the finite difference chemical electronegativity and hardness 
(on the left column), together with the corresponded chemical action -electronegativity and 
-hardness (on right column), from table 9, respectively, for the ordinary elements. 

 
Table 10. The chemical action together with limited-, first bosonic and second 

bosonic electronegativity, calculated with the help of relations (113), (115),  
and (116) upon equations (85), (97) and (105), respectively, in eV (electron-

volts),  for the ordinary elements. 
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Figure 5. From up to down and left to right: the chemical action together with limited-, 
first bosonic- and second bosonic- electronegativity, from table 10, respectively, for the 
ordinary elements. 

 
Table 11. The limited- and limited chemical action- hardness, first bosonic- 
and first bosonic chemical action- hardness, together with second bosonic- 
and second bosonic chemical action- hardness, calculated with the help of 

relations (113), (115) and (116), upon equations (86) and (87), (98)  and (99),  
and (106) and (107), respectively, in eV (electron-volts),  

for the ordinary elements. 
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Overall, since the aufbau principle calls for theoretical reasons in describing 
the periodicity of the elements theoretical approach and functions have to be 
involved.  

This way, in tables 8-11 are reported the various atomic scales for the present 
considerate density functionals of chemical action, electronegativity and hardness, 
see the sets of equations (59)-(60), (85)-(87), (97)-(99), and (105)-(107), 
respectively, calibrated according with table 7 and computed using relations 
(113), (115) and (116) with the inputs from table 6; they are compared, when 
possible, with some experimental counterparts.  

For the shake of clearness the same scales are in figures 3-6 represented. We 
will briefly comment on each of them emphasizing on distinct aspects in 
foregoing paragraphs.     

In table 8 and figure 3 there are jointly presented and compared the first 
ionization potentials and electron affinities [162] respecting the corresponded 
HOMO- and LUMO- chemical actions calculated upon equations (57) and (58). 

One has noted, however, that in calibrating the HOMO chemical action −
AC   and 

LUMO chemical action +
AC  the initial values for obtaining experimental EA for 

H and IP for He have been settled yielding the multiplication factors about            
–27.21×7.31×10-4 and –27.21×4.94×10-2 electron-volts, respectively.  

The obtained values and scales clearly emphasize on the regular periodic 
trends of chemical action related functionals respecting their experimental 
counterparts. Anyway, as previous discussed, here, the chemical action 
functionals refer exclusively to the intrinsic theoretical characteristics of atoms; 
the fact that they reproduce the systematic arrangement of the table of elements 
give enough support for validation them, as a measure of the aufbau principle. 

Nevertheless, another important feature regards their apparent inverse albeit 

periodical trends of −
AC  and +

AC  compared with those suggested from the 
experimental IP and EA, respectively. This can be explained by the quantum 
fluctuation role that chemical action assumes in general, via its basic variational 
principle – see equation (38), when the kinetic and inter-electronic interactions are 
neglected. In other words, since the explicit free and exchange-correlation 
energetic terms are ignored, chemical action takes the role of averaging all these 
through optimizing the virtual chemical reactivity paths – see equation (46). This 
way, as the number of occupied shells increases the energy required for stabilizing 
the electronic fluctuations rises as well, from where the constant up-shifting of the 
valence response of main group elements.  
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The same behavior is recorded for the transitional metals, although on more 
compact range of values due to their close lying chemical nature. In the same 
context, there are observed the impressive high values for both HOMO and 
LUMO chemical actions with a more obvious effect on first; this is a natural 
consequence of effective summation of all associated orbital chemical actions 
situated under that currently investigated, according with the equivalencies (61) 
and (62), respectively.  

 
 

 

Figure 6. From up to down and left to right:  limited- and limited chemical action- 
hardness, first bosonic- and first bosonic chemical action- hardness, and second bosonic- 
and second bosonic chemical action- hardness, from table 11, respectively, for the ordinary 
elements. 
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Of course, these quantities can not be directly measured but serve for 
theoretical proof of the elemental periodicity in a clear manner; additionally they 
can be employed when other intrinsic pure quantum effects as superconductivity 
or Bose-Einstein condensate are investigated at the atomic level [177, 178].  

Instead, in table 9 and figure 4 there are side by side plotted chemical 
electronegativity and hardness computed on the couples of values (IP, EA) and 

( −
AC , +

AC ) of table 8, upon equations (11) and (13), and (59) and (60), 
respectively. As before there is much evidence that while finite difference values 
based on IP and EA gives many irregularities the chemical action based ones 
display a smooth periodic fashion. Also the other specificities from HOMO and 
LUMO chemical action functionals are conserved here: the same constant 
increasing trend down groups and across periods of main elements instead of the 
expected decrease between periods; also high ranges of values are recorded.  

We have in fact developed new atomic scales in its true sense that a new 
periodic trend was gained by means of employing quantum effects trough 
chemical action functionals and principle. As intrinsic values they do not mimic 
the celebrated values and scales of Pauling, Mulliken or others [19, 51, 83, 112, 
179-184], instead acquiring the freedom to relate merely with the quantum 
structure rather than with the experimental quantities.  

Nevertheless, here, the chemical action hardness poses, apart of the new 
periodic trend, also the almost overall negative sign excepting the alkaline 
elements that represents the turning point to a new period. This can suggests that 
in these conditions the chemical hardness provides an extra-quantum effect when 
actively stabilizes the atoms in the molecule. Putted differently, the chemical 
action hardness has “the power” not only to dissipate the remaining unsaturated 
hardness through the HSAB equalization but also to dissolve somehow the atoms 
in the formed molecule. This case can cover the situations when atomic partitions 
of molecules are meaningless for interpreting reactivity; that means that the 
quantum fluctuations dominates the individuality of atoms in molecule thus 
destroying their basins or lodges [185, 186].  

With the table 10 and figure 5 we turn to the analysis of the density functional 
softness based electronegativity, in its limited-, first bosonic and second bosonic 
realizations, see relations (85), (97), and (105), respectively. However, EN 
functional values are compared with simple chemical action (35) ones. Now, as 
observed, the chemical action displays the negative range of values due to its 
calibration factor 27.21×5.45×10–2 eV that fixes CA to double ground energy of H 
atom, according with relation (48) and the virial relation (49), when neglecting the 
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inter-electronic interaction. All previous HOMO and LUMO chemical action 
characteristics are present also in the chemical action scale.  

However, the three computed versions of electronegativity display different 
scales to each other. The limited local softness based one Lχ behaves almost like 

finite-difference experimental based one FDχ  of table 9 showing that apart 
displaying more regulate trend does not account on particular quantum fluctuation 
effects. Contrarily, the first and second bosonic electronegativities brake with the 
trend of the limited- and chemical action- based ones by presenting one more way 
of periodicity of elements: increasing down groups still decreasing through 
periods.  

These new types of atomic scales are consistent with the fermionic-bosonic 
mixture conditions in which their (97) and (105) density functionals have been 
derived. Since the electronegativity scale without quantum fluctuation effects 
displays a normal trend, i.e. the decrease down groups and increase along periods, 
the present situation is an up-side-down one. Again, this is due to the presents of 
the indirect chemical action influence, see relation (88), which is nevertheless 
partly removed when taking the asymptotic limits (95) and (96). With these, the 
present bosonic scales can be at best used when assaying the atomic systems to 
from molecular samples and bonds in conditions that circumvent the Bose-
Einstein quantum condensation effects.  

Finally, in table 11 and figure 6 there are collected and represented the values 
of the limited-, first bosonic and second bosonic- hardness and of the associate 
scales when chemical action contribution was added, based on the equations (86), 
(98), (106) and of (87), (99), and (107), respectively. As in the case of 
electronegativity formulations based on density functional softness theory, the 
limited hardness Lη  reflects the periodic scale without dominant quantum 
fluctuation effects thus recovering the basic finite-difference trend of 
experimental hardness FDη  of table 9 and figure 4. As well, the bosonic scales of 
hardness are in parallel with those of electronegativities of table 10 and figure 5.  

As already anticipated, when the chemical action is directly involved it 
dominates the scales thus producing the counterpart limited-, first bosonic and 
second bosonic chemical action hardness scales, displayed on the right column of 
figure 6, with basically the same characteristics as those showed by the chemical 
action related functionals on the right columns of figure 3 and 4. Notably, the 

second bosonic chemical action hardness ][ IICA
Bη plays here the role of the simple 

chemical action hardness CAη  of figure 4 in the sense of posing almost all 
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negative values, with the effect in quantum destroying of the atomic identity in 
potentially formed molecules. Nevertheless, in the context of Bose-Einstein 
condensation this atomic feature becomes a crucial one for the new created many-
electronic poly-atomic state.  

Still, although with different meanings and significance, the above 
electronegativity and hardness scales worth to be engaged in questing for the 
conditions in which the quantum nature of the chemical bond is manifested via the 
electronegativity and hardness principles of reactivity, see table 1, and at which 
degree. This attempt will be in what next illustrated.  



 

 
 
 
 
 
 

Chapter 6 
 
 
 

6. MOLECULAR ELECTRONEGATIVITY  
AND HARDNESS 

 
 
Since molecules are made from atoms that preserve most of their identities 

apart of the valence or frontier interactions the natural way of treating the bonding 
indices is to compose them in an iterative manner from those that virtually 
characterize the isolated atoms. Therefore, the molecular electronegativity and 
hardness can be built upon atomic electronegativity and hardness by appropriate 
rules. That rules have to closely follow the bonding principles, more exactly the 
electronegativity equalization principle and HSAB principle as well. These 
principles are the first called since, in fact, both provide the equalization of 
electronegativity and hardness in bonds, see table 1, while their inequality variants 
are merely associated with the quantum fluctuation effects that still remain after 
the equalization principles are consumed. As such, the main working principles 
are electronegativity and hardness equalization ones to provide the molecular or 
bonding electronegativity and hardness. The general procedures to derive them as 
well as illustrative application to chemical reactions are in what follow presented.  

 
 

6.1. GENERAL ALGORITHM  
 
The starting point is to treat the diatomic molecule case AB. In this respect, 

let’s consider that the formation of the diatomic molecule AB takes place with 
constant atomic nuclear charges at the equilibrium separating distance ABR . To 
globally design the binding the infinitesimal electronic charge transfers between 
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the molecule’s atoms is considered to adjust the atoms-in-molecule resulting 
charges, respectively as:  

 

AAA dNNN +=  , 

BBB dNNN −=         (117) 

 
Consequently, at the energetic level, the variation or the total energy of the 

A+B system can be written as:  
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Now, at equilibrium the bonding state is fixed by the differential conditions: 
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thus leaving from (118) with the electronegativity equalization phenomenology,  
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through recognizing the electronegativity basic energetic definition (10).  

Next, by employing this principle on the atoms A and B in AB, i.e. by 
applying the equation (121) on the parabolically exchanged charge truncated 
energetic expansion, see equation (19), one yields that the electronegativities of 
atoms in molecule, Aχ  and Bχ , equalize to the bonding electronegativity ABχ ,  
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ABBBBAAA NN χηχχηχχ =Δ+==Δ−= 22 ,   (122) 

 
from which equivalent expressions the number of the transferred charges 
immediately casts as:  

 

)(2 BA

BAN
ηη
χχ
+
−

=Δ       (123) 

 
However, before going further worth noting that from relation (123) appears 

that the electronegativity difference is crucial for binding promotion and bonding 
formation, confirming once again that the competition between electronegativities 
of atoms in binding a molecule is the true meaning of the famous Pauling 
statement that the electronegativity of an atoms is “the power with which an atom 
in a molecule attract the electrons to itself” [19]. The Pauling definition does no 
regard isolated atom electronegativity but the equalization electronegativity 
principle in molecular samples – see also equation (2) and the accompanied 
discussion.     

With (123) back in whatever part of (122) the average value of the equalized 
electronegativity of atoms in diatomic molecule AB is released: 

 

BA

ABBA
AB ηη

χηχηχχ
+
+

=≡       (124) 

 
Still, aiming to obtain from (124) also the general formula for nAIM atoms in a 

molecule say, we have to rewrite it as much as possible without the direct 
chemical hardness involvement. This goal can be achieved if one observes that 
electronegativity and hardness go somehow “hand in hand” in establishing the 
bonding scenario of table 1, as well as there is suggested by their associate atomic 
scales of  figures 4-6 (with the best emphasis on the figure 4 where the chemical 
action related electronegativity and hardness scales are represented). Therefore, a 
sort of universal invariant θ of their proportion can be assumed such that for every 
atoms and molecule the relations hold: 

 

AA ηθχ = , BB ηθχ = ,      (125) 
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ABAB ηθχ =        (126) 
 
Replacing the rules (125) in (124) the simple diatomic averaged 

electronegativity is primarily obtained, 
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χχηη

η
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χ
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+
=

+

+
= ,     (127) 

 
that from its mathematical structure permits from now the direct generalization to 
the polyatomic molecules throughout the formula [28, 29]: 

 

∑

±
=±

A A

A

AIM

M n
n

χ

δχ δ        (128) 

 
In expression (128) the sum of the nA atoms of each species present in the 

molecule recovers the total atoms in molecule nAIM,  
 

AIM

A

A nn =∑ ,       (129) 

 
being also the overall molecular charge δ± included in the formula, for the shake 
of completeness.  

Turning to the associate molecular hardness formulation, the relations (125) 
are now employed to replace the individual electronegativities from the basic 
formula (124) that by further combination with the molecular invariant relation 
(126) results in the diatomic averaged hardness: 
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ηη
ηη
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=≡                                               (130) 
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By generalizing the expression (130), it leads with the polyatomic hardness in 
the same spirit as electronegativity (128) was previously formulated:   

 

∑

±
=±

A A

A

AIM

M n
n

η

δη δ                   (131) 

 
with relations (128) and (129) the different atomic scales for electronegativity and 
hardness can be used to generate their molecular averaged counterparts in 
assisting the interpretation of the chemical reactions. Concrete examples are in 
what next analyzed with the help of the actual unified atomic chemical action-, 
limited-, first- and second- bosonic related electronegativity and hardness. 

 
 

6.2. APPLICATION TO CHEMICAL REACTIONS   
 
One of the very purposes of the modern conceptual chemistry stands the 

capacity of modelling and controlling of the chemical reaction via theoretical 
methods.  

There is also recognized that only with admission of the electronegativity and 
hardness concepts the chemical reactivity, and the chemistry in general, has the 
benefit to pose its own general principles, see table 1, based merely on 
mathematical rather on physical laws. There is therefore desirable to apply the 
electronegativity and hardness principles and of their consequences in a unitary 
manner at whatever level of computational, in principle, for any kind of chemical 
reaction.  

At this point, the polemic especially around the chemical hardness principles 
has been arisen [142, 151]. While the mathematical proof of MHP was, 
phenomenologically, grounded on or related with the second principle of 
thermodynamics and links with the growing of entropy in open chemical systems 
[4, 117], the HSAB principle was often confused with the Pearson classification 
of Lewis acids and bases. Of course, the HSAB implies the Pearson classification, 
in some circumstances, although is not derived from that.  

Recalling the previous identified hardness nature as the chemical force, see 
equation (12) and the subsequent discussion, it means that the chemical reactivity 
implies that a chemical equilibrium is reached within each formed molecule 
emerged out of a reaction. More, this chemical equilibrium consists in two steps: 
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one regarding the chemical potential equalization (electronegativity equalization 
principle) followed by the chemical force equalization condition (hard with hard 
and soft with soft acids and bases principle).  

The fact that in many situations the computations do not recommend the hard 
and soft classification of acids and bases as prescribed by the Pearson 
classification, or by some experience, has to be granted to the quantum fluctuation 
effects, again both at electronegativity (as originator of hardness) and hardness 
levels, through the chemical potential inequality and maximum hardness 
principles, see table 1. 

Therefore, we advocate for assuming as foreground chemical reactivity 
principles those calling on electronegativity and hardness, on whose basis specific 
analysis to be performed and interpreted accounting on the degree with which the 
quantum effects were included.  

In next, a recent well studied chemical reaction will be taken as the working 
example due to its enough general character but also for the problematical issues 
reported with occasions of its previous investigation [74].  The general scheme is 
based on the reaction between a substrate (X–H+) containing a replaceable group 
X (a base) bounded to the hard electrophilic Lewis acid (H+) and the HO–OH 
acid-base complex of the hard base (OH–) and a soft acid (HO+) [74]:    

 

OHHXHOOHHOXH −+−↔−+− ++                (132) 
 
The problem is to establish the belonging class of the group X when it varies 

through a series of bases in chemical reaction (132). The engaged testing bases are 
initially grouped according with the Pearson classification as hard and soft, as 
presented in table 12.  

The previous criterion for hard and soft classification was suggested by 
Pearson to be the reaction energy GΔ  [4, 68]: the more negative the reaction 
energy the softer base would be, a rule also used in table 12 for classification of 
the bases under study [74].  

 
Table 12. Qualitative classification of Lewis bases tested in this work [4, 74]. 
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Table 13. Unified absolute and chemical hardness, computed at the 
experimental (Exp), chemical action (CA), limited (L), limited chemical 

action (L
CA), first bosonic (B

[I]), first bosonic chemical action (B
CA[I]), second 

bosonic (B
[II]), and second bosonic chemical action (B

CA[II]) levels of 
approximations, by employing the tables 9-11 to the general molecular 
hardness formula (131), together with the Hartree-Fock (HF) estimated 

chemical hardness and reaction energy of (132), for the species of table 12.  
 

 
     *values abstracted from [74]. 

 

 

Figure 7. Graphical correlation of the molecular chemical hardness values respecting the 
negative of the reaction energy of (132), as reported in table 13, for the bases of table 12. 
The CAη value of CN– was intentionally scaled to –12.26eV to can be adequately 
represented respecting the other values, although its value of table 13 is the true computed 
one.  
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Table 14. Unified absolute and chemical electronegativity, computed at the 
experimental (Exp), chemical action (CA), limited (L), first bosonic (B

[I]), and 
second bosonic (B

[II]), levels of approximations, by employing the tables 9-11 
to the general molecular electronegativity  formula (128), together with the 
Hartree-Fock (HF) estimated electronegativity, for the species of table 12. 

 

 
*values abstracted from [74]. 

 

 

Figure 8. Graphical correlation of the molecular chemical hardness values respecting the 
molecular electronegativity, as reported in tables 13 and 14, for the bases of table 12. The 

CAη and CAχ  values of CN– were scaled to –12.26 and 14.31eV to can be adequately 
represented respecting the rest of  values, although their values of table 13 and 14 are the 
true computed ones, respectively.  
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Worth noting that within even the most sophisticated density computational 
versions for evaluating the energies of reactions for molecules in table 12, 
combined with the most improved schemes for extending chemical hardness 
evaluation beyond the second order central difference of (13) up to the spectral 
like resolution, the output of computed hardness have shown poorly correlation 
with the prescribed hard-soft order paralleling the increase of the negative of the 
reaction energy [74].  

 
Table 15. Maximum hardness index (25)  computed at the experimental 

(Exp), chemical action (CA), limited (L), limited chemical action (L
CA), first 

bosonic (B
[I]), first bosonic chemical action (B

CA[I]), second bosonic (B
[II]), and 

second bosonic chemical action (B
CA[II]) levels of approximations, by 

employing the tables 9-11 to the iterative molecular hardness formula (131), 
along with the Hartree-Fock (HF) estimated one based on HF chemical 

hardness values of table 13 , for the species of table 12.           
 

 
 

 

Figure 9. Graphical correlation of the maximum hardness indices respecting the chemical 
hardness values, as reported in tables 13 and 15, for the bases of table 12. 
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However, we claim that this does not mean that the HSAB principle is not 
true, being the controversial results an indication that the counterpart quantity 
with which the hardness to correlate has to be changed, or the quantum fluctuation 
effects to be included. In what follows we will search, nevertheless, through the 
unified forms of hardness and electronegativity of the present approach for those 
that produce best correlation with the hardness of the molecules in table 12.   

The equalization principles of electronegativity and hardness are included 
since the molecular electronegativity and hardness are computed upon the 
relations (128) and (131) while the quantum effects and, consequently, their 
corresponding inequality principles of table 1 are compressed in the different 
levels of chemical action involvement through their employed density functionals, 
see tables 3-5 and the adopted unified form from them.  

With these remarks the tables 13-15 and the associate figures 7-9 are 
produced whose meanings and interpretations regarding hard and soft ordering of 
the focused chemical species are separately discussed.  

Figure 7 represents the correlation of the hardness values of table 13 with the 
associate energies of reaction (132) for the Lewis bases of table 12.  

The Hartree-Fock graph reproduce the earlier results [74], showing the 
complete disconnection of the hard and soft classification respecting the 
systematic growth of energy of type reaction (132). This because there is clear 
that the Hartree-Fock scheme, but also all other computational combinations [74], 
leaves with the conclusion that the softest and hardest X groups in (132), CN– and 
H2O, respectively, display quite similar hardness positions although at extremes 
of the computed GΔ .        

Such behavior is no more met when the present unified scheme of hardness 
computations are adopted. Maybe not surprising, the best hierarchy is obtained 
when chemical action hardness atomic scale is used in computing the molecular 
hardness of species in table 12.  

The chemical action related hierarchy, firstly, correctly situates the extreme 
hard and soft species on the opposite points of depicted graphs; secondly, it 
regulates the pictures on which is added with the specific sigmoid shape of the 
chain of ordering molecules.  

However, an output in agreement with table 12 is obtained only with CAη  

and ][ IICA
Bη  scales for the concerned molecular species, whereas the scales CA

Lη  

and ][ICA
Bη  practically reverse the recommended classification. These last trends 

can be rationalized remembering that the limited and first bosonic cases are based 
on ab initio truncated working density functional expressions on which when 
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further fluctuations are considered may provided complete inverse reactive trend. 
The last assertion is sustained also from their atomic scales of figure 6, a situation 

somehow remedied for the second bosonic hardness ][ IICA
Bη .  

Nevertheless, as from the figure 6 was also predicted, the atomic Lη  scale, in 
accordance with the common rules of electronegativity related scales, i.e. 
decreasing down groups-increasing through periods [13], provide an almost 
correlated scheme between the hardness of the species of  table 12 and the 
associated GΔ  reaction energies of table 13. It shows an even better correlation 
than that depicted on the experimental based hardness values Expη .   

Therefore, there was in any case proved that proper hardness models 
furnishing an acceptable correlation with the reaction energies do exist and they 
depend on the specific quantum constraints adopted.  

Going to the figure 8 based on the table 14, we are in front of a new type of 
correlation, a hardness-electronegativity one, at the molecular level. This kind of 
analysis seems also natural since the basic chemical reactivity principles are 
coined on electronegativity and hardness, as the bonding scenario from table 1 
clearly suggests. Still we have to interpret the correlation of figure 8 in the light of 
right-hand side diagram of figure 2.   

Applying the conceptual matrix of the right-hand side of figure 2 on the 
diagrams of figure 8 one can interpret that the up-left…down-right and down-
left…up-right diagonals cover the hard-soft…soft-hard and soft-soft…hard-hard 
molecular combinations of the general acid-base reaction (27), respectively. 
Consequently, we will say that the first of above correspondences are on the 
diagonal of reactants while the second set of correspondences associates with the 
diagonal of products. This way we succeed to rationalize the reactivity within the 
chemical space ( ηχ , ).  

In this context we further see, again, that the Hartree-Fock hardness values 
provide diagrammatic positions that belong to both above reactive diagonals so 
offering no clear rationalization of the preference order in bonding. From all other 

graphs just ][ICA
Bη  and Lη  representations display somehow the two diagonals 

albeit that of the products (soft-soft…hard-hard) is not entirely appeared. We have 
to understand that in the virtue of the equilibrium between the two sides of general 
reaction (27) the conceptual diagrams of reactants and products mean that the 
equilibrium is shifted to one or to other side toward molecular stabilization. With 
this diagrammatic conceptualization of the chemical reaction respecting the 
diagonals of the ( ηχ , ) chemical space, one observes that only the scale CAη  
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arranges the bases of table 12 on the diagonal of reactants thus predicting that the 
reaction (132) will not proceed to its right end due to the quantum 
electronegativity and hardness fluctuations.  

Instead, when the scales Expη , CA
Lη , ][I

Bη , ][II
Bη , and ][IICA

Bη  are adopted the 

concerned bases are found on the diagonal of products thus allowing the reaction 

(132) to end at its right side. Nevertheless, from these scales, CA
Lη and ][IICA

Bη  
show inverse trend from the reasons explained before, when discussed their 

atomic periodicities, while ][I
Bη  and ][II

Bη  provide a similar dispersion unless the 
H2O and NH3 species take different positions in ( ηχ , ) chemical space. Still, in 
these conditions, regarding the order of table 12 the representations associated 

with Expη  and  ][IICA
Bη  appear to correlate at best the electronegativity with 

hardness and with hard and soft classification albeit the places of CH3SH and 
CH3O– are reversed. 

Nevertheless, the real gain of the chemical space approach consists in 
analyzing the reactivity in direct correlation with the indices that drive the 
bonding processes, being this way a consistent structural analysis while the 
dependency on the specific conditions of reactions is assured through assuming 
different density functionals schemes for them.              

Finally, worth introducing an even more way of reactivity interpretation, this 
time with hardness as a variable of the maximum hardness index (25). The table 
15 and figure 9 present the results. The key of analysis is now the maximum 
hardness index: as its value approaches unity as the hardest values is provided.  

Quite surprisingly, event this way of representation does not reproduce the 
prescribed order of table 12 when the Hartree-Fock or experimental based 
schemes of computation are adopted, despite the almost collinear correlation from 

the figure 9. Instead, now there it seems that only the limited scale Lη  furnishes 
the best results, being in fact that one that fully recovers both acceptable 
correlation and the soft-hard order of table 12. Let’s also note, as already 

mentioned, that the scales CAη , CA
Lη , and ][ICA

Bη  reverse hard with soft values in 
the same quantum spirit in which their atomic scales of figures 5 and 6 behave. 
For the rest of the scales there are turned out that the maximum hardness index 
procedure does not allow decisive grouping in the Pearson sense of table 12; 
however, it opens the way of a new conceptual perception when providing the 
same values for certain Lewis reagents.  
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A special remark has to be done on the negative values reported for the 
maximum hardness values of the first bosonic scale and for the second bosonic 
value of the CN– molecule in table 15. The significance of such outputs 
corresponds to the stabilization of the reaction (132) merely to its left-right side as 
prescribed by the general interpretation of the maximum hardness index definition 
(26) respecting the paradigmatic acid-base reaction (27). More phenomenological, 
that means that the first bosonic conditions are not the appropriate one for 
allowing the acid-base reactions to flow, due to their special fermionic-bosonic 
limiting state, see the relation (98). Very important, also at this level, the 
regulating quantum role of the chemical action is reaffirmed as its presents in both 
first bosonic- and second bosonic- chemical hardness provide values for 

maximum hardness index that closely approach the unity, see ][ ICA
BΥ  and 

][ IICA
BΥ  of  table 15.     

At the bottom line, much work is still necessary to obtain a complete picture 
of bonds in isolated and reactive circumstances, through equilibrium and non-
equilibrium states, employing a minimal set of indices and principles. The 
electronegativity and hardness, and their associated principles have furnished 
enough support to demonstrate that they can be combined in a variety of density 
functionals forms and ways of correlations to believe that one day they will be 
able to solve the quantum nature of bonds and bonding.   





 

 
 
 
 
 
 

Chapter 7 
 
 
 

7. CONCLUSION 
 
 
From the whole history there was the privilege of the humankind to invent 

concepts to modelling and controlling reality and natural phenomena. However, as 
the Romanian philosopher Constantin Noica (1909-1987) eventually said, one 
particular history of ideas can be called a discipline if it has classicism, i.e. if it 
has ancient originators and continuators.  

That is the case of quantum theory of matter. There is noted that the father of 
modern sciences, Aristotle, in his search for the very causes of the Nature writes 
the Physica as the first treaty of the conjugated laws of observed things and 
processes. However he had suffered for failing in coherently linking his 
representative true from the first engine of the universe. This way, he was forced 
to imagine the Metaphysica scenario that consecrates the world of virtual causes 
as the motor of the manifested life.  

Many centuries after, Newton gave to the world his Principia that further 
arrange the causes of nature in some simple principles that govern both the earth 
and out-earth equilibrium states and movements. Nevertheless, at that moment the 
involved mathematics had called for a proper philosophic or metaphysical 
foundation. This way, Kant had collected in his Critics the main ideas of Newton 
and distilled them until the mind categories and the rationale of things emerged 
out from a vast sea of hidden yet actively classes of virtual representability of 
objects and concepts. It was the time that even the concept of idea was formulated 
in an abstract manner thus given freedom to ideas to reproduce and combine 
themselves without afraid that their results depart from some observed or 
unobserved reality. That was the key from which the modern science was founded 
on rigorous theoretical bases.  
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Still, with the dawn of the XX century, or more precisely with the advent of 
the relativity and quanta concepts in physics, the metaphysics of structure matter 
had been again manifested through another cornerstone scenario, namely the Seit 
und Zeit opus of Heidegger, from which the time-space-being concepts unfold and 
fold reality between the quanta and waves of perceptions, measurements and 
thoughts.  

The impact of this history was immense since from the appearance of the 
quantum theory of matter almost each coherent virtual idea can find its proper 
place and realization soon or latter. Step by step, even the science branches as 
chemistry and biology, usually designated to assist the most visible processes and 
transformations of things, have acquired the quantum nature as the atoms and 
molecules were recognized to be at the foreground of each life form.  

In this respect, Pauling’s Nature of the Chemical Bond stands as the first 
collection of convergent-emergent quantum ideas in modern chemistry and 
biology. It is not a definitive picture of atomic matter, of course, but it has the 
huge merit to give the way in which the mathematical and physical quantum ideas 
can be combined to provide the iterative stair of matter organization. It also opens 
the route to understand the chemical reactivity and biological activity in terms of 
simple quantum concepts among which the electronegativity had been proved to 
be of the most help in characterizing chemical reactivity and structure.  

There is equally true that the electronegativity, as every insightful concept, 
was a highly controversial idea of Pauling due to its virtual nature. Still, the 
electronegativity concept had resisted, and – more – had been always refined 
through all quantum theories that continuously appeared, culminating with the 
most simple definition and interpretation as the minus the chemical potential of a 
system within density functional theory. Consequently, it had permitted the 
introduction of another quantum quantity, the chemical force or hardness together 
with which provide the sufficient base for rationalization of the chemical bond.  

Because of the complementary quantum nature of electrons, as waves and 
particles, their coupled behavior can not be seen in an ordinary experimentally 
way in a chemical bond. Even the atomic radius can not be precisely defined as 
there is not a definite border of being for the frontier electrons, spanning, in 
principle, whole space to infinitum. For this reason the treatment of bonding is 
compulsory to be done at the quantum level in order to understand the inner 
causes and to anticipate the potential effects in reactivity.  

Electronegativity and hardness appear in this frame to generate the minimal 
and sufficient set of global parameters that assists chemical bonding and reactivity 
in various chemical and physical conditions. Few of them were in this study 
presented leaving with unification of electronegativity and hardness absolute and 
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chemical levels of their expressions like density functionals formulations. As 
such, the chemical action-, local limited- first- and second- bosonic formulas were 
found with the help of which the molecular aggregates and chemical reactions 
appears to be solved in many ways, strongly related with the physical conditions 
in which they have been build.  

The chemical action was introduced as the proper link between the orbital and 
global pictures of electronegativity and hardness due to its proper definition that 
univocally associates the electronic density with external potential applied on an 
electronic system, in accordance with the main density functional theorems.  

However, electronegativity and hardness stand within the minimum 
dimensioned set of global indices that characterize bonding and reactivity as the 
electronic density and the effective applied potential function closely relate with 
the inner structure of atoms and molecules. This study advocates that a proper 
combination between these two sets of global and local indices can generate a 
whole plethora of density functionals with a role in quantifying the many-
electronic structures and their transformation at the conceptual rather 
computational quantum level of comprehension. This was proved though applying 
the obtained electronegativity and hardness atomic scaled to selected 
problematical chemical reaction to provide the prediction of reactivity and 
stabilization of bonds in accordance with the main principles of chemistry: 
equalization and inequality of electronegativity and hardness, known as the 
electronegativity equalization, inequality of chemical potential, hard and soft 
acids and base, and maximum hardness principles, respectively.  

In this context, a novel reactivity index for quantifying the maximum of 
hardness realization was proposed with reliability proved throughout providing 
the hierarchy for a series of hard and soft Lewis bases. In all these, once again, the 
chemical action influence was appeared to play the role of averaged quantum 
fluctuations that stabilize the molecules at the end of bonding process. There was 
also for the first time indicated the appropriate complete bonding scenario based 
exclusively on the correlated quantum quantities and principles of the 
electronegativity and hardness. Therefore, there is still hope that the present 
scenario will be accompanied by some advanced ultra fast frozen movie of atomic 
encountering in bonding.  

Finally, with these, we can faithfully respond to Kant’s famous inquiry dying 
that the world between “above staring sky and our in-depth moral law” is filled by 
the nature’s pure chemistry: the quantum chemistry.  
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