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Preface

Pivotal role of electron spin interactions in Nature cannot be overestimated. In
many processes from energy transduction in biology to specificity of biorecognition
these spin interactions appear as defining contributors. Another role involves
determining the properties of molecular and functional materials’ systems that drive
today’s technology by finding uses in electronic, spintronic, and magnetic devices.

Electron spin effects are manifesting in the fundamental quantum phenomenon
of spin exchange. This interaction enables a number of important elementary
processes including electron transfer, triplet energy transfer, and interspin crossing.
One should consider interactions of both electronic and nuclear spins including
electron–electron, electron–nuclear dipolar, and electron–nuclear contact interac-
tions among the others. Such interactions could be precisely studied by electron
magnetic resonance, nuclear magnetic resonance, and related hyphenated resonance
techniques providing researchers with unique spectroscopic tools to investigate
detailed molecular structure and dynamics of both small and large chemical and
biological molecules.

For rather long time the scientists were stuck with paradigm that chemical and
biochemical reactions are only ruled by interactions that energetically prevail over
the thermal motion. However, contrary to such a strong thermodynamic argument,
the last decades of intense research resulted in conclusive evidence of many
essential chemical and biological processes being governed by very weak inter-
actions originating from electronic spin systems instead. Advancing the knowledge
of molecular mechanisms responsible for photosynthesis in plants and model
compounds, radical reactions and influence of magnetic field on these and other
processes, as well as rational design of advanced molecular magnets, spintronic
devices, catalysts, etc., would not be possible without understanding the spin effects
in these systems.

This book represents a collective perspective from physical chemist with long
and broad expertise in spin phenomena and related fields. The main intention was
not to provide the reader with an exhaustive survey of each topic of vast literature,
but rather to discuss the key theoretical and experimental background and focus on
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recent developments. Thus, chemists and biologists would find the fundamentals of
spin phenomena, instrumentation and data interpretation, and a review of the major
milestones. This gained knowledge is expected to promote some critical thinking to
solve new emerging problem in their fields. Physicists and experts, for example, in
magnetic resonance and photoluminescence methods and instrumentation may
know already about the above-mentioned technical and quantum mechanical
aspects, but would benefit from overview of current problems and achievements in
various areas of chemistry and molecular biology, including rapidly evolving fields
of natural and artificial photosynthesis, photochemistry, material science, etc.

The Chap. 1 of the monograph provides a brief outline of fundamental theories
of spin exchange and electron transfer. Non-radiative spin exchange processes
involving excited triplet state is the subject of Chap. 2. Electron spin dipolar and
electron-nuclear spin contact interactions are described in Chap. 3 as the basis for
investigation of molecular structures. A general survey of fundamentals and recent
results on spin-selective processes of electron and nuclear spins is presented in the
Chap. 4. Three subsequent Chaps. 5–7 are dedicated to experimental methods of
investigation of electron spin interactions based on measurements by continuous
wave and pulse EPR and by other physical methods. These spectroscopic methods
form an experimental basis for investigation of electron spin effects in chosen
chemical and physical processes (Chap. 8), effects of magnetic and electromagnetic
fields on chemical and biological processes (Chap. 9), establishing structure and
spin state of organic and metalloorganic compounds (Chap. 10), and electron
transfer in biological systems focusing on the light energy conversion (Chap. 11).
Chapter 12 is a brief review of the fundamentals and main results obtained by the
methods of spin and triplet (phosphorescence) labels. Chapter 11, Preface and
Conclusion have been written in collaboration with professor Alex I. Smirnov

This monograph is intended for scientists working in basic areas related to spin
interactions such as spin chemistry and biology, electron transfer, light energy
conversion, photochemistry, radical reactions and magneto-chemistry and
magneto-biology. The book will be also useful for engineers designing advance
magnetic materials, optical and spintronic devices, and photocatalysts. This text as a
whole or as separate chapters can also be employed as subsidiary manuals for
instructors and graduate and undergraduate students of university physics, bio-
physics, chemistry, and chemistry engineering departments.

Beersheba, Israel Gertz Likhtenshtein
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Abstract

The book fills the need to converge understanding of spin effects in chemistry and
biology by adopting a chemist view. Electron spin effects in fundamental processes
of spin exchange and dipole interactions, triplet triplet energy transfer and anni-
hilation, intersystem crossing, electron and nuclear spins polarization effects are
reviewed from both theoretical and experimental perspectives. The physical inter-
pretation of these phenomena forms a basis for understanding molecular mecha-
nisms responsible for essential chemical and biological processes including
photosynthesis and influence magnetic field on chemical and biochemical reactions.
This knowledge guides the design of advanced molecular magnets, spintronic
devices, and photocatalysts, as well as developments of new methods for studying
the molecular structure and dynamics of chemical and biological systems.
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Chapter 1
Basic Conceptions: Spin Exchange
and Electron Transfer

Abstract Spin electron interactions play crucial roles in diverse topics related to
electron transfer, environmental and biological issues, respiration, photosynthesis,
radical reactions and electron transfer. Biological electron transfer (ET) reactions
are essential for the conversion of energy from food or sunlight into the universal
energy currency, adenosine triphosphate. Interest to radical processes including
oxidative stress, antioxidant activity, some pathology, aging, etc. is fuelled by the
many promising applications in biomedicine and clinical medicine. This Chapter is
organized as follows. The first two Sections provide a brief preliminary overview
on basic conceptions and definitions and the primary quantum mechanical grounds
regarding for readers who may be less familiar with the spin physics. In next two
Sections, we have presented basic information about different types of spin
exchange processes, namely, static direct exchange and super exchange in an
encounter complex in solution. Classic theories of electron transfer by Marcus,
Levich, Jortner and Zusman and recent progress in the area have been considered.
The close interrelations between spin exchange and electron transfer have been
emphasized.

1.1 Basic Conceptions and Definitions

Spin of electron or nucleus is an intrinsic form of angular momentum, which is
related to the rotation or revolution along its axes. Physical behaviour of spin can be
described in the frame of two fundamental models. According to a “classical”
model; spin, as any charge particle, possesses a magnetic dipole moment created
by its rotation (Figs. 1.1 and 1.2). From another hand, spin is quantum mechanical
species (elementary standing wave) and the spin angular momentum, S, is quan-
tized. The S values can be 0, 1/2, 1, 3/2, 2, etc.

In some cases the spin magnetic moment may be considered as a spin vector
having a magnitude and direction, and interaction between spins may follow the
vector algebra rules.

© Springer International Publishing Switzerland 2016
G. Likhtenshtein, Electron Spin Interactions in Chemistry and Biology,
Biological and Medical Physics, Biomedical Engineering,
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The spin Larmor precession (elementary gyroscope motion) is the precession
of the spin magnetic moment about an external magnetic field (Fig. 1.3). This
model is widely employed in magnetic resonance, in pulse methods in particular.

The Spin nutation is a rocking, swaying, or nodding motion in the axis of
rotation of a axially symmetric elementary particle bearing spin.

Spin echo is the refocusing (recovery) of spin magnetisation in magnetically
non-homogenic media by certain pulse consequence of resonant electromagnetic
radiation.

Spin spin dipole–dipole interaction (dipolar coupling) refers to the direct
interaction between two magnetic spin dipoles.

Fig. 1.1 Schematic diagram
depicting the spin of the
electron as the bold arrow and
magnetic field lines associated
with the spin magnetic
moment. https://en.wikipedia.
org/wiki/Spin_(physics)

Fig. 1.2 Quantization of the
spin angular momentum.
https://en.wikipedia.org/wiki/
Spin_quantum_number
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Spin exchange is phenomenon in which the orientation of the oppositely
polarized spins may change. The spin-exchange interaction preserves total angular
momentum and energy of the system.

Fermi contact interaction is the quantum mechanical interaction between a
spin electron and spin nucleus caused by space distribution of electronic cloud
resulting in presence of electron spin density on the nucleus.

Spin polarization is the degree to which the spin is aligned with a given
direction. In magnetic resonance, a system is called to be polarized if the population
of spins oriented along and opposite magnetic field deviates from the Boltzmann
distribution.

Spin relaxation is the mechanism by which a spin system, primary deviated from
the Boltzmann distribution, exponentially decays towards its equilibrium value.

Electron Magnetic (spin) resonance (EMR) and Nuclear Magnetic
Resonance (NMR) are physical phenomena in which electrons or nuclei in a
magnetic field absorb and re-emit electromagnetic radiation at a specific resonance
frequency.

Spin Conservation Rule (Wigner rule) is the fundamental law according to
which for any radiative and radiationless transitions, one observes that transitions
between terms of the same multiplicity are spin-allowed, while transitions between
terms of different multiplicity are spin-forbidden.

Spin-Selective Reactions are processes strongly depending on the spin con-
servation rule.

Spin chemistry is the interdisciplinary area covering kinetics and mechanisms
of spin-selective reactions and physical methods of its investigation. Spin chemistry
methods can provide valuable information on spin dynamics, magnetic properties
and lifetimes of short-lived radical pairs.

Fig. 1.3 Direction of
precession for a
negatively-charged particle.
The large arrow indicates the
external magnetic field, the
small arrow the spin angular
momentum of the particle.
https://en.wikipedia.org/wiki/
Larmor_precession
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Spin label is a molecule bearing spin, stable radical or metal complex, tethering
covalently to an molecular object of interest.

Spin probe is a molecule bearing spin freely diffusing in solution.

1.2 First Elements of Quantum Mechanics

The starting point for the interpretation of quantum mechanical phenomena related
to the spin electron interactions is the Shrodinger equation [1, 2] for a model
hydrogen molecule-like system with two independent electrons. According to this
equation, the antisymmetric combination of product of the single electron wave-
functions, i.e. Uaðr1Þ for the first electron and Ubðr2Þ for the second electron in
position space is:

WA(r1, r2) =
1ffiffiffi
2

p ½Uaðr1ÞUbðr2Þ � Ubðr1ÞUaðr2Þ� ð1:1Þ

and the symmetric combination of the product wave functions in position space is:

WS(r1, r2) =
1ffiffiffi
2

p ½Uaðr1ÞUbðr2ÞþUbðr1ÞUaðr2Þ� ð1:2Þ

The energies E+ for the spatially symmetric solution and E− for the spatially
antisymmetric solution are given as

Eþ =� ¼ Eð0Þ þ C � Jex
1� B2 ð1:3Þ

where

C =
Z

Uaðr1Þ2ð 1
Rab

þ 1
r12

� 1
ra1

� 1
ra2

ÞUbðr2Þ2dr1 dr2 ð1:4Þ

is the Coulomb integral,

B =
Z

Ubðr2ÞUaðr2Þ dr2 ð1:5Þ

is the overlap integral, and

Jex =
Z

U�
aðr1ÞU�

bðr2Þ ð
1
Rab

þ 1
r12

� 1
ra1

� 1
rb2

ÞUbðr1ÞUaðr2Þ dr1 dr2 ð1:6Þ

is the exchange integral.
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The terms in parentheses in (1.4–1.6) correspond to proton–proton repulsion
(Rab), electron–electron repulsion (r12), and electron–proton attraction (ra1/a2/b1/b2).
The strength of the exchange interaction is related to the wavefunction overlap
which decreases approximately exponentially when the proton–proton distance
increases.

For two-electron systems singlet and triplet states are characterized by four wave
functions [3]

1W0 ¼ 1ffiffiffi
2

p ðj/aa/bbj � j/ab/bajÞ
3W1 ¼ j/aa/baj
3W0 ¼ 1ffiffiffi

2
p ðj/aa/bbj þ j/ab/bajÞ

3W�1 ¼ j/ab/bbj

ð1:7Þ

where /a and /b are orbital functions and a and b the spin function indicating
ms = ½ and −1/2, respectively.

The singlet-triplet (S-T) splitting, ES−T, is 2J, the magnitude of the exchange
interaction (Fig. 1.4) which contributes to the Heisenberg spin Hamiltonian:

Hex ¼ �2JS1S2 ð1:8Þ

where S1 and S2 are spin operators. When J is positive, the triplet states have lower
energy than the singlet states, that is the ferromagnetic (spin parallel state) is
favored compared to the antiparallel, antiferromagnetic state

In quantum mechanics, the Bra-ket notation which was introduced in 1939 by
Paul Dirac [4] and is also known as Dirac notation, is used as a standard notation
for describing quantum states. The inner product of two states is denoted by a <bra|
c|ket>; /jwh i consisting of a quantity, /jh , called the bra and a quantity, jwi, called
the ket. “The Bra-ket notation describes quantum leap from the initial state jwi to
the final state j/i with probability of j wj/h ij2. They can be put into one-to-one

Fig. 1.4 Energy shift due to Coloumb (C) and exchange (I) integrals which attributed to the
Heisenberg spin Hamiltonian Hex [3]
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correspondence by the operation of complex conjugation which gives a precise
meaning to the symbols /jh and j/i. For the two-electron integrals, which are
defined over spatial orbitals as follows:

ðijjklÞ ¼
Z

/�
i ðr1Þ/jðr1Þ

1
r12

/�
kðr2Þ/1ðr2Þ dr1 dr2 ð1:9Þ

In many physical systems, electron exchange transitions are accompanied by
vibrational, rotational and translational nuclear processes, which form (constitute) a
continuum of energy. Fermi’s golden rule [5] is a way to calculate the transition
rate (probability of transition per unit time) from one energy eigenstate of a
quantum system into a continuum of energy eigenstates, due to a perturbation. The
one-to-many transition probability per unit of time from the state jii to a set of final
states j f i is given, to first order in the perturbation, by

Ti!f ¼ 2p
h�
j f jH0jih ij2q; ð1:10Þ

where q is the density of final states (number of states per unit energy) and f jH0jih i
is the matrix element (in bra-ket notation) of the perturbation H0 between the final
and initial states. This transition probability is also called the decay probability and
is related to the mean lifetime of the initial state. Another form of the Fermi’s
golden rule for a transition with rate constant ktr is

ktr ¼ J2ex
h
FC ð1:11Þ

which includes the exchange integral (an electronic coupling term) Jex depending
on the overlap of electronic wave functions in the initial and final state of the
process; FC is the Franck-Condon factor related to the probability of vibrational and
translational transition states accounting for the effects of nuclear motion. FC factor
reports on the much slower changes in the nuclear configuration, whereas the
exchange integral depends on the instantaneous electronic configuration in the
Born-Oppenheimer approximation.

This chapter briefly describes fundamental concepts and current trends in work
related to spin exchange and electron transfer.

1.3 Spin Exchange

The following four types of spin exchange interactions are commonly identified:6
(1) direct exchange of pairs with fixed spin-spin distance (r), (2) super exchange
through a bridge (3) dynamic exchange in low viscosity solution during an
encounter of two radicals (or paramagnetic complexes) bearing spins and (4) ex-
change in pairs with flexible bridges.

6 1 Basic Conceptions: Spin Exchange and Electron Transfer



1.3.1 Direct Exchange

The direct spin exchange process with spin Hamiltonian Hex (1.8) occurs via direct
overlap of the orbitals of the interacting species (Scheme 1.1).

According to the available data [6] and references therein

J ¼ J0 exp ð�brÞ: ð1:12Þ

where J0 is the exchange integral at a certain (for example Van der Waals) distance,
r is the spin-spin distance and b—is the distance decay (attenuation) parameter.

The Hamiltonian for a trimeric spin system can be written as [7]

H ¼ �2ðJ1s2s3 þ J2s3s1 þ J3s1s2Þ ð1:13Þ

where all three exchange integrals are in principle different [7]. For a system
consisting of a number of spin pairs with different Jex, the appropriate simplified
expression for the exchange interaction is

Hex ¼ �2
X
ij

Jij ð1:14Þ

The magnetic interaction between the spins S1 and S2 for paramagnetic centers 1
and 2 of many electrons atoms is written in the form suggested by Heisenberg,
Dirac, and Van Vleck Hamilnonian (HHDVV) is written as [7]

HHDVV ¼ Jsasb ð1:15Þ

where sa and sb are the total spins of the many-electron atoms:

sb ¼
X
i

sib

sa ¼
X
i

sia
ð1:16Þ

HHDVV operates in the space of wavefunctions associated with total spins sa and sb.
In comprehensive review phenomenological aspects of spin Hamiltonians (SHs),

was presented [8]. Interactions involving spin such as electronic (EZ), and nuclear
Zeeman (NZ), terms, electron-exchange interaction (EE), zero-field splitting (ZFS),
spin–spin (SS), spin-orbit (SO), nuclear quadrupole (NQ), and hyperfine couplings
(HFCs) were briefly described.

Scheme 1.1 Direct spin
exchange
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1.3.2 Superexchange

In some physical systems, spin exchange takes place by superexchange through a
bridge or a through space interaction mediated by the molecules of the intervening
medium (Scheme 1.2).

In 1959, Anderson [9] in his pioneering work used a perturbational approach to
relate the singlet-triplet splitting of a two-spin system to the magnitude of the
electron-transfer superexchange coupling between the radical ion pair (RP) state
and surrounding states n and that state to which it is coupled at the nuclear coor-
dinate of the relaxed RP state (see details in Sect. 8.4.1). Then McConnel [10] has
shown that the electronic coupling matrix element (HAB) between two redox centers
separated by a covalent bridge composed of n identical repeat units depends on the
coupling strength between the redox sites and the bridge (hAb, hbB), the coupling
between adjacent bridge elements (hbb), and the tunneling energy gap (De). The
latter was defined as the virtual energy required to remove an electron from the
donor, or a hole from the acceptor, and place it on the bridge.

The superexchange model is illustrated in Fig. 1.5

Fig. 1.5 Illustration of the
individual parameters
involved in the
superexchange model. A:
acceptor, D: donor, b:
bridging unit, hij coupling
strength [11]

Scheme 1.2 Spin exchange
via a bridge
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The electronic coupling hXY and HDA was shown to decrease exponentially with
distance (d), via the distance decay constant

b ¼ 2
d
In

De
hbb

� �
ð1:17Þ

In references [12–17] the interaction of the donor/acceptor with the bridge was
also treated as a perturbation. The electronic coupling matrix element VDA repre-
sents the interaction of the electron donor (D) and acceptor (A) orbitals with the
bridge (X) and DEX is the energy of the bridge acceptor) orbital relative to the
energy of the donor orbital. It was suggested that the donor and the acceptor orbitals
have the same energy in the transition state. According to this theory, the electronic
coupling (VDA) is given by the expression:

VDA ¼
P

DAXDXA

DEX
ð1:18Þ

for spins connected by a bridge X. In more general cases, one finds:

JAB ¼
P

JAXJXA
DEX

ð1:19Þ

Pathways tunneling model suggested in [15] treats superexchange as a sequence
of steps, each of which is mediated by a covalent bond, a hydrogen bond, or
vacuum, and the electronic coupling is proportional to a product of penalties for
each step:

VAB ¼ V0

YN
I

ei; ð1:20Þ

where V0 is the coupling between the donor and the first bond of the path way and
ei is the attenuation factor associated with the exponential decay of electron density
from one bond to another and the distance decay parameter (b), taken as
bi = 1.7 Å−1.

Values of decay factors for longdistance superexchang processes and spin
exchange attenuation parameters for specific bridge groups are presented in
Section X.

Theoretical aspects of exponential decay of conductance/electron transport and
of exchange spin coupling with increasing bridge length, or the increased “con-
ductivity” through the diarylethene and dithiolated bridges in antiferromagnetically
coupled diradicals were considered [17]. It was conclude that that common property
trends result from either different pairs of orbitals being involved, or from orbital
energies. A general survey on the bridged nitroxyl radicals is presented in
Section X,
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1.3.3 Dynamic Spin Exchange in Solution

In solutions of low viscosity, electron spin-spin exchange occurs during an
encounter of radicals or paramagnetic complexes [18] (Scheme 1.3).

Under these conditions, electron spin-spin dipolar interactions between param-
agnetic species are averaged by fast rotation of the molecules and the short lifetime
of the encounter complex and are therefore very weak. A general theory has been
developed for exchange relaxation during encounters between paramagnetic parti-
cles in solution [18]. According to the theory the probability of spin relaxation of
paramagnetic species during encounters depend in the general case on a number of
parameters such as the spin-spin (1/T2s) and spin-lattice (1/T1s) relaxation rates in
the presence of a paramagnetic species, the exchange integral (J), the duration of the
encounters, and the differences between the resonance frequencies of the spins (d).

The rate constant of the exchange relaxation (kex) can be determined by_an
analysis of the broadening of the Lorentzian line of the radical or from the change in
the rates of the spin-spin (1/T2s) and spin-lattice (1/T1s) relaxation in the presence of
a paramagnetic species:

D
1
T1s

� �
¼ kexC ð1:21Þ

Since 1/T1s is usually more sensitive to spin-spin interaction than 1/T2s, espe-
cially in the region of slow rotation and in solids, this method widens the accessible
range of kex values [19–21].

It has been shown [18] for a radical of spin S = ½:

kex ¼ Pexkd ¼ fgfnskdJ2s2c
1þ J2s2c
� � ð1:22Þ

where kd is the rate constant of encounters in solution, Pex is the probability of spin
exchange during the life time (sc) of the encounter complex, fg is a geometric steric
factor, fns is a nuclear statistical factor and J is the exchange integral of interaction
in the encounter complex arising from direct contact between the particles.

If J2s2c � 1; kex is independent of J (strong exchange) and

kex ¼ fgfnskd ð1:23Þ

Scheme 1.3 Dynamic spin
exchange
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In the case of weak exchange J2s2c � 1 and

kex ¼ fgfnskdJ2s2c ð1:24Þ

The theory of dynamic exchange appeared to be a basis for development of
several technologies [19–23] such as spin label—spin probe methods (Section X),
spin label oximetry [20] and measurement of the depth of immersion of param-
agnetic centers [21].

Substituting the definition of J from (1.8), with b = 1.3 Å−1 into (1.12) gives

kex ¼ fgfnskds2c10
28 exp 2 �1:3 R0 � rvð Þ½ � ð1:25Þ

This equation can be used for estimation of the distance of closest approach (or
depth of the paramagnetic center immersion), R0, if other factors in the equation are
known33−34. For example, in water solution a typical value of fg fns
kd = 2 � 10−9 M−1 s−1 for interaction between a nitroxide radical and a param-
agnetic species and sc = 5 � 10−11 s. For an object with a buried paramagnetic
center, if the experimental kex = 10−7 M−1 s−1, the value of (R0 − rv) = 10 Å.

1.3.4 Dynamic Spin Exchange in Flexible Biradicals
in Solution

In solutions of low viscosity, electron spin-spin exchange in flexible biradicals, in
which two stable radicals linked via a flexible bridge, occurs during an encounter of
radicals or paramagnetic complexes [22, 23] (Scheme 1.4).

The exchange coupling of two unpaired electrons provides information about
dynamics of molecular environment in various systems. In a system of two identical
radical fragments with electron spins operators S1 and S2 and nuclear spin operator
I1 and I2 each has the interactions in the systems in the presence of magnetic field
H0 are described by the following Hamiltonian:

H ¼ gebeH0ðS1z þ S2zÞþ aðS1zI1z þ S2zI
2
zÞþ JS1S2 ð1:26Þ

where index z notes projections of the electron and nuclear spins on the Z-axis; ge is
the isotropic g-factor of the radical fragments; be is the Bohr magneton; a denotes
isotropic hyperfine splitting constant; and J is the exchange integral. According to
theory developed in [22] the ESR spectra of a hypothetical biradical depend on the
difference in the resonance frequencies of biradical fragments 1 and 2 (Dx) the

Scheme 1.4 Dynamic spin exchange in flexible biradicals
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residence times s1 and s2 of the contact and remote states of the radical fragments,
respectively, the contact (Jcon) and average (Jav) integrals and fractions of the
contact (P1) and remote (P2) conformations. Examples of thorough investigations
various flexible biradical of different structure at wide range of temperature, vis-
cosity and solvent polarity may be found in and references therein [23].

1.4 Electron Transfer

1.4.1 Prerequisite

Electron transfer (ET) is one of the most ubiquitous and fundamental phenomena in
Nature. ET is found to be a key elementary step in many important processes in
chemistry, biology and physics involving isolated molecules and super molecules,
ions and excess electrons in solution, condensed phase, surfaces and interfaces,
electrochemical systems, etc. The field has an extensive literature and new studies
are constantly being undertaken. This section will give a brief description of the
fundamentals of modern electron transfer theory and provide an overview of recent
developments in the field.

Electron transfer occurs when an electron moves from one chemical species to
another chemical species. The general approach to describe the process of electron
transfer (ET) is based on Fermi’s golden rule (1.11) and the Born-Oppenheimer
approximation, which assumes that nuclei behave quasi-statically and that electrons
move on a time scale that is much faster than characteristic nuclear time scales,
owing to the greater inertia of the nuclei compared to the electrons. In (1.11), the
factors V2/h and FC are related to the motion of electrons and nuclei respectively.

Electron transfer (ET), as in any other chemical reaction, is accompanied by a
change in the nuclear and electronic configurations. According to the commonly
accepted model one can visualize ET by constructing a graph (energy E or Gibbs
free energy DG versus reaction coordinate (Fig. 1.6). Thus, ET is considered as the
transition from an initial electronic term (i) to a final electronic term (f) via an
interaction that can be modeled as a term crossing.

There are three main effects that influence the ET rate constant (kET): (1) the
process driving force (DG0); (2) the likelihood of sampling the crossover region due
to availability of thermal fluctuations; (3) the values of the Bolzman factor exp
(−EA/RT), where EA is the activation energy; and (4) the probability of quantum
mechanical jumping (tunneling) of the electronic cloud from its initial to the final
configuration (atr) in the region around the reaction coordinate Qtr:

Thus, the rate constant of the transition (ktr) in the crossing area is dependent on
the height of the energetic barrier (the free energy of activation DG#), the frequency
of sampling the crossing area (v) and the transition coefficient (atr):
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ktr ¼ atrvexp �DG#
� � ð1:27Þ

All quantitative approaches to electron transfer has been emerged from the
fundamental Landau-Zener equation [25, 26] The probability of a transition (atr)
around the reaction coordinate Qtr is given as follows:

atr ¼ 2P
1þPð Þ ð1:28Þ

where

P ¼ 1� exp
�4p2V2

hv Si � Sf
� � ð1:29Þ

Hear V is the electronic coupling factor (the resonance integral), v is the velocity
of nuclear motion, and Si and Sf are the slopes of the initial and final terms in the Qtr

region. The coupling V is

Fig. 1.6 Energy versus reaction coordinates for the reactants (curve D) and the products for
normal reaction (curve An), inverted reaction (curve Ai) and at the inversion curve (curve Ac) and
standard Gibbs free energy DG0 The electron in the initial state requires a positive excitation
energy Del for the normal reaction, and a negative excitation energy Del for the inverted reaction
which could be directly emitted as light [24]

1.4 Electron Transfer 13



V ¼ Hab ¼ Wa Hj jWbh i ð1:30Þ

where H is the system Hamiltonian. If the exponent of the exponential function is
small, then

P ¼ 4p2V2

hv Si � Sf
� � ð1:31Þ

and the process is non-adiabatic. Observe that the smaller the magnitude of the
resonance integral V the lower the velocity of nuclear motion and the smaller the
difference in the curvature of the terms (the difference Si − Sf). The result of these
considerations is a reduction in the probability of non-adiabatic transfer. At P = 1
the process is adiabatic and obeys classical Arrhenius or Eyring equations.

The theory stressed the key role played by the transition coefficient, which is
quantitatively characterized by the value of electronic coupling (resonance integral)
V in forming the energetic barrier.

1.4.2 Electron Transfer Theories

Basic Conceptions

The Marcus theory, which provides the basic theoretical description of electron
transfer reactions in polar media, appeared to be remarkable breakthrough
achievement. According to the fundamental Marcus two state model [27, 28] the
distortion of the reactants, products and solvent from their equilibrium configura-
tion is described by identical parabolas in reaction coordinate space for the initial
and final states. The process driving force of the value DG0 causes a shift of the
parabolas. Within the adiabatic regime (strong electronic coupling, where the res-
onance integral V > 200 cm−1), The value of the electron transfer rate constant is
given by the Eyring theory of the transition state:

kET ¼ kBT
h

exp� kþDG0ð Þ2
4kkBT

" #
ð1:32Þ

where k is the reorganization energy defined as the energy for electron excitation
without distortion of the nuclear frame. The following relationships based on log
kET − DG0 graphs and dependent on the relative magnitudes of k and DG0 were
predicted from the Marcus model (1.30) (Fig. 1.6): (1) k > DG0, log k increases if
DG0 decreases (normal Marcus region), (2) k = DG0, the reaction becomes barri-
erless, and (3) k < DG0, log k decreases with increasing driving force.

When the initial state distribution remains in thermal equilibrium throughout the
ET process, the driving force of the process is related to the standard Gibbs energy
(DG0). If the ET occurs, for account of the fast vibrational modes, before the
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formation of conformational and solvatational states of the medium, the thermo-
dynamic standard energy for the ET ðDGneq

0 Þ appears to be less than that which is
observed in the case of equilibrium dielectric stabilization of redox centers DG0

12

(Fig. 1.7) [16, 29].
One powerful approach for studying the effect of solvent dynamics on electron

transfer reactions was developed in [30, 31]. According to the Zusman equation
(ZE), (1.3) which is based on a description of the solvent complex permittivity in
the Debye theory, the dynamics of the electronic degrees of freedom is coupled to a
collective nuclear coordinate:

DG 6¼ ¼ ðDG0 þEpÞ2=4Ep ð1:33Þ

where

Ep ¼ ð8pÞ�1 1=em � 1=esð ÞIntDD2ðrÞdr ð1:34Þ

and em is the AC permittivity and es is the DC or static permittivity of the solvent,
DD (r) is the difference of inductions. In (1.32) the “equilibrium” reorganization
energy k in the corresponding classic Marcus equation (1.35) was replaced with the
dynamic reorganization energy (Ep) of the slow degree of freedom of the solvent,
while the pre-exponential factor for non-adiabatic reaction includes the coupling
factor (V) and effective frequency tef of the solvent.

In recent work [32], a brief overview was presented to describe the current
nonequilibrium solvation theories and application models. The constrained equi-
librium principle in classical thermodynamics and its application to the nonequil-
brium solvation were discussed in the framework of the Nonequilibrium Solvation
Theory based on Constrained Equilibrium Principle section Solvent Reorganization.
The constrained equilibrium was suggested to be a superposition of two equilibrium
polarizations; one is the final equilibrium and the other is the equilbrium with

Fig. 1.7 Schematic representation of the dependence of the ET constants logarithm on the
equilibrium Gibbs energy C0: 1 non-equilibrium conformational and solvational processes;
2 partial non-equilibrium processes, kneq and DGneq

0 are slightly dependent on G0; and 3 equilibrium
processes. Arrows a and b indicate the conditions for the maximum k = DG0 and kneq ¼ DGneq

0 ,
respectively [16]
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constraining external charge and the residual potential. The expression of solvent
reorganization energy, with including the electrostatic free energy change of the
solvent to the free energy change of the system, was also given.

The theory developed by Levich, Dogonadze [33, 34] was marked advances in
understanding non-adiabatic electron transfer between donor (D) and acceptor
(A) centers. The theory is based on Fermi’s Golden Rule (1.11), the Landau-Zener
(1.28). and the Marcus formula (1.32). Using these concepts, the authors proposed a
formula for non-adiabatic ET

kET ¼ 2pV2

h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pkkBT

p exp �ðkþDG0Þ2
4kkBT

" #
ð1:35Þ

where the maximum rate of ET at k = DG0 is given by

kETðmaxÞ ¼ 2pV2

h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pkkBT

p ð1:36Þ

The next principle step in development of the electron transfer theory was taking
in account high-frequency vibrational modes involved in the elementary processes.
In such a case, a molecular system can be primarily driven by its intramolecular
vibrations, which are typically much faster than the solvent reorganization. The
involvement of intramolecular high-frequency vibrational modes in electron
transfer has been considered for various cases [35–38]. For example, according to
[36], when in the low-temperature limit high-frequency modes (ht) are involved in
the electron transfer and the solvent dynamic behavior can be treated classically, the
rate constant for non-adiabatic ET in the case of parabolic terms, is given by

kET ¼
P

j 2pFjV2

hkkBT
exp �ðjhvþ ks þDG0Þ2

4kkBT

" #
ð1:37Þ

where j is the number of high-frequency modes, Fj = e−S/j!, S = lv/ht and lv and ls
are the reorganization inside the molecule and solvent, respectively.

Anderson pioneered the establishing a principle connection between exchange
integral and electron transfer coupling factor [9]. In the Anderson equation for a
radical (ion-radical) pair RP: the indicated matrix elements couple the singlet and
triplet RP states to states n, ERP and En are energies of these states, respectively, and
k is the total nuclear reorganization energy of the charge-transfer reaction [39, 40]:

2J ¼ DES � DET

¼
X
n

WRPjVRP�njWnh ij j2
ERP � En � k

" #
S

�
X
n

WRPjVRP�njWnh ij j2
ERP � En � k

" #
T

ð1:38Þ

The Anderson approach was recently effectively exploited [39, 40]. See also
Section X.
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Further Developments

This section provides a brief overview of the recent developments and applications
of electron transfer theories with primary focus on the various method of calculation
of the coupling factor, role vibration modes in reorganization energy, a connection
of coupling factor and nuclear motion dynamics (fluctuation-controlled electron
tunneling), processes near the inversion point reactions involving a change in
spin-state that are formally forbidden, and oscillation phenomena.

Electron Transfer Electronic Coupling

To address a challenging problem of calculation of electronic coupling Hab, a linear
correlation between Hab of the two diabatic electronic wave functions for initial and
final electron transfer (ET) states, Wa and Wb, respectively (Hab = ⟨Wa|H|Wb⟩ and
the corresponding overlap Sab = ⟨Wa|Wb⟩ has been established [41]. The calculation
of Hab and Sab was based on computational scheme in which the overlap of the
diabatic state wave function is estimated by the overlap of the highest singly
occupied molecular orbital of donor and acceptor. The Hab and Sab correlation was
found for a number compounds (Fig. 1.8) [41]:

The transition flux theory was applied to calculation of the coupling matrix
element of longdistance electron transfer reactions [42]. It was suggested that in
donor (D) acceptor (A) centers located in regions QD and QA, respectively, inter-
atomic currents Jab connected to the coupling matrix element. The connection is as
follows:

VDA ¼ �h
X

aeQD;beQA

Jab ð1:39Þ

Fig. 1.8 Correlation between
electronic coupling matrix
element (Hab) from the
fragment orbital DFT method
and exact overlap (Sab)
between SOMO orbitals of
donor and acceptor [41]

1.4 Electron Transfer 17



where VDA is the sum of interatomic currents crossing the dividing surface is
calculated, interatomic currents Jab, which are currents flowing between atoms.
The calculation was performed in framework of the Golden Rule, taking in con-
sideration the multielectronic nature of the transition coupling matrix element, and
the electronic Franck−Condon factor.

The Condon approximation, average medium versus fluctuation-controlled
electron tunneling, gated and solvent relaxation controlled electron transfer, and the
influence of inelastic tunneling on electronic coupling pathway interferences were
considered as key factors in modern nonadiabatic theory of electron transfer. It was
stressed that nuclear motion also induces fluctuations in the donor-acceptor
(DA) electronic coupling For evaluating the electronic Hamiltonian coupling
associated with photoinduced electron transfer (PIET) an approach based on con-
strained real-time time dependent density functional theory (C-RT-TDDFT) using
constrained DFT (C-DFT) was developed [44]. In combination with the semi-
classical Marcus-Levich-Jourtner theory, the photoexcited ET rate for coherently
coupled photoexcitation and electron transfer was determined A generalized
description for electronic coupling J, acting between the two tightly coupled states,
for geometrical relaxations and in symmetric and antisymmetric modes, and for
asymmetry E0 in the energy of the two states has been provided [45]. In addition,
number of important projection and dipole moment operation were presented.

A new non-Condon theory of the rate of electron transfer stressed the role of
protein conformational fluctuation [46]. The theory is expressed by a convolution
form of the power spectrum for the autocorrelation function of the electronic tun-
neling matrix element T(DA)(t) with quantum correction and the ordinary
Franck-Condon factor and the detailed balance condition for the forward and
backward ET rates. The ET rate formula is divided into two terms of elastic and
inelastic tunneling mechanisms on the mathematical basis. The Hush vibronic
model and the superexchange formalism have been employed to determine the
electronic coupling matrix elements (H) [47]. It was shown that the electronic
coupling interaction in the mixed-valence complexes can by varied from weakly to
moderately strong coupling by modulation of the structural variables. Approaches
for electron transfer combining quantum chemical calculations for the reorganiza-
tion of energy levels and electronic coupling was proposed in [48]. The
non-Condon electron transfer rate theory based on Fermi’s golden rule and the
time-dependent wave-packet method for the description of the coherent motion of
the electron. Also was included.

In recent years, the role of dynamics of bridges connecting ET between donor
and acceptor centers has received increasing attention [11, 46–50]. Of particular
interest in that respect are expressions for the calculation of nonadiabatic electron
transfer rates for donor-acceptor systems incorporated fluctuating bridges and their
non-Condon electronic couplings presented in [49]. In the frame of developed
theory, the non-adiabatic electron transfer rate constant for a donor acceptor pair
was given as:
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k ¼ 1

h� 2

Z
dt CDAðtÞCBðtÞ; ð1:40Þ

where

CDAðtÞ ¼ 1
QD

tr[e�bHDeiHDt=h
�

e�iHAt=h
� � ð1:41Þ

is the usual correlation function of the ET theory and

CBðtÞ ¼ 1
QB

tr[e�bHBeiHBt=h
�

HDAðQÞe�iHBt=h
�

HDAðQÞ�: ð1:42Þ

is the non-Condon contribution. The following conclusions have been done: (1) in
high temperature limit, a similar property to the Marcus formula was shown, (2) the
Marcus parabolic is shifted for the exponential coupling, (3) an overlap of several
Gaussian functions for the linear coupling takes place, and (4) the effective cou-
plings are exponentially and linearly dependent on temperature and the squared
frequencies of bridge modes for the exponential and linear couplings, respectively.
From the theory, it also followed that in the high temperature limit, the Marcus
parabola with respect to the driving force is shifted for exponential coupling and
becomes an overlap of several Gaussian functions in the linear coupling case. The
effective couplings are exponentially and linearly dependent on temperature and the
squared frequencies of bridge modes for exponential and linear couplings,
respectively.

Electron Transfer Energy Barrier

In light of the importance of the physical processes near the maximum of electron
transfer energy barrier several works were devoted this problem [47, 50–53]. The
coupling sensitivity to thermal motion, and visualizing pathway fluctuations elec-
tron transfer in biomolecules were analyzed using the new Pathways plugin [15].
According to authors, electron transfer can occurr via several pathways and can be
involved in quantum interferences. The height and width of effective tunneling
barrier are generated by nuclear dynamics. Therefore, the modulation of the nuclear
coordinates will lead to a modulation of the tunneling barrier. For systems with
flexible bridges and mobile water such proteins and its biomimetic models, this
effect can be especially significant.

Formalisms based on density of states (dos) and potential energy curves
(pec) were used to model electrochemical electron transfer reactions [51]. The
authors stressed that evaluation of an energy barrier is central to the potential energy
curve (pec) approach as it is formulated in terms of an exponential of the energy
barrier, whereas the dos approach formulates the electrochemical rate constant
expression as a product of the reactants’ density of states. On the basis of the theory
of electronic transitions in the case of localized states, developed in the physics of
disorder matter, a mechanism for long distance electron transfer in biological
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systems was suggested [52]. Authors of this work considered the situation in which
the tunneling barrier is highly anisotropic and particular routes, or pathways along
which the transmission amplitude propagates can be revealed. It was shown that
when more than one such pathway exists, and if the propagation remains coherent,
quantum interference among pathways is expected. Chirality and inelastic pro-
cesses, which are manifested in the tunneling pathway coherence, have been also
discussed.

An effect of a driving infrared (IR) field, which can changes the ET kinetics, was
considered in [53]. A theoretical analysis showed that IR field may increase the
probability of inelastic tunneling and thus enhance the ET rate for a system in which
elastic ET is forbidden. IR driving of a nuclear oscillator may promote the oscillator
into excited states that couple more strongly to the tunneling electron. The analysis
also revealed that interaction with an IR field may enhance the ET rate up to 34 %
over the undriven rate for a system in which elastic ET is forbidden.

A theory for processes near the inversion point has been developed [24]. The
complex amplitudes of the electronic wavefunctions at different sites were used for
describing the quantum tunneling of the electron in the potential generated by its
environment which is modeled as a harmonic classical thermal bath. An electron
injected on one of the electronic states, a Coherent Electron-Phonon Oscillator
(CEPO) appears which generates large amplitude charge oscillations associated
with coherent phonon oscillations and electronic level oscillations (Fig. 1.9).
Ultrafast Electron Transfer occurs when this fluctuating electronic level may res-
onate with a third site which captures the electron (catalytic electron transfer).

Article [54] summarized a number of published applications concerning chem-
ical reactions involving a change in spin-state that are formally forbidden. In this
work the observed reactivity was determined by two factors: (1) the critical energy
required for reaction to occur is defined by the relative energy of the Minimum
Energy Crossing Point (MECP) between potential energy surfaces corresponding to
the different spin states (Fig. 1.10) and (2) probability of hopping from one surface

Fig. 1.9 Principle of ET with a Coherent Electron-Phonon Oscillator: Two weakly coupled
molecular units donor and catalyst generate a CEPO (see details in [24])
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to the other in the vicinity of the crossing region, which is defined by the spin–orbit
coupling matrix element between the two electronic states.

The expression for tunneling at energies below the MECP is given as follows:

ptunnelsh ðEÞ ¼ 4p2H2
12

2l
g2FDF

� �2=3

Ai2 �E
2lDF2

g2F4

� �1=3
" #

ð1:43Þ

where DF is the relative slope of the two surfaces at the crossing seam, F is the
average of the slopes on the two surfaces, Ai denotes the Airy function, H12 is the
spin–orbit coupling-derived from the off diagonal Hamiltonian matrix element
between the two electronic states, E is the kinetic energy of the system as it passes
through the crossing region and l is the reduced mass of the system as it moves
along the hopping coordinate.

Reorganization Energy

The values of the driving force (DG0) reorganization energy k, when solvation is
faster than the process of producing photo-initiated charge pairing, can be roughly
estimated within the framework of a simplified Marcus model [27] suggesting
electrostatic interactions of oxidized donor (D+), and reduced acceptor (A−) of radii
rD+ and rA− separated by the distance RDA with media of dielectric constant e0 and
refraction index n.

The theoretical evaluation of solvent effects on ET has aroused interest and
properties of solvents and their impacts on processes was thoroughly analyzed [55–
60] (see also Section X). Theory of reorganization energy developed in [55] took in
consideration the properties of medium including both size and shape of the solute
and solvent molecules, distribution of electron density in reagents and products and

Fig. 1.10 Model system: donor_bridge_acceptor system with upper (U) and upper (L) bridges.
The oscillator couples only to the upper bridge electronic state [54]
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the frequency domain appropriate to medium reorganization. More general theory
of the reorganization energy was developed in [56]. Energy contributions were
divided into those from interactions of donor or acceptor sites with surrounding
protein or water environments. In the frame of theory, the difference between
energies of the reactant state (UR) and product state (UP) with the reaction nuclear
coordinate q was suggested to be as:

DeðqÞ ¼ UPðqÞ � URðqÞ ð1:44Þ

Within this theory, the reorganization energy k is related to the curvature of the
parabolas and equilibrium mean-square fluctuation of the reaction coordinate:

k 	 1
2
b De� Deh ið Þ2
D E

ð1:45Þ

A novel approach based on constrained real-time time dependent density
functional theory (C-RT-TDDFT) in combination with the semiclassical Marcus
theory was introduced [57]. In the frame of this theory, the reorganization energy
was given as:

k1 ¼ ð
XN
i¼1

UA;iQD;i �
XN
i¼1

UD;iQD;iÞ ð1:46Þ

where UD,i and UA,i are the solvation potentials acting on the ith atom.
In recent years, the specific role of vibrational modes in electron transfer has

received increasing attention thanks to the rapid development of quantum mechanics
methods. As an example, it was found that atomistic molecular dynamics simula-
tions of the membrane-bound bc 1 bacterial complex revealed that electron transfer
is affected by a broad spectrum of nuclear modes, with the slowest dynamics in the
range of time-scales 
 0.1–1.6 ls contributing half of the reaction reorganization
energy [58]. A principle role vibrational modes was clearly illustrated by investi-
gating the electron transfer of a betaine-30 molecule from its first excited state to its
ground state when being solvated in glycerol triacetate [59]. The total reorganization
energy for all vibrational modes under a linear approximation mode was given as:

k ¼
XNa

i¼1

ki ¼
XNb

i¼1

c2i k ð1:47Þ

where the coefficient c2i indicates the relative contribution of the ith vibrational
mode. As it seen from Fig. 1.11 that for of betaine-30 more than 60 % of the total
reorganization energy is related to only seven vibrational modes among 210
available ones.

In work [60] the real-time electron dynamics of two-electron transfer reactions
induced by nuclear motion was calculated by three methods: the numerically exact
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propagation method, the time-dependent Hartree (TDH) method and the Ehrenfest
method. It was found that as long as the nuclei move as localized wave packets, the
TDH and Ehrenfest methods can reproduce the exact electron dynamics of a simple
charge transfer reaction model containing two electrons.

The results of recent theoretical works stressed the role of fluctuation of nuclear
frame on coupling factor and reorganization energy and therefore on electron
transfer [15, 43, 47, 49–61].

The role of fluctuating media, highlighting issues concerning the validity of the
Condon approximation, average medium versus fluctuation-controlled electron
tunneling, gated and solvent relaxation controlled electron transfer, and the influ-
ence of inelastic tunneling on electronic coupling pathway interference have been
discussed in detail [43]. A time-dependent version of Fermi’s golden rule with a
semiclassical approximation was used. An ET system was described by the
Hamiltonian H = HD + HA + HB + V, where HD and HA are electronic-vibrational
Hamiltonians for the donor (D) and acceptor (A) adiabatic potential surfaces, HB is
the vibronic bridge Hamiltonian, and V couples donor (acceptor) and bridge elec-
tronic states. In this model, the nonadiabatic ET rate constant is

kETðxDAÞ ¼ 1

h� 2

Zþ1

�1
dteixDAt CTDAðtÞCFCðtÞ; ð1:48Þ

where xDA is the frequency corresponding to the energy gap,

CFCðtÞ ¼ eiĤ
DðviÞt=h�

e�iĤ
AðviÞt=h�

D E
D
; ð1:49Þ

is the time-dependent Franck-Condon factor, and CTDA(t) is the correlation function
of the vibronic DA electronic coupling. The authors concluded that the magnitudes
and timescales of molecular fluctuations, which enable access to the activated
complex and cause DA electronic interactions to fluctuate can determine the
reaction mechanism and that the interplay among electronic coupling and nuclear
fluctuations is particularly important in biological electron transfer.

The new non-Marcus theory of electron transfer developed in [62] considered
donor and acceptor “supermolecules”, which consist of conventional donor and
acceptor species plus their associated ionic atmospheres. The theory took into
account the fact that charge fluctuations contribute to the activation of electron
transfer, besides dielectric fluctuations and revealed that (1) in the inverted region,
donor supermolecules are positively charged both before and after the electron
transfer event. (2) in the normal region, donor supermolecules change polarity from
negative to positive during the electron transfer event. (3) In the superverted region,
donor supermolecules are negatively charged both before and after the electron
transfer event. Thus. it possible for polar solvents to catalyze electron transfer in the
inverted and superverted regions.
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A situation when the electron transfer rate is comparable or faster relaxation
frequencies of the medium has been considered in detail in [63]. When the statistics
loses ergodicity (thermal equilibrium for all vibrational and other modes), the ET
transition state can not be effectively stabilized as compare with media equilibrium
process. And the reaction activation barrier becomes dependent on the medium
dynamics. This scenario can be realized in higher viscous systems, for example at
temperatures near the point of solvent crystallization. When approaching crystal-
lization, anti-Arrhenius temperature dependence takes place, that is, the reaction
rate increases nonlinearly in Arrhenius coordinates (Fig. 1.12).

Various aspects of theories of reorganization energy and their promising
applications were discussed in recent publications [58, 64–71]. Long distance
electron transfer and the close interrelations between spin exchange and electron
transfer are discussed in Sections X and Y.

Fig. 1.11 Profile of FMA 9 coefficients, ci 2, for the vibrational modes of the B30 molecule. The
seven essential driving modes with ci 2 > 0.05 are colored grey, while the others are colored black
[59]

Fig. 1.12 Arrhenius plots for
ergodic and non-ergodic
systems [63]
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Chapter 2
Spin Exchange Processes Involving Exited
Triplet States

Abstract A general survey of the fundamentals and recent advances in the theory
of spin exchange processes such as triplet-triplet and singlet-singlet energy transfer,
triplet-triplet annihilation, up conversion and intersystem crossing is presented.
These data have formed the theoretical basis for a deep understanding of the details
of the mechanisms of numerous chemical and biological reactions, for the devel-
opment of new methods of structural investigation and analysis, and for the con-
struction of efficient devices for phototherapy, photoelectric processes,
photoemission molecular logic systems, light-emitting diodes, light energy con-
version, etc.

2.1 General

Triplet excited states ply a key role in any important processes such as the triplet
triplet energy transfer and triplet−triplet annihilation [1, 2], upconversion [3], and
intersystem crossing [4], which in turn appear to be decisive studies of such
important as luminescent oxygen sensing [5], molecular logical devices operation
[6], photocatalytic organic reactions [7], and photodynamic therapy [8]. Modern
fluorescence and phosphoresces techniques and advance quantum mechanical
theories provide remarkable achievements in this area [9–12].

A consistent theoretical description for non-radiative spin exchange processes,
that is, Dexter triplet-triplet energy transfer (DTTET), Dexter singlet-singlet energy
transfer (DSSET), triplet-triplet annihilation (TTA), singlet-singlet annihilation
(SSA) and intersystem crossing (ISC) are based on Fermi’s golden rule (1.10, 1.11).
The Dexter energy transfer processes involve exchange of donor (D) and acceptor
(A) electrons. According to the Fermi Golden rule, the probability of this process
occurring is more favorable when the vibrational, rotational or translational levels
of the two excited states overlap, since little or no energy is gained or lost in the
transition. Thus, for this mechanism to be operative, there must be an overlap of the
emission spectra of D and the absorption spectra of A.
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2.2 Dexter Triplet-Triplet Energy Transfer

Dexter triplet-triplet TT energy transfer [13–21] is a process of exchanging both
spin and energy between a pair of molecules or molecular fragments (Fig. 2.1).

In their pioneering work Terenin and Ermolaev [14, 15] demonstrated sensitized
phosphorescence in solutions of aromatic molecules by the mechanism of
triplet-triplet energy transfer.

The general expression for the rate constant of triplet-triplet energy transfer
between a donor (D) and acceptor (A) that are tethered by a rigid bridge 3D–3A is [15].

kTT ¼ 2p JTTFC ð2:1Þ

This expression includes the exchange integral JTT which quantitatively char-
acterizes the exchange interaction, the Frank-Condon factor, FC, and the energy
gap between the donor and acceptor triplet state, D(D–A). In the one electron
approximation [15]

JTT ¼ u1
D r1ð Þu0

Aðr2Þ Hexj ju0
D r2ð Þu1

A r1ð Þ� �
� a1Dð1Þja1Að1Þ
� �

a0Dð2Þja0Að2Þ
� �

;
ð2:2Þ

where (r1) and (r2) are the coordinate wave functions corresponding to the donor
(D) in the excited states and to the acceptor (A)in the ground state, (r2) and (r1) are
the wave functions related to the state after the triplet-triplet energy, a1Dð1Þ

�
and

a1Að1Þ are the spin wave functions in the state before transfer, a0Dð2Þ
�

and a0A 2ð Þ are
the same function after the transfer, ux

y are corresponding wave functions and Hex
is the Hamiltonian of the exchange interaction, and

JTT � expð�bR) ð2:3Þ

where R is the donor-acceptor distance and b is the attenuation coefficient
depending on chemical nature of bridge tethered the donor and acceptor.

According to the Franck–Condon rule, at the moment of energy transition, the
energies of the donor and acceptor should be equal and the Franck-Condon factor
becomes

Fig. 2.1 Schematic diagram Dexter triplet-triplet energy transfer chemwiki.ucdavis.edu/
Theoretical…/Dexter_Energy_Transf
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FC ¼
Z

IDphðmÞeAðmÞdm; ð2:4Þ

where IDphðmÞ and eAðmÞ are, respectively, the intensity of the donor phosphorescence
and the extinction coefficient of the acceptor.

To summarize, the Fermi Golden equation 2.1 and the Marcus-Levich formula
for nonadiabatic electron transfer were used as a the basis for the theory of triplet
triplet energy transfer and other related processes [20]. In the endothermic case the
transfer rate can still prevail over other triplet quenching channels if the energy gap
between donor and acceptor (DET) is several kcal/mol, and the triplet photosensi-
tization rate constant kTT = koexp(−DET/RT). This type of kinetics in solution was
first demonstrated by Sandros using a plot of the triplet–triplet energy constant
versus the gap between donor and acceptor energies [19].

The importance of triplet excited species in photochemical reactions was
emphasized by Zimmerman et al. [16]. As was shown by the Hammond and Saltiel
groups [17, 18], cis-trans isomerization of the stilbenes by excitation transfer from
low energy sensitizers, triplets may arise from the conversion of initially formed
singlets or by interaction with a higher energy triplet by sensitization, which can
quench a higher energy triplet in the presence of lower energy triplets. In such a case
the TTET rate may be considerably faster than that predicted by the Sandros equation
[19], an anomaly associated with acceptor molecules with significant conformational
flexibility. This mechanism was experimentally revealed by a decrease in the triplet–
triplet energy transfer rate constants, which remain slower than expected in the
apparent endothermic region, as calculated from the Sandros plot.

Importance of the triplet-triplet energy transfer processes stimulated further
developments of theory in this area [20–25]. Two approaches, the direct coupling
method and the energy-gap-based configuration-interaction-singlet (CIS) scheme,
have been developed to calculate TT energy-transfer couplings between a pair of
molecules for both asymmetric and symmetric test systems [21]. The direct
triplet-triplet transfer coupling between spin-localized reactant and product adia-
batic states was evaluated as

Trp ¼
Hrp � Srp Hrr þHpp

� �
=2

1� S2rp
; ð2:5Þ

here

Hrp ¼ Wr Ĥ
�� ��Wp

� � ¼
Z

dxW�
r ðxÞĤWpðxÞ ð2:6Þ

and

Srp ¼ WrjWp
� � ¼

Z
dxW�

r ðxÞWpðxÞ; ð2:7Þ
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where Srp is the overlap integral. where xi is the spin and spatial coordinates of
electron Hi is the Hamiltonian for the system, and Trp is the transfer integral, or
transfer-matrix element defined in scattering problems, Wr and Wp are the
spin-localized wave functions before and after energy transfer, respectively and Srp is
overlap integral. In the frame of the energy-gap-based method, for a two-state model,
a CIS calculation for the lowest two triplet states was performed. It was shown that a
simple ab initio CIS scheme gave the corresponding coupling value. Furthermore, it
was found that for both asymmetric and symmetric test systems, the direct coupling
method and the energy-gap-based CIS scheme yielded similar results.

To investigate the dynamic disorder effect on the TTET a time dependent
wavepacket diffusion method was used [22]. The partial quantum effect of the
nuclear motions was taken into account. The following for the Hamiltonian of a
dimer was written:

HðtÞ ¼
X2
i¼1

eii þViiðtÞ½ � ii ihj j þ

¼
X2
i6¼i

eij þVijðtÞ
� �

ii jhj j
ð2:8Þ

where eii and eij show the static site energies and electronic couplings between sites
respectively, and Vii(t) and Vij(t) parameterize the fluctuations of the site energies
and electronic couplings respectively.

A novel theoretical method was developed for establishing the triplet-triplet
energy transfer reaction coordinate within the very weak electronic coupling limit
(the 0.1–10 cm−1 range) [1]. The proposed method permits the determination of the
reaction coordinate for triplet-triplet excitation transfer in both the classical and
nonvertical cases for a donor/acceptor pair, that is, (i) the separation of donor and
acceptor contributions to the reaction coordinate, (ii) the identification of the
intrinsic role of donor and acceptor in the triplet energy transfer process, and
(iii) the quantification of the effect of every internal coordinate on the transfer
process. This formalism based on the Fermi golden rule formalism allowed to
complete the adiabatic potential energy surfaces of the model supermolecules
[3D…1A] and [1D…3A] in a TET process as a function of acceptor donor internal
coordinates qA and qD.

An effective triplet–triplet energy transfer of Dexter type was found to be a cause
of low probability of electron transfer from the sacrificial reagent (SR) to the
photoexcited Ir complex (bis-(2-phenylpyridinato-)(2,2′-bipyridine)iridium(III)
hexafluorophosphate [Ir(ppy)2(bpy)]PF6 (Fig. 2.2) [23].

Interesting photophysical properties related to TTET were revealed in dithieny-
lethene (DTE)-2,6-diiodoBodipy triads (DTE-o-BDT. Figure 2.3 illustrates com-
petition processes, namely, intersystem crossing, singlet-singlet resonance energy
transfer (RET) and cyclization in (DTE-o-BDT after excitation at k = 535 nm and
k = 268 nm. The ISC followed by triplet-triplet upconversion [24].
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The potential energy surfaces (PESs) crossings, the most likely place for the
transition to occur, play important roles in understanding chemical reactivity when
a process involves a change in the total electronic spin. A model of nonvertical
triplet energy transfer based on transition state theory for nonadiabatic processes
was proposed [25] model used PES of reactants and products, as computed from
high-level quantum mechanical methods, and a nonadiabatic transfer rate constant
(Fig. 2.4). The authors approach was based on triplet photosensitization, first
characterized in condensed phases by Terenin and Ermolaev [14, 15].

The electron exchange between donor and acceptor was expressed by the cou-
pling matrix term;

Hif ¼ W �D���A½ � Ĥ0�� ��W D���A�½ �
� � ð2:9Þ

where the indices i, j denote the donor and acceptor electrons, respectively and

Fig. 2.2 Schematic representation of processes in the photocatalytic system of Ir complex (bis-
(2-phenylpyridinato-)(2,2′-bipyridine)iridium(III)hexafluorophosphate used in [23] SR is sacrifi-
cial reagent, ET is electron transfer and EnT is the triple-triplet energy transfer

Fig. 2.3 Simplified Jablonski Diagram Illustrating the Photophysical Processes Involved in
DTE-o-BDT [24]
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Ĥ0 ¼
X
i;j

1
rij

ð2:10Þ

is the electronic coupling Hamiltonian, where the indices i, j denote the donor and
acceptor electrons, respectively [25].

Recent advances in the theory of triplet-triplet energy transfer and its application
have been reflected in [26–30].

2.3 Triplet-Triplet Annihilation

Triplet-triplet annihilation (TTA) discovered by Merrifield [31] is a version of
photon upconversion (UC) which is a process in which the sequential absorption of
two or more photons leads to the anti-Stokes emission of light at a shorter wave-
length than the excitation wavelength. In the TTA, two triplet chemical groups,
D* and A*, react to produce two singlet states (Fig. 2.5). A general theoretical
approach to a quantitative description of triplet-triplet annihilation on the basis of

Fig. 2.4 a The triplet energy transfer reaction as pictured by the crossing between the potential
energy surfaces (PES) of the donor–acceptor [D���A] collision complex. The potential energy
surface as a function of the molecular vibrational coordinates (Qm). ED

T and EA
T are the optical

excitation energies of the donor and acceptor triplet states, respectively; is the energy at the
crossing point of the adiabatic PES; Hif represents the amplitude of the electron exchange
interaction and DG the free energy of the process. b Another perspective of the PES, now as a
function of the donor–acceptor relative position, given by the Qr,t coordinates (See Details in [25])
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the Fermi Golden Rule is similar to the requirements for triplet-triplet energy
transfer.

The TTA process is important in numerous systems such as homogeneous liquid
solutions [15], molecular crystals [31], polymers [32], Langmuir–Blodgett films
[33], biomembranes [34–38], etc.

If the energy gap between 3D* and 1D is bigger than the energy gap between
3A* and 1A*, the TTA process might have energy to excite one of them to higher
singlet states. This process, in which the 1A*. is populated by T-T annihilation,
produces one molecule in the state 1A* It is principally important, that because
characteristic time of the processes is related to life time of the excited triplet state,
the life time of delayed fluorescence is much longer than typical for spontaneous
fluorescence. whose lifetime is much longer than that of the spontaneous
fluorescence.

The triplet-triplet annihilation includes several processes: (1) photoexcitation
S0 ! S1, (2) unimolecular process S1 ! S0, (3) S1 ! T1 (intersystem crossing)
and final the triplet singlet energy transformation T1 + T1 ! S1 + S0 being
accompanied by delayed fluorescence. The TTA can also occur via a bimolecular
with formation of the singlet excimer formation S1 + S0 ! ′′S1. The excimer
dissociation being accompanied by The delayed fluorescence and internal conver-
sion ′′S1 ! S0 + S0 or intersystem crossing S1 ! T1 + S0 take place in the process
of the excimer dissociation.

Theoretical approaches to T-T annihilation processes may be illustrated by two
examples. Results of theoretical and experimental studies of dynamic triplet-triplet
annihilation in an organic one-dimensional motion system were reported [39].
Pair-density-matrix theory has been adapted to the triplet-pair exciton annihilation
under microwave excitation by including the dimensionality of exciton motion and
applied to the fluorescence detected magnetic-resonance spectrum observed for a
one-dimensional molecular crystal. This theory gives a satisfactory fit of the
observed effects on a 1,4 dibromonaphtalene crystal. The dynamics of the
upconversion-induced delayed fluorescence for a model multicomponent organic

Fig. 2.5 Schematic diagram for triplet-triplet annihilation. chemwiki.ucdavis.edu/Theoretical…/
Dexter_Energy_Transf
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system, in which high concentrations of triplet states can be sustained in
steady-state conditions, have been analyzed [40]. At different excitation powers,
two regimes have been identified, depending on the main deactivation channel for
the triplets, e.g., the spontaneous decay and the bimolecular annihilation. To have
efficient upconversion generation, the threshold (Ith), the excitation power density at
which triplet bimolecular annihilation becomes dominant, was established. The
simple equation obtained for Ith allowed predictions of the theoretical efficiency of a
generic system on the basis of a few parameters of the constituent molecules.

2.4 Dexter Singlet-Singlet Energy Transfer

Singlet-singlet energy transfer (SSET) may occur for exchange at short distances by
the Dexter mechanism (Fig. 2.6) and for exchange at long distances by electric
dipole-dipole interactions via the Förster mechanism 2.11 [41].

The SSET rate constant KET data on photo-processes in cofacial bisporphyrin
were analyzed using the following formulas [42].

KForster
ET ¼ kDR

6
F

1
R

	 
2

KDexter
ET ¼ 2p

h
KJ 0 exp

�2R
L

	 

;

ð2:11Þ

Fig. 2.6 Schematic representation of the Förster and Dexter energy transfer mechanisms.
chemwiki.ucdavis.edu/Theoretical…/Dexter_Energy_Transf
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where kD is the emission rate constant for the donor, RF is the Förster radius, that is,
the distance at which transfer and spontaneous decay of excited donors are equally
probable, R is the distance between the two macrocycles, J′ is the integral overlap,
and L is the average Bohr radius. The graphs shown in Fig. 2.7 demonstrate the
possibility of a crossover region for the Förster and Dexter mechanisms for suitably
chosen parameter values. The straight lines represent what is expected for an energy
transfer rate operating exactly according to the Förster mechanism (A) and the
Dexter mechanism (B). The Förster mechanism dominates at long distances (more
5–6 Å) while the Dexter mechansim dominates at short distances.

In work [43], it was demonstrated that the mechanism for nonradiative energy
transfer can switch from a longer-range dipole-dipole mechanism to a short-range
exchange mechanism through energy migration between donors. The migration and
trapping rates, W, was estimated using a mechanism for donor-donor energy
transfer (DDET) and donor-acceptor energy transfer (DAET):

W ¼ y
X1
i¼1

CDA Rið Þn Rið Þ ð2:12Þ

Fig. 2.7 Qualitative theoretical plots for KET versus 1/R6 (Förster, graph A) and KET versus exp
(−2R/4.8) (Dexter, graph B). The solid lines correspond to hypothetical situations where the
Förster mechanism operates, while the dotted lines are hypothetical situations for the Dexter
mechanism [42]
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where y is the relative acceptor concentration, CDA(Ri) is the DA transfer rate at a
given donor-acceptor distance, Ri, and n(Ri) is the steady-state excitation density,
which was approximated by

n Rið Þ ¼ 1þCDA Rið Þs1ð Þ�1 ð2:13Þ

where s1 is the decay time for the donor excitation the absence of acceptors and
CDD, was given by

CDD Rj
� � ¼ CDD exp �2Rj=LDD

� � ð2:14Þ

where CDD is an interaction coefficient, Rj the donor-donor distance, and LDD an
effective Bohr radius. Figure 2.8 shows the dependence of the energy transfer rate
on donor concentration. In summary, the crossover from the Dexter mechanism to
the Förster mechanism shifts as the donor concentration increases. This theory was
applied to an analysis of experimental data on the Tb3+(5D4) ! Ce3+(5d1) energy
transfer as a function of Tb3+ concentration in (Lu,Tb)3Al5O12:Ce

3+ garnet
phosphors.

Energy pooling (EP) is defined as a three-electron process in which the energy of
two electrons in excited states is transferred to the third electron (Fig. 2.9). Two
mechanisms of EP were considered: consequence energy transfer in which one
donor transfers its energy to a second donor followed by transfers second donor
energy to the acceptor and direct energy translation from two donors to acceptors
[44]. A combination of molecular quantum electrodynamics, perturbation theory,
and ab initio calculation was used for estimating the rate of 3-body singlet
upconversion pooling in test systems fluorescein -stilbene-fluorescein. The process
was expressed in terms of a coupling matrix element, W(n), and an energy density
of states, d.

Fig. 2.8 Dependence energy
transfer rate on the donor
concentration Tb3+(5D4) for
different mechanisms of
singlet-singlet energy
transfer [43]
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Organic semiconductors was proved to be effective system for realization the
singlet fission (a splitting of something into two or more parts) (SF). Commonly,
this process is a multistep phenomenon, with different photophysical processes
(relaxation, decoherence, exciton diffusion) occurring on multiple time scales. In
this objects, the initially excited singlet can rapidly relax to the bottom of the singlet
band by relatively slow SF reactions to produce high triplet yields (Fig. 2.10).
Singlet ! triplet conversion can be spin-allowed when a four-electron system is
considered. The fission from the singlet state to the triplet manifold occurs when the
singlet projects onto a superposition of the triplet pair states |xx⟩, |yy⟩, and |zz⟩.
Interference between the |xx⟩, |yy⟩, and |zz⟩ terms of the triplet state can lead to
time-dependent oscillations in the projection. As an example, the time-resolved
photoluminescence of a tetracene single crystal showed quantum beats in the
delayed fluorescence [45].

Data on upconversion-induced fluorescence in multicomponent systems have
been reviewed [46].

Fig. 2.9 Schematic
illustration of a pooling
process [44]

Fig. 2.10 Diagrams of the
band structures for
a inorganic semiconductors
and b organic semiconductors
(See details in [45])
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2.5 Intersystem Crossing

2.5.1 Direct Intersystem Crossing

Intersystem crossing (ISC) is a process in which a singlet state nonradiatively
transforms into a triplet state, or conversely a triplet transforms into a singlet. The
probability of this process occurring is more favorable when the vibrational levels
of the two excited states overlap, since little or no energy must be gained or lost in
the transition (Fermi Golden Rule, 2.14) [47].

kISC ¼ 2p
h

mSOj j2q ð2:15Þ

where VSO represents the spin-orbit coupling (SOC) strength, consisting of an
electronic contribution as well as the Franck-Condon factor, q is the density of
coupling triplet levels. The SOC is important factor for ISC which is quantitatively
characterized by an exchange integral. According to the spin conservation rule for
radiative or radiationless transitions, transitions between terms of different multi-
plicity are spin-forbidden. Nevertheless, coupling of the electron spin degrees of
freedom with the non s-state orbital angular momentum (SOC) in paramagnetic
metal complexes may allow a system to circumvent the Wigner spin conservation
rule.

Specifically according to the Fermi Golden Rule the intersystem crossing rate,
kisc, for the non-radiative transition responsible for quenching can be calculated
with 2.16:

kisc ¼ 4p2

h

	 

1w HSOj j3w

� �2
½FC� exp�D13

RT
ð2:16Þ

where ( 1w HSOj j3w) is the value of the spin–orbit coupling term for the
non-radiative transition S1 ! T1, FC is the Franck–Condon weighted density of
states, which characterizes the overlap of the vibrational wave functions, and (D13)
is the energy difference between the initial and final states.

A typical example of intersystem crossing is characterized by the successive
transformations from the exited singlet state (S1) to excited triplet state (T1) and
from the exited triplet state (T1) to ground sinlet state (S0) (Fig. 2.11) [48].

Many chemical reactions involve a change in spin-state that would be spin
forbidden in the absence of ISC. A large body of literature exists, both theoretical
and experimental, explicating the pivotal role of intersystem crossing in various
chemical and physical processes [49–69].

The potential energy surfaces (PESs) crossings, the most likely place for the
transition to occur, play important roles in understanding chemical reactivity when
a process involves a change in the total electronic spin [55]. Spin-orbit coupling
with the approximate one-electron spin–orbit Hamiltonian suggested by Koseki
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et al. [56] was utilized for a theoretical investigation of the reaction of N2O and CO
catalyzed by PtO+ [55]. In the semiclassical model based on PESs, the probability
of intersystem crossing for a molecule passing through a quartet– doublet crossing,
in a Landau–Zener type mode was calculated. To localize and characterize the
crossing points (CP), in this reaction, the concept of minimum energy crossing
point (MECP) on the seam line at which two electronic surfaces of different spin
multiplicities intersect were used. The spin–orbit Hamiltonian was given as

HSO ¼ a2

2

X
i

X
k

Z�
k

r3k

	 

Si � Lik a2

2
¼ e2

2me2c2

	 

; ð2:17Þ

where Si and Lik are the orbital and spin angular momentum operators for an
electron (i) coupled to nearby nuclei. The nuclear charge ZK was replaced by an
effective parameter, Z0

K , which can be taken as the screened nuclear charge.
In article [57] experimental results of Zeeman splitting measurements were

summarized. In that work, intersystem crossing from the lowest excited singlet state
(S1) to the triplet state of N-heterocyclic aromatic hydrocarbons and carbonyl
compounds with p bonds were considered. The ISC was attributed to spin-orbit
coupling with the 3pp* state in the same energy region. In the analysis of the
experimental data, El-Sayed’s rule was utilized [58]. According to this rule, SOC is
allowed between states of different symmetry and electronic configurations
(Figs. 2.12 and 2.13). ISC is expected to be fast in molecules with the low-lying
np* states, where n represents a nonbonding electron of the nitrogen or oxygen
atom. In contrast, ISC is expected to be slow in the S1

1pp* state of aromatic
hydrocarbons with no nonbonding electrons (Figs. 2.12 and 2.13).

In work [60], the results of a theoretical study the reaction mechanism and ISC
problem in the reaction of W + NH3 ! N � WH3 were presented This reaction
ran via four diabatic reaction pathways, corresponding to septet, quintet, triplet and
singlet states, respectively and can be predominantly governed by ISC To elucidate
the reaction mechanism, the properties of intermediates and transition states along

Fig. 2.11 Full Jablonski diagram. S1 and T1 represent the singlet triplet states, respectively.
rSexc;r

T
exc are singlet and triplet absorption cross-section, respectively. rg is the ground state

absorption cross-section, tISC is the intersystem crossing time. en.wikipedia.org/wiki/Jablonski_
diagram
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each diabatic pathway, as well as the curve crossing points and the corresponding
spin−orbit couplings were calculated. A simplified formula to estimate the fol-
lowing nonadiabtic reaction rate kZN:

ZkZN
1
2p

Z 1

0
e�Es=kTB P Esð ÞdEs ð2:18Þ

was used, where Z is the partition function and Es is the translational energy
component along the direction normal to the seam surface and P(Es) represents the
ZN transition probability.

Article [59] considered applications of Transition State Theory which can
account for the kinetics of spin-forbidden chemical reactions. As an example the
reactivity of a typical spin-forbidden reaction HC + N2 determined by two factors
was considered. The first factor is the critical energy required for the reaction to
occur, which in spin-forbidden reactions is defined by the relative energy of the
Minimum Energy Crossing Point between potential energy surfaces corresponding
to the different spin states. The second factor is the probability of hopping from one
surface to another in the vicinity of the crossing region, which is largely defined by
the spin–orbit coupling matrix element between the two electronic wavefunctions.

Cascade decay is a phenomenon associated with excited-state relaxation which
follows a complex route of intermediate states with changes of spin and lattice

Fig. 2.12 El-Sayed’s rule for
spin-orbit coupling [57]

Fig. 2.13 Coupling scheme
for ISC in the S1 1np* state.
SOC and VRC represent
spin-orbit coupling and
vibronic coupling,
respectively [57]\
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parameters. The cascade decay mechanism for ultrafast intersystem crossing
mediated by the spin-orbit coupling in transition-metal complexes was investigated
by using a quantum-mechanical description of the cascading process that occurs
after photoexcitation [61]. The fastest cascading effects are associated with
dephasing of states through the coupling to a continuum, e.g., Fano effects [62].
After the cascade, the system returns to the ground state or to a relatively long-lived
metastable state. For a cascading process, in which several levels at energies Ei are
involved the following Hamiltonian was used

Hs ¼
X
i

Eini þ �hxayaþ kiniðay þ aÞ; ð2:19Þ

where hx is the level splitting of the vibrational/phonon modes of the surrounding
ligands, ki is the coupling strength, ni gives the occupation of state i and a† is the
step operator for the vibrational mode. According the theory, ultrafast cascading
occurs when the energy difference between the levels is comparable to the
self-energy which is on the order of several hundred meV.

Semiclassical trajectory theories related to intersystem crossing dynamics and a
general trajectory surface hopping process were applied to large systems with many
degrees of freedom [64]. Substantial electronic spin orbital coupling was took in
consideration. Nonstandard situation when triplet state is generated thanks to an
three-state crossing involving one singlet and two triplets states was analyzed on
example of photoexcited acetophenone using time-dependent functional theory
[66]. The singlet-triplet intersystem crossing in the reduced Fenna-Matthews-Olson
protein a light-harvesting, bacteriochlorophyll a (BChl a) containing. antenna
complex was investigated by e measurement of time-resolved fluorescence and
transient absorption [67]. The experiments demonstrated that the apparent quantum
yield of singlet-triplet intersystem crossing in the reduced FMO complex is � 11 %
in the most favorable low laser intensities.

The competition between intersystem crossing (ISC) and internal conversion
(IC) as nonradiative relaxation pathways is a challenging problem to be solved in
many cases. This problem was analyzed on example of the processes of internal
conversion and intersystem crossing i in cyclic a,b-unsaturated pentenones excited
to their lowest lying 1pp* state. These processes were investigated by means of
time-resolved photoelectron spectroscopy and ab initio computation [69]. It was
found that, both IC and ISC rates decreased with the quantum yields of ISC varying
between 0.35 and 0.08. A large spin orbit coupling of 45–60 cm−1 over an extended
region of near degeneracy between the singlet and triplet state was suggested as
cause of the rapid rates of ISC. Sketch of the processes photoinduced dynamics is
shown in Fig. 2.14.

The Born-Oppenheimer approximation is used widely in theoretical and com-
putational chemistry and in biomolecular modeling. However, the approximation of
separating electronic and nuclear motion can break down and lead to coupling of
potential energy surfaces. Relativistic effects must be taken into account, when the
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velocity of the electron approaches the speed of light [68]. This is especially rel-
evant in chemical reactions, where even small non–Born-Oppenheimer couplings
should be taken in consideration. Various physical effects can contribute to a
breakdown of the Born-Oppenheimer approximation; among these, spin-orbit
coupling is the most important. Relativistic spin-orbit coupling effects cause
spin-forbidden transitions and can play a significant role in various photochemical
reactions such as photo- and electroluminescence.

A spin-orbit relativistic long-range corrected (LC) time-dependent density
functional theory (LC-TDDFT) for use in investigating spin-forbidden transitions in
photochemical reactions has been developed [63]. Relativistic effects including
spin-orbit coupling effects were considered by the two-component zeroth-order
regular approximation (ZORA) method. In spin-orbit relativistic LC-TDDFT, rel-
ativistic effects including spin-orbit coupling effects were incorporated on the basis
of the ZORA Hamiltonian,

HZORAU ¼ V þ TZORA� �
U;

TZORA ¼ r � p c2

2c2 � V
r � p;

ð2:20Þ

Fig. 2.14 Sketch of the
photoinduced dynamics of
acrolein, 2-cyclopentenone
(CPO) and its methylated
derivatives upon excitation to
the S2 (

1pp*) state (See
details in [69])
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where r, p, and c are a 2 � 2 Pauli spin-matrix, the momentum operator, and the
speed of light, respectively. Potential V contains the nuclear attraction (VNe),
Coulomb (J), and exchange correlation (Vx and Vc) potentials. The spin-orbit
couplings were taken into account through TZORA. This ZORA Hamiltonian was
combined with long-range corrected density functional theory (LC-DFT), in which
the two-electron operator is divided into short-range and long- parts. In the cal-
culation, the long-range exchange and spin-orbit coupling effects were also taken in
consideration.

2.5.2 Induced Intersystem Crossing

Heavy atoms and paramagnetic species can induce intersystem crossing in the
processes S1 ! T1 and T1 ! S0 which is accompanied by quenching of chro-
mophore fluorescence and a reduction of the triplet excited state lifetime, respec-
tively. Induced intersystem crossing (IISC) originates from strong spin–orbit
coupling between spins and the inducing heavy atoms, transition complexes or
stable radicals. These species can be normal constituents of the chromophores
themselves or can be present in the surrounding medium [70–76]. A few typical
example are described further on.

In work, commonly was described by The full Breit-Pauli Hamiltonian was used
for describing the effect of the charge of nucleus I (ZI) on intersystem crossing via
spin orbital coupling [70]:

HSO ¼ a2

2

Xelectron
i

Xnucleus
A

ZA
r3iA

LiASi �
Xelectron
ij

1
r3iA

Lij Si þ 2Sj
� �" #

; ð2:21Þ

where a is fine structure constant, L is the orbital momentum operator, S is the spin
momentum operator, and ZA is the nuclear charge. According to 2.21, increasing the
nuclear charge, contributes more and more to SOC and SOC is a fairly short-ranged
interaction with dropping off 1/r3.

In work [71], this equation was also employed. It was found in that two main
factors affecting on ISC in metalorganic molecules are dependence on the square of
the heaviest atom number and the singlet-triplet energy difference. The authors
stressed importance of exciton-spin-orbit-molecular vibration interaction as a per-
turbation operator for intersystem crossing rate from singlet excited state to triplet
excited state of organic molecules.

An ability of the first-row transition metal ions such as Cu2+, Co2+, Ni2+, and Fe3

and paramagnetic lanthanides to quench fluorescence frequently use for analysis of
these metals [72]. The most probable mechanism of the quenching is intersystem
crossing. Indeed, the T1 ! S0 transition was suggested in work [73]. on the basis of
the significant enhancement of the quenching constants in the chelates of ben-
zoyltrifluoroacetone with paramagnetic Gd3+ ion as compare with diamagnetic La3+
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and Lu3+ ions. This conclusion was confirmed in work [74], in which significant
decrease of the fluorescence life time sfl in chelates of methyl salicylate in the
presence of Gd3+ ions was observed and also by the good linear correlation between
the values of magnetic moments, sfl and the S1 ! T1 transition constants for
paramagnetic lanthanide(III) texaphyrin complexes [75].

The induced S1!T1 intersystem crossing at fluorescence quenching
of 7-amino-1,3-naphthalenesulfonic acid by paramagnetic ions Cu2+, Ni2+, Co2+,
Mn2+, Sm3+, and Ce3+ cations has been found in an aqueous medium [76]. This
mechanism was strongly sustained by the combination of monitoring fluorescence
quantum yield and the triplet state yield of the fluorophore. The constants of static
(Kst) and dynamic (kq) fluorescence quenching, and rate constant of amino-G-acid
triplet state quenching kTby paramagnetic the metal ions were measured using the
Stern-Volmer plots. It is important that a qualitative correlation between triplet state
quenching rate constants and values of the efficient paramagnetic susceptibility and
spin of the cations has been established.

Fluorescence and phosphorescence quenching by the stable nitroxide free rad-
icals solution were described in references [77, 78]. The fluorescence quenching of
phenanthrene (Phen), 9-cyanophenanthrene (CPhen), 9-cyanoanthracene (CA),
perylene (Per), 9,10-dicyanoanthracene (DCA), and 9,10-diphenylanthracene
(DPA) using stable nitroxide radicals as quenchers has been studied by steady
state and flash photolysis measurements [79]. On the basis of flash photolysis
measurements as well as the overlap between the emission spectra of hydrocarbons
and the absorption spectra of radicals, a resonance energy transfer mechanism was
suggested in case of Per, DPA, DCA, and CA, while for Phen and CPhen where the
energy gap between the first excited singlet and the nearest lower triplet state is
small, an induced intersystem crossing was judged to be more likely.

As was first shown by Likhtenshtein group et al. [80], in a dual
fluorophore-nitroxide compound (Dansyl-TEMPO, FNRO•).

Formula 2.1 The irradiation
of the chromophore segment
of dual fluorophore-nitroxide
compound
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The irradiation of the chromophore segment of dual fluorophore-nitroxide
compound (Dansyl-TEMPO, FNRO•) in a glassy liquid invoked producing the
hydroxylamine derivative accompanying a decay of the nitroxide ESR signal and
parallel eight-fold increase in fluorescence. Both processes run with the same rate
constant kred under identical conditions. In order to establish a mechanism of
intramolecular fluorescence quenching (IFQ) and photo-reduction of the nitroxide
segment in the dual molecules, a series of dansyl-nitroxides of different structures
and flexibility of the spacer group, and different redox potentials of nitroxide were
synthesized and investigated (Fig. 2.14) [81].

The rate constants of IFQ (kq), fluorescence quantum yields of paramagnetic and
diamagnetic forms, rate constant of photoreduction (kred) in various solvents for a
series of dansyl compound containing various nitroxides were measured [82, 83]. It
was shown that, the positive correlation between the rate constant of the nitroxide
fragment photoreduction kred and the equilibrium constant Keq for the chemical
exchange reaction between different nitroxides takes place. The Keq value strongly
depends on the nitroxide redox potential Nevertheless the kq values were found to
be independent of Keq. On the basis of these and other available data, two mech-
anisms of IFQ were proposed: the dominant mechanism, intersystem crossing and a
secondary mechanism, irreversible intramolecular electron transfer (ET) from the
excited singlet of the fluorophore (donor D) to nitroxide (acceptor A) followed by
fluorophore segment regeneration and hydroxyl derivative formation. The second
mechanism is responsible for photoreduction (Fig. 2.15).

Electron exchange interactions with paramagnetic species have been known to
facilitate the excited-state relaxation of chromophores. It was proves that the
quenching mechanism originates from changes in the spin multiplicity of the
electronic states [81] and references therein. For example, the singlet (S0) state and
the lowest excited singlet (S1) state of the chromophore and the unpaired electron
spin of the doublet nitroxide radical (NR) become the doublet (D0 and Dn),
respectively (Fig. 2.16).

The lowest excited doublet (D1) and quartet (QA1) states are generated by an
interaction between the nitroxide radical spin and the T1 chromophore triplet.
Because the spin-forbidden transitions of the chromophore, S1 ! T1 and T1 ! S0,
can be partially transformed into the non-forbidden the Dn ! D1 and D1 ! D0

transitions, respectively. The doublet states (Dn, D1 and D0) have the same spin
multiplicity, therefore, the lifetimes of the excited state were expected to be very
short compared to those of the S1 ! S0 transition. As an example, copper por-
phyrins form short-lived (a few ten nanoseconds) D1 and QA1 states.

A series of chromophores bonded to nitroxides have been studied by
time-resolved ESR (TRESR) spectroscopy to investigate directly the excited mul-
tiplet states consisting of a photoexcited triplet chromophore and doublet nitroxides.
The D1 and QA1 states have been observed in solution and in frozen solutions for
several systems. The photophysical properties of silicon phthalocyanin (SiPc)
covalently linked to one or two nitroxide radicals have been systematically studied
by fluorescence, transient absorption and TRESR spectroscopies [81, 84, 85]. The
electronic states of R0, R1 and R2 are depicted in Fig. 2.17.
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Fig. 2.15 Structure of pyrene and dansyl nitroxides (private communication from Drs. V.V.
Martin and A. Weis, Lipitek International, Inc.) [81]

Fig. 2.16 The Dn ! D1 and D1 ! D0 transitions via electron exchange processes [81]

46 2 Spin Exchange Processes Involving Exited Triplet States



Fig. 2.17 Molecular structures and electronic states of SiPc covalently linked to nitroxide radicals
NRs [81]
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In the case of the Dn ! D1 and D1 ! D0 transitions, the electron exchange
process is dominant, as these transitions occur along with the electron exchange
process between the SiPc and nitroxil radical moieties.

Both the theoretical and experimental data presented in clearly demonstrate the
significant progress that has been recently made in applying dual chromophore-
nitroxide compounds to areas of photophysics and biological analytical chemistry
[82–89].
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Chapter 3
Spin Electron Dipolar and Contact
Interactions

Abstract In solving problems of enzyme catalysis, biophysics of biopolymers,
biomembranes, molecular biology and physico-chemistry of polymers it is neces-
sary to know the spatial disposition of individual parts of systems under interest and
the system molecular dynamics. One must also know the depth of immersion of
paramagnetic centers in a biological matrix, i.e. the availability of enzyme sites to
substrates, distance of electron tunneling between a donor and an acceptor group,
position of a spin-label in a membrane and in a protein globule, etc. Structural and
dynamic studies of many of such systems that cannot be obtained as pure single
crystals are beset with serious difficulties. This problem can be solved with the use
of methods of Electron Spin Resonance (ESR) and some time in combination with
Nuclear Magnsetic Resonance (NMR) techniques. The present chapter briefly
described theories of electron spin–electron spin dipolar interactions and electron
spin–nuclear spin dipolar and contact interactions. The theories form a basis for
methods of measurement of distance between the paramagnetic centers, the study of
its motion, and the establishment of spin distribution. In combination, these
methods have been proven to be a powerful approach in the investigation of the
structure and dynamics of biological and chemical molecular objects, including
those which cannot be obtained as single crystals.

3.1 Introduction

The ESR phenomena involves the resonance absorption or dispersion of a mi-
crowave frequency 0.3–250 GHz [1–14] of electro magnetic field (m) by a system
of particles with the intrinsic spin moment of an unpaired electron in a constant
magnetic field of strength H0. The absorption leads to magnetization in the exited
state of the system. Accordingly, the electron magnetic resonance condition is:

hm ¼ gebBH0; ð3:1Þ
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where ge is a g-factor, characterizing the value of the intrinsic electron spin
moment (free electron g-value is 2.002319), bB is the Bohr magneton
(9.27400968 � 10−24 J T−1). The values of g-factors and magnetic field strength H0

dictate position of resonance frequencies in the NMR and ESR spectra. There are two
fundamental mechanisms of spin electron spin electron interactions (SSI), that is,
quantum mechanical exchange interaction (Section X) and semiclassical dipole dipole
interaction (DDI). The DDI arises because the magnetic dipole of one paramagnetic
center induces a local magnetic field at the site of another paramagnetic group. This
interaction manifest itself in the dipolar energy splitting or change of spin-lattice (T1)
and spin-spin (T2) relaxation times. These phenomena form a basis for variousmethods
including distance estimation and determination of parameters of molecular dynamics.

The interaction of an unpaired electron, by way of its magnetic moment, with
nearby nuclear spins, results in additional allowed energy states. Two common
mechanisms by which electrons and nuclei interact are: the Fermi contact inter-
action and dipolar interaction. The Fermi contact interaction is the quantum
mechanical magnetic interaction between an electron and an atomic nucleus when
the electron is inside that nucleus. This interaction leads to appearance of spin
density on s-orbits of atoms bearing nucleus and applies to the case of isotropic
interactions which are independent of sample orientation in a magnetic field. The
dipole-dipole interaction between spin electron and spin of nucleus depends on the
sample orientation. The both phenomena serve as a tool for investigation of
structure paramagnetic spices and its rotational dynamics.

Dynamic nuclear spin polarization is a third mechanism for interactions between
an unpaired electron and a nuclear spin. Spin polarization is the degree to which the
spin is aligned with a given direction. In the thermal thermal equilibrium, the
alignment of electron and nuclear spins at a given magnetic field and temperature
is described by the Boltzmann distribution. Dynamic nuclear polarization
(DNP) relates to transferring spin polarization from electrons to nuclei, resulted in
additional aligning (polarizing) the nuclear spins to the extent that electron spins are
aligned [13, 14]. Those electrons can be aligned to a higher degree of order by
chemical reactions leading to Chemical-Induced DNP, CIDNP) (Section X). This
phenomenon is widely employed for investigation of radical reaction mechanisms.

3.2 Spin Relaxation

Spin relaxations times are important parameters of electron spin resonance and
nuclear magnetic resonance. Two approaches have been used for describing
relaxation phenomena. In the frame of the first approach, the characteristic time of
recovery of the induced magnetization to the ground state on account a transfer of
magnetic energy to energy of media (lattice) is noticed as spin-lattice relaxation
(1/T1). Another type of relaxation, spin-spin or spin-phase relaxation (1/T2), is
related to time of return of the spin system to equilibrium in the exited magnetic
state as a result of spin-spin interaction with environment.
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The second approach is based on properties of the electron Larmor precession,
which is the precession of the magnetic moments of electrons about external
magnetic field (Fig. 3.1) The angular momentum vector ~J precesses about the
external field axis with an angular frequency known as the Larmor frequency,

x ¼ �cB ð3:2Þ

where x is the angular frequency,

c ¼ �eg
2m

ð3:3Þ

is the gyromagnetic ratio, B is the magnitude of the magnetic field and g is the
g-factor.

In NMR and ESR the Bloch equations [15] are used to calculate the dynamic of
spin magnetization M = (Mx, My, Mz), after the microwave resonance absorption,
as a function of time when relaxation times T1 and T2. For M(t) the time dependent
spin magnetization M(t) = (Mx(t), My(t), Mz(t)), the Bloch equations read:

dMxðtÞ
dt

¼ cðMðtÞÞ � BðtÞÞx �
MxðtÞ
T2

dMyðtÞ
dt

¼ cðMðtÞÞ � BðtÞÞy �
MyðtÞ
T2

dMzðtÞ
dt

¼ cðMðtÞÞ � BðtÞÞz �
MzðtÞ �M0

T1

ð3:4Þ

Fig. 3.1 Larmor precession.
www.en.wikipedia.org/wiki/
Larmor_precession
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where B(t) = (Bx(t), By(t), B0 + DBz(t)) is the magnetic field experienced by the
spins. In general, the z component of the magnetic field B can be bancomposed of
two terms: B0, constant in time, and DBz(t), time dependent. M(t) � B(t) is the
cross product of these two vectors. M0 is the steady state spin magnetization in the z
direction. The relaxation times T1 and T2 are called as longitudinal and transverse
relaxation times, being synonyms of spin-lattice and spin-spin relaxation time,
respectively.

Spin-lattice (1/T1) and spin-spin (1/T2) rates of a paramagnetic depend signifi-
cantly on the intensity of phonon dynamics in the medium [16, 17]. The phonon
oscillations are accompanied by electric field oscillations within distribution of
wide range of frequencies. If the distribution partially overlaps the microwave
frequency, the paramagnetic magnetization energy will be transferred to the energy
of the phonon oscillation through the spin-orbital interaction.

In work [18] the temperature-dependent relaxation rates were modeled as the
sum of contributions from the direct, Raman, and local modes:

1
T1

¼ AdirectðT þ bÞþARam
T
hD

� �9

J8ðhD=TÞ

þAloc
exp½Dloc=T �

ðexp½Dloc=T � � 1Þ2
ð3:5Þ

where T is temperature in Kelvin, Adirect and b are the coefficients for the contri-
bution from the direct process, ARam is the coefficient for the contribution from the
Raman process, HD is the Debye temperature, J8 is the transport integral,

J8ðhD=TÞ ¼
Z hD=T

0
x8ðex=ðex � 1Þ2Þ dx; ð3:6Þ

Aloc is the coefficient for the contribution from local mode, and Dloc is the energy
of the local mode. Methods of measurement of the spin relaxation parameters
related to spin-spin interaction will be outlined in Section X. For nitroxide radicals
in liquids, Eaton’s group [19]. Proposed a spin lattice relaxation process, called the
thermally activated process relared to relaxation in the slower tumbling regime
which dominated by a frequency-dependent process.

Comrehensive review on the spin relaxation phenomena in organic radicals and
transition memal ions was published by SS Eaton and Eaton [20] Electron spin
relaxation mechanisms in various systems were discussed in recent works [21, 22].
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3.3 Electron Spin-Spin Dipole-Dipole Interaction

3.3.1 General

According to theory of the Electron Spin Resonance, factors affecting interaction
between two magnetic dipoles in a static magnetic field (H0) are: its magnetic
moments, interspin distance and the angle between the interspin vector and the
external field. Other important factors are the spin-spin (T2) and spin-lattice (T1)
relaxation times, the ESR frequencies (x) of both interacting paramagnetics [1–6].
When the product of relaxation time T1 for the second center and the interaction
energy (Dx) expressed in frequency units and Dx2T1

2 � 1, the effect of the second
spin may be regarded as an interaction with a permanent dipole moment (slow
relaxing spin). When Dx2T1

2 � 1, the interaction may be considered as a weak
perturbation because of the fast relaxation (fast relaxing spins).

3.3.2 Interaction Between Slow Relaxing Dipoles

Dipolar splitting. Pake dublet
The first applications of dipole-dipole spin-spin interactions to the investigation of
protein surface topography (measurement spin-spin distances) were based on
changes in the lineshape of ESR spectra of nitroxide radical or a paramagnetic
complex [25–30] or in the spin relaxation parameters [31–33] arising from inter-
action with a second nitroxide radical or a paramagnetic ion (Sections X, Y). For
rough estimation of distance between nitroxide radicals by analysis of its ESR
spectra, it is convenient to use the Kokorin parameter [30].

The dipolar coupling between two spin leads to splitting of the ESR and NMR
lines with formation of the Pake doublet [23]. The shape of the Pake doublet
(Fig. 3.2) is due to the fact that there are only two possible orientations along the
external magnetic field (parallel and antiparallel), but many orientations perpen-
dicular to the B0-field.

A triplet biradical with a total spin of S = 1 is characterized by three magnetic
sublevels with the quantum number Ms + 1, 0, and −1 (zero-field splitting, ZFS), is
parametrized by a matrix D within the phenomenological spin Hamiltonian [22]:

ĤZFS ¼ ŜDŜ ð3:7Þ

The Hamiltonian that describes interaction between two permanent spins in a
point- dipole approximation is given by [24]

ĤSS ¼ g 2
e a

2

8

X
i6¼j

ŜðiÞŜðjÞ
r 3
ij

� 3
ðŜðiÞrijÞðŜðjÞrijÞ

r 5
ij

" #
ð3:8Þ
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Here, rij = ri − rj for electrons i and j at positions ri and rj, and with spins sˆ(i) and
sˆ(j), ge is the free-electron g-value.

The doublet splitting and line shape depend on orientation of the principal axis
of the coupling interaction relative to the magnetic field direction. In high magnetic
fields, the orientation dependence is expressed with the secular dipole-dipole
coupling constant d12 through the angle H between the axis connecting the two
spins and the external magnetic field vector B0:

d12 ¼ b12
1
2
ð3 cos2 H12 � 1Þ ð3:9Þ

where

b12 ¼ � l0
4p

c1c2�h
r312

ð3:10Þ

in units of rad/s.
Spin-spin anisotropic interaction
The general spin Hamiltonian in the high-field approximation for a pair of dipolar
coupled paramagnetics without taking into consideration spin-orbital effects is
given by [34]:

Ĥ ¼g1zzbe~H0Ŝ
1
z þ g2zzbe~H0Ŝ

2
z � xnðÎ1z þ Î2z Þþ ceA

1
xz Î

1
x Ŝ

1
z

þ ceA
1
yz Î

1
y Ŝ

1
z þ ceA

1
zz Î

1
z Ŝ

1
z þ ceA

2
xz Î

2
x Ŝ

2
z þ ceA

2
yz Î

2
y Ŝ

2
z

þ ceA
2
zz Î

2
z Ŝ

2
z þ

D
4
Ŝ1þ Ŝ

2
� þ D

4
Ŝ1�Ŝ

2
þ þDŜ1z Ŝ

2
z þ JŜ1 � Ŝ2;

ð3:11Þ

where be is the Bohr magneton, g1 and g2 are the tensors defining the interaction of
the electron spin of paramagnetic 1 (Ŝ1) and paramagnetic 2 (Ŝ2) with the magnetic
field (H0), -n is the Larmor frequency of the nucleus, ce is the gyromagnetic ratio
for the electron, A1 and A2 are the hyperfine tensors defining the interaction of the

Fig. 3.2 The shape of the Pake doublet at different dipolar coupling d and the angle H between
the axis connecting the two spins and the external magnetic field vector B0. www.chemie.uni-
hamburg.de/nmr/…/dipolar_coupling.htm
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nuclear spins (Î1 or Î2) with Ŝ1 or Ŝ2, D is the element of the dipolar coupling
tensor, and J is the scalar exchange interaction. Significant contribution of J cou-
pling in pair of paramagnetics tethered with a nonsaturated bridge (super exchange,
Section X) can be observed only for distances fewer than 7–8 Å.

The corresponding Hamiltonian can be expressed in a tensor form as [35]

HSS ¼ g2el
2
B½S1xS1yS1z� �

r2�3x2
r5

D E
� 3xy

r5
� � � 3xz

r5
� �

� 3xy
r5

� � r2�3y2

r5

D E
� 3yz

r5
� �

� 3xz
r5

� � � 3yz
r5

� �
r2�3z2

r5

D E
2
6664

3
7775 �

S2x
S2y
S2z

2
4

3
5 ð3:12Þ

〈 〉 means integration over the spatial coordinats.
The dipolar interaction of paramagnetics with anisotropic g-tensor was described

by the Hamiltonian [36]

Hd ¼ �JdS1S2 þDd 3S1zS2z � S1S2ð ÞþEd S1x � S2x�S1yS2y
� � ð3:13Þ

For isotropic interaction:

Jd ¼ �ðb=3r�3Þ g1xg2x þ g1yg2y � 2g1zg2z
� 	

ð3:14Þ

For the anisotropic interaction with the axial and rhombic symmetry of the
g-factor,

Dd ¼ �ðb=3r�3Þ½ð2g1zg2z þ 0:5ðg1zg2z þ g1yg2yÞ� ð3:15Þ

and

Ed ¼ �ðb=3r�3Þðg1xg2x þ g1yg2yÞ ð3:16Þ

respectively. Thus, the general Hamiltonian should include terms associated with
anisotropy hyperfine interaction.

The spin-spin interaction term for spins was calculated as a first order term from
perturbation theory [37]. The calculated zero-field splitting parameters include both
the spin-spin coupling to first order and spin orbital coupling to second order of
perturbation theory. The dipolar spin-spin contribution was presented as

DSS
kl ¼ g 2

e a
2

4Sð2S� 1Þ WSS
0

X
i

X
i6¼j

r 2
ij dkl � 3rij;krij;l

r 5
ij

f2ŝzðiÞŝzðjÞ







*

� ŝxðiÞŝxðjÞ � ŝyðiÞŝyðjÞg


WSS

0

+
ð8Þ

ð3:17Þ
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Here, WSS
0 denotes the Ms = S component of the wave function for the state

under investigation. The authors stressed than the direct dipolar spin–spin inter-
action contains an “exchange” contribution that is of different origin than the iso-
tropic Heisenberg type exchange interaction The Heisenberg isotropic exchange
interaction is responsible for the splitting of the energy levels into singlet and triplet
states of the interacting radical pair, while the “exchange” contribution to the spin–
spin interaction in (3.19) represents a quantum mechanical correction to the mag-
netic dipole–dipole interaction. Equations (3.16)–(3.19), can be used for determi-
nation interspin distances up to 25–30 Å.

A theoretical method for ab initio calculations of the zero-field splitting
parameters from electron spin–spin interaction contributions was described within
the density-functional theory [38]. For organic biradicals, such as carbene, vinyl-
methylene, phenylcarbene, and diphenylcarbene, the relationship between their spin
orbitals, magnetic axes, and effects of conformational changes and the zero-filed
splitting parameters (D- and E) have been revealed. With the aim to develop tools
for determining both the distance distribution and the relative orientation of the
labels from experimental spectra, a tether-in-a-cone model (Fig. 3.3) was devel-
oped. Such an approach allowed the simulation of electron paramagnetic resonance
spectra of dipolar coupled nitroxide spin labels attached to tethers statically dis-
ordered within cones of variable halfwidth [39, 40]. In the frame of the model, the
spin Hamiltonian in the high-field approximation for a pair of dipolar coupled
nitroxides was used.

The Hamiltonian that describes the interacting system of a spin S = 1 (SFe) with
a spin S = 1/2 (Srad) is given by [41]

H ¼bSrad � grad �Hþ b SFe � gFe �Hþ SFe � D � SFe þ Srad � D � SFe ð3:18Þ

where b is the Bohr magneton; H, the applied magnetic field; grad and gFe are the g-
tensors for the radical and the iron center; D is the axial zerofield splitting tensor for

Fig. 3.3 Diagram defining
parameters for the
tether-in-a-cone model. The
axes X, Y, and Z are the axes
of the two nitroxides with
X along the N-O bond and
Z perpendicular to the plane
of the nitroxide and with all
subscripts referring to
nitroxide 1 or nitroxide 2.
Other detais see in [40]
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the iron and is; D is the diagonal interaction tensor; and Srad and SFe, are the spin
operators g. In work [41], The Hamiltonian was expanded as

H ¼ bðgradx Ŝradx Hx þ grady Ŝrady Hy þ gradz Ŝradz Hz þ gFex ŜFex Hx

þ gFey ŜFey Hy þ gFez ŜFez HzÞþD ŜFez ŜFez � 2
3

� �
þ DxðŜradx ŜFex ÞþDyðŜrady ŜFey ÞþDzðŜradz ŜFez Þ

ð3:19Þ

The interaction between the iron center and the radical results in six energy
levels. Because the values for the coupling are small compared to the positive
zero-field splitting parameter D, only transitions between the two lower levels were
taken in consideration

3.3.3 Interaction Between a Slow Relaxing Dipole and Fast
Relaxing Dipole

Of particular interest for the solution of structural problems is the case involving
one slower-relaxing paramagnetic center with T1s and T2s times that are long
enough for the ESR line to be observed and for the ESR saturation curve to be
obtained, and a second center characterized by short relaxation times, T1f, T2f and
i.e., T1f lf/r3 � 1. For such a pair, assuming that T1f = T2f, (xf − xs)

2T1f
2 � 1,

(xs)
2T1f

2 � 1, and the spherical average of orientation-dependent terms for the
contribution of the second paramagnetic center to T1s and T2s, [31–33, 42], the
Solomon and Bloembergen Equation [43] gives:

D
1
T1s

¼ 1
T1s

� 1
T0
1s

¼ l2f c
2

6r6T1f

24

5ðxf þxsÞ2
þ 12

5x2
s
þ 4

5ðxf � xsÞ2
" #

ð3:20Þ

D
1
T2s

� �
¼ 1

T2s
� 1
T0
2s

¼ 4l2f c
2

15r6
T1f ð3:21Þ

The relaxation times can be estimated experimentally and by analysis of CW
power saturation curves in solids from saturation curves recorded under conditions
of rapid passage [31–33, 44] using effect of cross relaxation of free radicals in
partially ordered solids [45], and by pulse methods [46–48].

For application (3.20) and (3.21) without knowing T1f two approaches have been
proposed [31–33, 44]. In the first approach the T1f factor cancels in the product
D(1/T1s)D(1/T2s). The second approach is based on the fact in solids T1f usually
decreases monotonically with increasing temperature (if no other dynamic process
occurs that affects T1f, such as a phase transition). In such a condition the T1f can
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disappear at the temperature at which the dipolar contribution is maximum. At this
temperature T1f = Dx and the dipolar contribution is given by (3.22).

D
1
T1s

� �
¼ l2f c

2

15r6Dx
ð3:22Þ

Because lf depends on electron spin, the theoretical maximum distances (rmax)
to a second paramagnetic center with spin Sf that could be determined were esti-
mated as: rmax = 100 Å for Sf = 1/2 and rmax = 150 Å for Sf = 5/2. Such a high
sensitivity of dipolar interaction based on the measurement of spin relaxation time
as compare to measurement of spin-spin relaxation time is due to the fact that at low
temperature for slow relaxing radicals T1s � T2s. Such an approach allowed to
apply (3.22) directly for interspin distances without knowledge of T1f and T2f.

Application of (3.20) and (3.21) based on analysis of the saturation recovery
with knowledge T1f and T2f was described in [48]. The analog of this equation for
the case of S = 5/2 with zero-field splitting D much greater than the Zeeman
interaction is (3.23):

1
T1S

¼ 1
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1f

"

þ 18P1T2f

1þðxf � xSÞ2T2
2f

#
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ð3:23Þ

Here P1, P3 and P5 are the population of the ms = ±1/2, ±3/2, ±5/2 energy
level, respectively; 2D and 6D are the splitting between the ground and excited
state, respectively. It was assumed that values of T1f = T2f.

Aforementioned approach based on interaction between a slow relaxing dipole
and fast relaxing dipole was applied by to determine interspin distances in various
biological systems [44] and references therein. The determination of electron-
electron distances in various systems was considered in Chaps. 5 and 6.
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3.4 Electron Spin Nuclear Spin Interaction

3.4.1 General

The electron-nuclear spin interaction originates from the coupling of the nuclear
magnetic moment to the magnetic field generated by the electron magnetic moment
or equivalently from the coupling of the electron magnetic moment to the magnetic
field generated by the nuclear magnetic moment. The hyperfine interaction between
the electron and the nuclear spins consists of the isotropic Fermi contact interaction
and the anisotropic dipole-dipole interaction [49–52].

The contact interaction is given by.

ĤeN ¼
X
n

anŜe � Ĵn; ð3:24Þ

where Ŝe and Ĵn are the spin and nucleus operators, respectively
and

an ¼ l0
4p

cecn
8p
3

WðRnÞj j2; ð3:25Þ

Here l0 is the vacuum magnetic permeability, Rn denotes the coordinates of the
nth nucleus, cn and ce are the nuclear gyromagnetic ratio, and the electron gyro-
magnetic ratio, respectively; |w(Rn)|

2 is the spin density of s-electron on the nucleus.
The total Hamiltonian of the system of an electron and many nuclear spins is

given by [51]:

Ĥ ¼ Ĥe þ ĤN þ ĤeN þ ĤNN ; ð3:26Þ

and composed of the single spin Zeeman energies, Hamiltonian for interaction in
the applied magnetic field along the z axis, the hyperfine interaction and the
intrinsic nuclear-nuclear interaction, respectively. Both the spin and orbital angular
momentum of the electron contribute to nuclear magnetic moment. The
electron-nuclear spin interactions for an electron in an s-symmetry orbital and in a
non-s-symmetry orbital are expressed as follows:

HHF ¼ 16p
3

cIlBlNdðrÞ S � I½ �; l ¼ 0

HHF ¼ 2cIlBlN
r3

ðL� SÞ � Iþ 3
ðS � rÞðI � rÞ

r2

� �
; l 6¼ 0:

ð3:27Þ

Here, cI, lB, and lN are the gyro-magnetic factor of the nuclear spin, the Bohr
magneton, and the nuclear magneton, respectively. S and I are the spin operators for
the electron and the nucleus, and L is the angular momentum operator for the
electron. The nuclear magnetic moment mI originating from the nuclear spin
quantum number I is mI = 2I + 1.
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For anisotropic hyperfine dipolar of anisotropic electron spin with anisotropic
nuclear spin Hamiltonian was given by [35]

Hdip ¼ �glBgnln½Sx Sy Sz� �

r2�3x2
r5

D E
� 3xy

r5
� � � 3xz

r5
� �

� 3xy
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� � r2�3y2

r5

D E
� 3yz

r5
� �

� 3xz
r5

� � � 3yz
r5

� �
r2�3z2

r5

D E

2
66664

3
77775 �
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Iz

2
64

3
75

¼ S � Adip � I

ð3:28Þ

Here 〈 〉 means integration over the spatial coordinates.
Various aspects of the electron spin and nuclear spin interactions can be illus-

trated by examples presented in [52–59]. For instance, a quantum solution to the
electron spin decoherence by a nuclear pair-correlation method for the
electron-nuclear spin dynamics under a strong magnetic field and a temperature
high for the nuclear spins but low for the electron was presented in [53]. The theory
incorporates the hyperfine interaction, the intrinsic both direct and indirect nuclear
interactions, and the extrinsic nuclear coupling mediated by the hyperfine interac-
tion with the single electron. A quantum cluster expansion method was developed
for the problem of localized electron spin decoherence due to dipolar fluctuations of
lattice nuclear spins [54]. Modern powerful pulse methods such as HYperfine
Sublevel CORrElation spectroscopy (HYSCORE)54 and Electron Spin Echo
Envelope Modulation (ESEEM) [54, 55] are ones of the most widely applied EPR
techniques for the investigation of hyperfine couplings in a wide range of spin
systems (Sect. 6.7).

3.4.2 Nuclear Magnetic Resonance of Paramagnetic
Molecules

• The nuclear magnetic resonance properties are governed by the total
Hamiltonian of the system of an electron and many nuclear spins. Effects of
electron spin on nuclear spins on position of NMR spectra are revealed in
contact and pseudocontact chemical shifts, which are caused by electronic
screening external magnetic field, and the relaxation rates enhancement.
Self-orientation residual dipolar couplings cross correlations between Curie
relaxation (Sect. 3.4.3) and dipolar relaxation also should be taken in consid-
eration [60–65]. All these effects are used for investigation of structure and
electron distribution of biological and non-biological molecules.

• The total observed NMR chemical shift (dtot) includes both a diamagnetic or
orbital contribution (ddia) from paired electrons and a hyperfine contribution
(dhf) from spin electrons–spin nucleas interactions. If it is relevant, spin-orbit
coupling effects can be also taken into account [65]. The hyperfine shift, in turn,
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can be broken down into Fermi contact (dFC) and pseudocontact (dpc) terms.
dFC of a given nucleus depends on the spin state (S) of the system, the spin
density at the nucleus (qab), and on temperature (T) [66].

• The Fermi contact shift

dFC ¼ mðSþ 1Þqab


T ð3:29Þ

when m is a collection of fundamental physical constants and qab is the spin
density at the nucleus (qab).

• The pseudocontact chemical shift (PCS) is a contribution to chemical shift of
nuclear Larmor frequency caused by the presence of centers with unpaired
electrons, where the probability density of the unpaired electron at the site of
nucleus is negligible [62, 67, 68]. Such a shift is related the dipolar coupling
between the magnetic moments of the nucleus and of the unpaired electron,
when the magnitude of the magnetic moment of the unpaired electron depends
on the molecular orientation with respect to the magnetic field vector.
Magnitude of the pseudocontact shift is proportional to r−3 and, therefore, PCS
is more sensitive to relatively long-distance interactions then that the Fermi
contact shift.

• Pseudocontact shifts, described as early as 1958 by McConnell and Chesnut
[67], is given by [62]:

dpcs ¼ 1
12 pr3

Dvaxð3 cos2 h� 1Þþ 3
2
Dvrh sin

2 h cos 2u
� �

Dvax ¼ vzz �
vxx þ vyy

2
andDvrh ¼ vxx � vyy

ð3:30Þ

where r is the distance between observed nuclei and electron, Δ vax and Δ vrh are
the axial and rhombic anisotropy parameters of the magnetic susceptibility
tensor of the system, h and u are the polar coordinates of the nucleus in the
frame of the electronic magnetic susceptibility tensor, and r is the distance of the
atom from the paramagnetic center.

In work [65], based on density functional theory (DFT), scalar-relativistic and
spin-orbit coupling effects NMR shifts were taken into account, and a Fermi-contact
term was included in the NMR shielding tensor expression. [65]. It was shown that
the combination of spin-orbit coupling and magnetic field mixes spin triplet states
into the ground state, inducing a spin density. This spin density can then interact
with the nuclei of the molecule via the Fermi-contact interaction, and, therefore,
effects the NMR spectra. Proposed approach allowed separation of pseudocontact
(PCS) from Fermi contact (FC) shifts from NMR data.

In work [64], the combination of pseudocontact shifts induced by a
site-specifically bound lanthanide ion and knowledge of three-dimensional (3D)
structures of the lanthanide-labeled protein e186 was used to achieve: (i) rapid
assignments of NMR spectra, (ii) structure determinations of protein–protein
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complexes, and (iii) identification of the binding mode of low-molecular weight
compounds in complexes with proteins. The spatial the pseudocontact shifts
(PCS) distribution detected in [64] and shown in Fig. 3.4 is described by

DdPCS ¼ 1
12 pr3

Dvaxð3 cos2 h� 1Þþ�
3
2
Dvrh sin2 h cos 2u

�
ð1Þ

ð3:31Þ

where DdPCS denotes the difference in chemical shifts measured between diamag-
netic and paramagnetic samples, r is the distance between the metal ion and the
nuclear spin, Dvax and Dvrh are the axial and rhombic components of the Dv
tensor, and the angles h and u describe the position of the nuclear spin with respect
to the principal axes of the Dv tensor. Figure 3.4 illustrates isosurfaces PCSs
induced by Dy3+ In e186.

3.4.3 Nuclear Relaxation Rates Enhancement
by Electron Spin

The unpaired electron–nucleus dipolar interaction causes R1 (longitudinal) and R2

(transverse) nuclear relaxation because of its modulation. The nuclear relaxations
are enhanced by the presence of a paramagnetic ion. Commonly, the major source
of relaxation of nuclei I may be the coupling with the unpaired electrons but not the
coupling with nuclei. For the Solomon and Curie contributions, proton relaxation
enhancement (PRS) is described by equations [69, 70].

Fig. 3.4 a Isosurfaces depicting the pseudocontact shifts (PCSs) induced by Dy3+ plotted on a
ribbon representation of the crystal structure of e186. The PCS isosurfaces constitute a
representation of the Dv tensor. b Schematic representation of the v tensor, illustrating the
electron−nucleus distance r (the nuclear spin being exemplified by a 1H) and the angles h andu [64]
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where xI is the nuclear Larmor frequency, xS is the electron Larmor frequency, r is
the electron–nucleus distance, ge is the electron g factor, lB is the electron Bohr
magneton, gI is the nuclear magnetogyric ratio, k is the Boltzmann constant, T is the
temperature, S is the electron spin quantum number. The correlation times related to
the Solomon and Curie mechanisms responsible for relaxation are:

s�1
c ¼ s�1

e þ s�1
r þ s�1

M ð3:33Þ

and

s�1
Curie ¼ s�1

r þ s�1
M ð3:34Þ

If the proton exchange rate s�1
M is negligible, sc is determined by both the

reorientation time of the electron–nucleus vector sr and the electron relaxation time
se, whereas s

Curie is determined by sr only.
Cross correlation rates between Curie spin relaxation and dipole-dipole coupling

arising from the interference of relaxation mechanisms due to the presence of
unpaired electron spin density were first observed in paramagnetic molecules by the
Bertini group [71, 72] The relaxation allowed coherence transfer peaks in 2D
correlated spectroscopy (COSY) spectra (Sect. 6.7). For instance, the cross corre-
lation rates and H-N dipole-dipole coupling depend on the metal-to-proton dis-
tances and on the M-H-N angle.

The nuclear Overhauser effects (NOEs) [73] cause changes in the intensity of a
signal at one frequency when the resonance frequency of a different nucleus is
irradiated, due to dipole-dipole interactions between the magnetic moments of the
pair of nuclei. Delocalization of the unpaired electron spin density on resonating
nuclei through chemical bonds causes a further contribution to the paramagnetic
nuclear relaxation enhancement, which is called contact relaxation. The enhance-
ment of the longitudinal R1M and transverse R2M contact relaxation rates are given
by the Bloembergen equations [60, 74]
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1M ¼ 2

3
SðSþ 1Þ A

�h

� �2 sc
1þx2
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2
c
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2M ¼ 1

3
SðSþ 1Þ A

�h

� �2

sc þ sc
1þx2

Ss
2
c

� � ð3:35Þ

where A/h is the contact coupling constant (rad s−1). Because the electron relax-
ation and chemical exchange modulates the coupling, the correlation time was
provided by

sconc

� ��1¼ s�1
s þ s�1

M ð3:36Þ

The R1M and R2M are proportional to r−6, where r is the distance between the
unpaired electron and the resonating nucleus. This dependence allows to determine
the nuclear–metal distances for protons close to the paramagnetic center and to have
an upper distance limit of protons far from the paramagnetic center.

Spin dynamic in a system containing with two spins, which are involved in the
exchange interaction and hyperfine interaction with two nuclear spins in strong
magnetic field (Fig. 3.5) have been considered [75]. In the high magnetic field, the
two-spin system can be described by a singlet state (S) and three triplet states (T0,
T+1, T−1). The total Hamiltonian is given as

H ¼ x1S
z
1 þx2S

z
2 � JS1 � S2 þ

X
i

ai1S1 � Ii1 þ
X
j

a j
2S2 � I j2 þ

J
4

ð3:37Þ

where J is the isotropic part of the spin exchange, x1 = g1lBB and x2 = g2lBB are
the isotropic Zeeman energies, and a1

i and a2
j are isotropic hyperfine couplings. If

exchange integral J is close to magnitude to the electron Zeeman interaction, weak
isotropic electron–nuclear hyperfine coupling leads to population of |T+1⟩ state. In

Fig. 3.5 Schematic
presentation of a system in
which radical pair spins S1
and S2 are coupled to the
nearby nuclei I1 and I2 and
interact with each other with
the exchange coupling J [75]
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such a condition triplet quantum yield (QY) the nuclear polarization is almost equal
to the QY of T+1 with opposite sign.

In paper [76], author concentrated on two aspects of NMR of paramagnetic
system: composition of high-resolution NMR spectra on the base of detection of
ESR superfine interaction in ESR spectra and peculiarities of NMR of multielectron
molecules. For paramagnetic centers possessing a small magnetic susceptibility
(electron spin S = 1/2) method of very fast magic angle spinning (VFMAS), pro-
posed by Ishii and co-workers in 2003 [77], has proved to be effective experimental
tool for detecting high resolution NMR spectra. Spinning the sample (frequency of
1–100 kHz) at the magic angle hm (54.74°) with respect to the direction of the
magnetic field allowed to average anisotropic dipole dipole interaction and,
therefore, to make narrow the NMR spectra lines.

The recent developments and applications of paramagnetic magic-angle spinning
NMR focus on the investigations of metalloproteins and natively diamagnetic
proteins modified with covalent paramagnetic tags, for example derivative of Dy3+,
Tb3+, Tm3+, Yb3+ or Y3+ [78, 79]. Data on pseudocontact shifts and spin relaxation
enhancements derived from solid-state NMR spectra provide information about
electron–nucleus distances on the 20 Å length scale [80]. Another area of appli-
cation of the VFMAS is structure and dynamics of complexes of transition metals,
cobalt(II) in particular [81]. 13C and 2H solid-state fast magic angle spinning
revealed Fermi contact and hipper fine coupling in Cu2+ complexes with amino acid
ligands [82].

3.4.4 Contrast Enhancement of Water Protons in Magnetic
Resonance Imaging

Magnetic resonance imaging (MRI), or magnetic resonance tomography (MRT) has
been proved to be a powerful medical imaging technique based on a scanning
strong magnetic fields, radio waves, and field gradients to form images of the body
[83–87]. In many cases this technique appears to be indispensable in medical
diagnosis.

Contrast enhancement in Magnetic Resonance Imaging (MRI) is defined as the
difference in intensity between the same pixel or the same collection of pixels of
region of interest in the pre-contrast (Ipre) and post-contrast (Ipost) MRI. The
ability of paramagnetic probes to increase the relaxation rates r of solvent water is a
linear function of the concentration of the contrast agent [CA], the slope of which is
known as rCA relaxivity.

r ¼ r0 þ rCA ½CA� ð3:38Þ

where r0 represent the relaxation rate of the water protons in the absence of contrast
agent. As contrast agents, superparamagnetic particles of iron oxide, iron, platinum,
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manganese, gadolinium chelates, iron salts and, protein-based MRI agents, utilized
the abilities of some amino acids residues to bind with gadolinium, can serve.

The electron spin interacts through dipole-dipole coupling with the nuclear spin
residing in the paramagnetic complex (the inner-sphere case) as well as outside of it
(the outer-sphere case). The Fermi contact mechanism can be involved as well. An
example of such an interaction was described in work [86]. Magnetic
field-dependent measurements of the paramagnetic relaxation enhancement for
water protons in the presence of Mn(II) complexes (S = 5/2), were analyzed using
theoretical models which took in account the electronic Zeeman interaction and the
zero-field splitting in the complex. It was also suggested that suggested. That the
relaxation of the electron spin for S > 1 is multiexponential. The measured 1H
relaxation rates in the presence of paramagnetic complexes were given by a sum of
two terms:

T�1
1P ¼ PM q

T1I þ sM
þ T�1

1OS ð3:39Þ

The first and the second term of the equation correspond to the inner- and
outer-sphere contribution to the PRE, respectively. PMq is the mole fraction of
ligand protons in the bound position and q is the number of bound ligand mole-
cules, T1I is the spin-lattice relaxation time for the nuclear spin I in the complex, sM
is the chemical exchange lifetime.

In another work [87], NMR Fermi contact and dipolar shifts in the first water
hydration shell with nuclea–electron distance r�3

IS were considered. The electron–
proton dipole–dipole correlation function CDD

P ðsÞ, writing it as a product of an
isotropic reorientational diffusion correlation function and the distance correlation
function, 〈 r�3

IS(0)r
�3
IS(s), was presented as

CDD
p ðsÞ � 1

5 r3IS
� �2 e�s=sR :

were sR is the correlation time in the picosecond regime. In addition Molecular
dynamic MD simulations was employed for analyzing transient zero-field splitting
(ZFS) in the frame of the pseudo-rotation model. It was shown that, the fast
wagging and rocking motions of the water protons is important in the time
dependence of the transient ZFS interaction. The model described the fluctuating
zero-field interaction as a constant amplitude in the principal frame but reorienting
according to a rotational diffusion equation of motion. A three-exponential corre-
lation function which oscillates at short times were predicted. Magnetic Resonance
Imaging finds wast application in biomedical research and medical practice
[88–91].
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Chapter 4
Spin-Selective Processes of Electron
and Nuclear Spins

Abstract A detailed knowledge of spin-selective phenomena in magnetic field is
necessary for the development of molecular magnetic materials and for deep insight
to mechanisms of many physical, chemical and biological processes. The spin
conservation is an absolute requirement to any selective process. Examples of
spin-selective processes are: (1) the quenching of electronically excited molecules
in singlet and triplet states by paramagnetic species, (2) the generation and decay of
electron spin-polarized states, intersystem crossing (ISC, Sect. 4.2.5), (3) electron,
energy, and spin transfer, and magnetic isotope effect. In this chapter, the funda-
mentals and applications of methods based on the spin selected phenomena of
dynamic nuclear polarization DNP, chemically induced spin correlated dynamic
electron polarization CIDEP and chemical-induced dynamic nuclear polarization
(CIDNP) have been discussed. These methods, with their capacity for monitoring
radical and ion-radical intermediates, have been successfully used as effective tools
for investigation of spin elective processes in chemistry, physics and biology
including native and artificial photosynthesis.

4.1 Introduction

A key step for spin-selective physical and chemical processes, leading to the
generation of spin polarized states of electrons and nuclei, is the conversion from
the singlet state (S1) to the triplet state by the intersystem crossing mechanism. The
magnetic field B0 splits the initial triplet state to T0, T+, T− (Fig. 4.1). T0 – T− and
T0 – T+ transitions can be induced by electron spin relaxation or an applied resonant
microwave magnetic field. Using these basic chemical and physical facts, the fol-
lowing advanced spin selected methods have been developed: chemically induced
spin correlated dynamic electron polarization. dynamic nuclear polarization and
chemical-induced dynamic nuclear polarization.

The main source of information on the spin selective processes is the modern
paramagnetic spin resonance EPSR sometime in combination with nuclear mag-
netic resonance NMR. These processes are involved in elementary steps in
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molecular magnetic materials [1, 2], including systems of switching between
paramagnetic and ferromagnetic states [2], organic-based spin polarizer, [3],
molecular devices designed to convert light energy [4] and probably in molecular
compassing (Section X).

4.2 Chemically Induced Spin Correlated Dynamic
Electron Polarization

Chemically induced spin correlated dynamic electron polarization (CIDEP) effects
take place when the populations of the spin states deviate substantially from thermal
equilibrium. Such an effect can arise in the electron spin system of reactive radicals
generated as transient intermediates following the sudden initiation of chemical
reactions. The CIDEP phenomenon can arise from a variety of mechanisms
involving the mixing of singlet and triplet spin states [5–8]. The first CIDEP spectra
were first detected in 1963 by Fessenden and Schuler [9]. The main mechanisms
causing spin polarization in free radicals are: the triplet mechanism (TM), the
radical pair mechanism (RPM), the correlated coupled radical-pair mechanism
(CRPM), the radical triplet pair mechanism (RTPM) and triplet-triplet annihilation
mechanism (TTAM). These mechanisms have been extensively reviewed and many
examples of CIDEP have been reported in the literature [8–12].

4.2.1 Triplet Mechanism

The triplet mechanism (TM) is observed only in irradiated systems of lower than
cubic symmetry [5, 6]. In the context of the triplet mechanism, the following
processes occur: (1) singlet excited molecules may undergo inter-system crossing
(ISC, Sect. 4.2.5) to their triplet state and subsequently form radicals, which can

Fig. 4.1 Singlet triplet
transition and triplet state
degeneration in magnetic
field. S denotes singlet state;
T0, T–, T+ denote triplet states
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lead to differently populated triplet sub-levels owing to the ISC selection rules
(Fig. 4.1), (2) the resulting initial spin polarization of the triplet state can then be
transferred to radical reaction products, thus producing triplet molecules with
pronounced spin polarization in the molecular frame (3) the zero-field spin
sub-levels of a low-symmetry triplet molecule, Tx, Ty and Tz are rendered non-
degenerate state due to the dipolar or zero-field coupling between the electrons. The
interaction of triplet spin magnetic moment with the external magnetic field B0 via
the Zeeman effect can transform a substantial part of the molecular-frame spin
polarization. In this mechanism, the triplet reacts rapidly to yield a pair of polarized
radicals on a time scale faster than spin-relaxation can quench the Zeeman polar-
ization. The polarization depends on The ratio of the zero field splitting (ZFS) the
Zeeman interaction, xZFS/x0, and the rotational correlation time sR in solution are
main factors affected on the polarization.

4.2.2 Spin-Correlated Coupled Radical-Pair Mechanism

The spin-correlated coupled radical-pair mechanism (CCRP) is operative when
radical pair partners are squeezed by the surrounding matrix and forced into
well-defined positions relative to each other. Probing the structure and dynamics of
transient intermediates by EPR spectroscopy in photosynthetic reaction center
protein complexes or in biomimetic donor–acceptor complexes on the basis of
photo-induced electron spin polarization phenomena is one of the promising
directions of quantitative photochemistry [5, 6, 8, 12–16] The vector model of S–T
conversion is shown in Fig. 4.2 [8].

Fig. 4.2 Vector model of
singlet–triplet conversion in
radical pairs. S = singlet state;
T0, T–, T+ = triplet states; T1
and T2 are electron spin
relaxation times; S1 and S2
correspond to spins of radical
1 and radical 2. The relative
dephasing induced by Dx of
the spin precession is
sufficient for transitions
between the S and T0 states.
Electron spin relaxation T1
induced transitions between
the T0 and T–, T– states [8]
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In the general case the Hamiltonian of a radical pair (RP) in a magnetic field B0

is [8]:

H ¼ g1lBB0Ŝ1z þ g2lBB0Ŝ2z þ
Z a

i
AiŜ1Îi þ

Z b

k
AiŜ2Îk � J

1
2
þ 2Ŝ1Ŝ2

� �
ð4:1Þ

where J is the exchange interaction of spins S1 and S2, lB is the Bohr magneton, g1
and g2 are the electron g-factors of radicals 1 and 2, and Ai, Ak are the hyperfine
(HFI) constants of electrons coupled to nearby nuclei.

In work [15] a situation where at time t = 0 a spin correlated radical pair is
formed in the singlet spin state which interacts with a third spin was considered.
The theory was applied to the system I(P·+Q·−)L·, here P·+ is the primary electron
donor cation radical and Q·− is the electron acceptor anion radical in the radical
pair, and L· denotes the observer spin label in its doublet state. The spin dynamics
of this system is governed by the interaction with a constant external magnetic field
Bo, with a microwave field of frequency xo and amplitude BI, and the exchange and
dipole-dipole interactions between paramagnetic particles as well as hyperfine
interaction with nuclear spins. The following spin Hamiltonian in the rotating frame
was used:

Ĥ0 ¼ðxP � xDÞŜP2 þðxQ � x0ÞŜQz
þðxL � x0ÞŜLz

þCPQŜPz ŜQz
þKPQðŜPxŜQx þ ŜPyŜQyÞ

þCQLŜQz ŜLz þKQLðŜQxŜLx þ ŜQyŜLyÞ
þCPLŜPzŜLz þKPLðŜPxŜLx þ ŜPyŜLyÞ
�
X
k

APkŜPzÎkz þ
X
k

AQkŜQzÎkz þ
X
k

ALkŜLzÎkz;

ð4:2Þ

where xi is the Zeeman frequency of the spins, Sj and i, are the spin operators for
electron i and nucleus Îk, respectively. Cij and Kij, denote the secular and
pseudo-secular couplings between spins i and j, respectively, which are given by,

Cij ¼ �2ðJij � dijÞ andKij ¼ �2ðJij þ dij=2Þ ð4:3Þ

where Jij, is the isotropic exchange coupling between spin i and j and dij is dipolar
coupling between the spins, Aik is the hyperfine coupling constant between spin i
and the kth nucleus.

Theory for the mechanisms of chemically induced electron spin polarization
(CIDEP) observed in free radical reactions in solution was developed [5, 8, 15, 16].
A heuristic model of chemically induced electron spin polarization that breaks the
polarization mechanism into its component steps, with each step governed by an
appropriate solution of the diffusion equation, was also developed for a
two-dimensional system [16]. The model yields the polarization and its time
development for weak to strong singlet-triplet mixing in the radical pairs.
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According to the theory, the spin polarization of a radical pair formed in a corre-
lated spin singlet (S) or M = 0 triplet state (T0) is controlled by the rapidly varying
exchange interaction (4.4).

dq=dt ¼ �½2Qiþ 2JðrÞj�xq ð4:4Þ

here,

Q ¼ T0 Hmj jSh i ð4:5Þ

is the singlet–triplet (ST) mixing rate due to the magnetic Hamiltonian Hm and

JðrÞ ¼ Jr exp�½kðr � rÞ� ð4:6Þ

is the exchange interaction which splits the S and T0 states, r is the pair separation,
and r is a collision–reaction separation of the order of a molecular diameter. Here
Jr is of the order of the thermal energy of the interacting radicals. The suggested
steps in the polarization process are: ST mixing, exchange polarization, spin
exchange depolarization, and repeated polarization sequences.

There is a large body of literature on theoretical and experimental, aspects of
spin correlated coupled radical-pairs in chemistry particularly in photosynthesis
[8–12, 15–25] and references therein.

4.2.3 Radical-Pair Mechanism

In the radical-pair mechanism (RPM) of CIDEP in liquid solution, the polarization
arises during the radical lifetime as a result of differences in the magnetic inter-
actions (Zeeman and/or hyperfine) and the exchange interaction between radicals
when forming spin-correlated radical pairs under reencounter when diffusing in
solution [5, 6].

The radical-pair mechanism includes the following steps: (1) The radical pair
partners are created via chemical reaction of an excited molecule (geminate pair) or
where the radical pairs are formed by a random encounter of separately generated
radicals (free or F-pair), (2) The radicals in the singlet state can form a recombi-
nation product, whereas the triplet state is repulsive and does not lead to product
formation. The electron-nuclear hyperfine interactions and electron Zeeman inter-
actions with the external magnetic field are decisive factors affecting the reactivity
of the radical pair, and (3) The radicals which are separated sufficiently so that
short-range valence or exchange forces are negligible, will be polarized.

The mechanisms of the RPM process in various systems have been described in
detail [6, 26, 27] and references therein.
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4.2.4 Radical-Triplet Dynamic Electron Polarization
Mechanism

A radical-triplet dynamic electron polarization (RTDEP) mechanism for chemically
induced electron polarization (CIDEP) of free radicals in solution was suggested by
Blättler et al. in 1990 [28]. The presence of triplet-state molecules and alkyl radicals
was found to induce emissive ESR polarizations. The phenomenon was attributed to
triplet-state quenching by radicals as well as to quartet-doublet mixing and splitting
in radical-triplet encounters through the zero-field splitting (ZFS) interaction of
the triplet molecule. Various theoretical and experimental aspects of the problems in
the triplet-radical systems were widely discussed (see, for example [29–36]).

For the triplet-doublet system the following Hamiltonian was used [33]:

H ¼ Hex þHhf þHzfs ð4:7Þ

where Hex; Hhf ; Hzfs are related to the exchange interaction, to hyperfine interaction
including Zeeman splitting, and to the zero-field splitting. These terms are given by

Hex ¼ 2J SRSTð Þ ð4:8Þ

Hhf ¼ b gTST þ gRSRð ÞH0 þ
X

i
ATiI

k
TST þ

X
i
ARiI

l
RSR ð4:9Þ

Hzfs ¼ D S2Td1 � 1
� �

S2T
þE S2d2 � S2d3

� � ð4:10Þ

where R and T represent the radical and triplet molecule, respectively; S is the
electron spin angular momentum operator, g is the g-tensor, b is the Bohr mag-
neton, and Ho is the external magnetic field; AT, and AR, are the hyperfine tensors
of the ith and jth nuclei. IT, and IR are the nuclear spin angular momentum oper-
ators of the ith nuclei. k and l represent nuclear spin states of triplet and doublet
molecules, respectively; D and E are the zero-field splitting constants of the triplet
molecule and di is the zero-field-splitting axis of the triplet molecule The magnitude
of the exchange interaction of pairs of paramagnetic molecules in solution is related
to the energy splitting of degenerate spin states such as triplet-singlet splitting in
radical pairs and quartet (Q)-doublet (D) splitting in radical-triplet (RT) pairs.

In work [30], the spin exchange Hamiltonian Hex was used to describe the
energy difference between D and Q states, −2J = EQ − ED and was expressed as,

Hex ¼ � 1
3
J 1þ 4ŜT4ŜT
� � ð4:11Þ

In RT pairs, the overlap integral of the pair is usually negligibly small and J is
proportional to the exchange integral, Jex, of Q and D states. Most RT pairs have an
antiferromagnetic interaction in which the Q state is higher in energy than the D
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state (J < 0). In radical ion pairs, when the J value due to Jex is small, the inter-
molecular charge transfer (CT) interaction becomes important. In such a system the
positive J value becomes predicted. A schematic drawing of the potentials of RT
and CT pairs is presented in Fig. 4.3.

A model for quantum mechanical processes in a triplet–doublet (TD) system
suggested by Ishii et al. [34] is based on a detailed consideration of the intersystem
crossing. According to this model, both the triplet-doublet and triplet-quartet states
are populated due to spin orbit coupling with an efficiency that is independent of the
sign of the magnetic quantum number of the electron spin state. It was suggested
that different populations of spin states with magnetic numbers of different sign can
occur due to ZFS-induced mixing of the different spin states.

In work by the S. Yamauchi group [29], systems of three-spin-1/2 systems were
considered in detail. The system consists of the following components: electron 1
occupying the lowest unoccupied molecular orbital (LUMO), electron 2 occupying
highest occupied molecular orbital (HOMO), respectively of a triplet in an excited
state and the third electron 3 locating on the singly occupied molecular orbital
(SOMO) of the radical unit. The electron spin polarization in the given system was
discussed in terms of a radical–triplet pair spin-state mixing model, including the
intersystem crossing processes. Two models were discussed: a model describing
kinetic competition between the spin–spin exchange and spin orbital coupling
(SOC) mechanisms for ISC and second the model based on the assumption that
electron spin relaxation and decay can be spin selective.

In another work, he multispin systems consisting of spin correlated radical pairs
(SCRPs) and stable nitroxide radicals, localized in micelles of sodium dodecyl
sulfate (SDS), were studied by ESR and pulse laser photolysis techniques [12].
Diagram of the energy states of the SCRPs is presented in Fig. 4.4. In all the
systems studied, the stable nitroxide radicals exert no effect on the shape of the ESR
spectra of the SCRPs and on the decay kinetics of the ESR signal of the SCRPs,

Fig. 4.3 Schematic drawing
of the potentials of radical
triplet (RT) and intermolecular
charge transfer (CT) pairs
(See details in [30])
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while generate the electron spin polarization in nitroxide radicals. The electron spin
polarization transfer from the nonequilibrium electron spin states of the molecular
triplets (SCRP precursors) was suggested to be the most efficient mechanism of
generation of the radical electron spin polarization.

A theoretical model of a triplet–doublet (TD system) by Kandrashkin and van
der Est [37] which consists of a strongly exchange coupled triplet–doublet pair was
based on two key assumptions: the triplet-doublet excited electron states of the TD
system are initially populated through exchange induced ISC from the singlet-
doublet electronically excited states, and the spin orbit coupling (SOC) providing
the ISC can be treated in terms of perturbation theory.

4.2.5 Triplet Pair Mechanism of Chemically Induced
Dynamic Electron Polarization

A new triplet pair mechanism of chemically induced dynamic electron polarization,
TPM CIDEP) in the spin-correlated pairs of triplets which arises due to the

Fig. 4.4 Diagram of the
energy states of the SCRPs at
different distances r between
the pair radicals A and
B (a) and the idealized
TR ESR spectrum of the
SCRPs at the spin_adiabatic
occupation of the SCRPs and
the equilibrium triplet state of
the precursor (b); DS and DT
are the spectral shifts of the S
and T components of the
APS, respectively; 2/TS and
2/TT are their widths [12]
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spin-selective triplet-triplet annihilation and the subsequent spin dynamics in the
spin-correlated pairs of triplets was considered using time-dependent perturbation
theory for the case of short-lived pairs of triplets [38]. It was taking in account that
Total spin of encounted two triplet states can be 0, 1, or 2 and, due to spin selection
rules, the triplet-triplet mutual annihilation can occur only in singlet pairs which
possess total spin zero. Since the pairs of triplets are enriched in the states with total
spin 1 and 2, the spin-selective annihilation of triplet excitons generates spin cor-
related pairs of triplets. The suggested spin Hamiltonian for the spin dynamics of
the triplet pairs in this system consists of the Zeeman interaction of the triplets with
the extremal magnetic field B0, the zero field splitting (ZFS) terms and the exchange
interaction Hex between two triplets [38]:

H ¼ bgAB0S(AÞþ S(AÞhDAS(AÞþ bgBB0S(BÞþ S(BÞhDBS(BÞþHex ð4:12Þ

where gAB are the g-factors of the triplets, b is the Bohr magneton, S(A, B) are the
vectors of the triplet spins, D is the zfs tensor expressed in frequency units, and he
Heisenberg exchange interaction has the form Hex = −h J[1/2 + 2S(A)S(B)]. The
theory predicted that when the exchange integral J < 0, the EPR spectrum should
exhibit an emissive form and spin-spin interaction between triplets should occur. It
was stressed that the time-resolved EPR spectrum of spin-correlated triplet pairs can
be detected only during the lifetime of the triplet pairs and necessary condition for
the TPM of the CIDEP formation is the spin-spin interaction between triplets.

Experimental observation of the spin polarization mechanism induced by
triplet-triplet annihilation in single crystals of organic charge transfer (CT) com-
plexes was reported in [39]. In two molecular crystals, anthracene-tetracyano-
benzene and phenazine-tetracyanoquinodimethane, mutual annihilation of triplet
states induces the spin polarization of excited triplet states, which was detected by
time-resolved EPR of triplet excitons. The kinetics of the two EPR lines of the triplet
exciton spectrum have been measured in the time range up to 200 ls after a laser
pulse. Two kind of polarization has been detected: the initial polarization of the lines,
due to intersystem crossing, and a long-lasting polarization which is attributed to the
triplet-triplet annihilation. The investigation of The dependence of the phenomenon
on the intensity of the light pulse and on the orientation of the crystals in the
magnetic field was also experimentally observed.

4.3 Dynamic Nuclear Polarization

Dynamic nuclear polarization (DNP) [5, 40–54], results from transferring spin
polarization from electrons to nuclei, thereby enhancing the nuclear spin polar-
ization. The alignment of electron and nuclear spins at a given magnetic field and
temperature is described by the Boltzmann distribution at thermal equilibrium.
Electrons at a given magnetic field and temperature in thermal equilibrium can be
aligned to a higher degree by chemical reactions (Chemical-induced DNP, CIDNP),
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optical pumping and spin injection. Owning to the dynamic nuclear polarization
sensitivity of detection of NMR spectra can be fantastically enhanced by
60,000-fold and more [42]. The DNP technique is an effective tool for investigation
mechanisms of radical chemical and biological processes and for determining the
structure of radicals and transition metal complexes. Several monographs and
articles covering the quantum mechanical treatment of electron-nuclear interactions
under the influence of irradiation were published [5, 6, 44, 50, 53–55].

The polarization transfer between electrons and nuclei can occur spontaneously,
when electron spin polarization deviates from its thermal equilibrium value through
electron-nuclear cross relaxation and/or spin-state mixing among electrons and
nuclei. At thermal equilibrium, polarization transfer requires continuous microwave
irradiation at a frequency close to the corresponding electron paramagnetic reso-
nance (EPR) frequency. The Nuclear Overhauser effect (NOE), the solid-effect
(SE), the cross-effect (CE) and thermal-mixing (TM) can be mechanisms for
microwave-driven DNP processes.

Dynamic nuclear polarization DNP can be accomplished via different mecha-
nisms [5, 42–50]. The Overhauser effect accounts for the perturbation of nuclear
spin level populations observed in metals and free radicals when electron spin
transitions are saturated by the microwave irradiation [45]. The solid effect occurs
when an electron-nucleus mutual spin flip transition in an electron-nucleus two-spin
system is excited by microwave irradiation [56, 57]. The cross effect requires two
unpaired electrons as the source of high polarization [54, 57]. The thermal mixing
effect is an energy exchange phenomenon between the electron spin ensemble and
the nuclear spin, using the electron spin ensemble as a whole to provide hyper
nuclear polarization [49, 50].

• In work [58], to describe the DNP effect the general static Hamiltonian was
written as

H ¼H ¼ HE þHN þHEN ¼ x0EEz � x0NNz þHis
EN þHdi

EN

¼x0ZEz � x0NNz þKSE EZNZ þEXNX þEYNYð ÞþKPSEEXNz
ð4:13Þ

where HE and HN are the Hamiltonians for the electron and nucleus respectively;
HEN ist he hyperfine coupling, which is separated into the isotropic hyperfine
interaction His

ENand the anisotropic dipolar coupling Hdi
EN between the electron and

the nucleus; the coefficients KSE and KPSE denote the secular and pseudosecular
hyperfine interactions. x0E and x0N are the electron and nuclear Larmor
frequencies.

Which DNP mechanism occurs, depends on the interplay of two physical
parameters, e.g., the populations and sign of the electron energy levels, ±Δ, and
that of the nuclear spin energy levels, ±d [59]. In the Overhauser effect, a relative
enhancement of polarization is [45]
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g ¼ � D
d

� �
¼ ce

cn
ð4:14Þ

where ce and cn are gyroscopic ratios for electron and nucleus, respectively. The
solid effect has an inverse field dependence, and requires that the inhomogeneous
spread D, and homogenous line width d of the electron spin resonance spectrum
should be smaller than the nuclear Larmor frequency: i.e., D, d < wn. The DNP
effect was observed in the solid state in systems where D > d > wn and the irra-
diation frequency separation between the maximum positive and negative
enhancements was less than 2wn. The DNP thermal mixing mechanism occurs in
the solid state in systems where d > wn.

Theoretical descriptions of Overhauser DNP in liquids presented in [43] were
based on the Solomon equation [46]:

dIz
dt

¼ �ðqI þW0ÞðIz � I0Þ � rISðSz � S0Þ; ð4:15Þ

where I and S refer to the nuclear and electron spin, respectively, I0 and S0 are their
Boltzmann equilibrium values. Energy level diagram for an electron spin S = 1/2
coupled to a nuclear spin I = 1/2 in the context of the Overhauser effect is shown in
Fig. 4.5. The relaxation rates qI = W0 +2 WI + W2 and rIS = W2 − W0 are given
by the nuclear–electron zero-, one- and two-quantum transitions.

The steady state solution of under continuous microwave irradiation of the
allowed electron spin transition leads to the expanded Overhauser enhancement
formula [45].

e ¼ Iz � I0
I0

¼ �nfs
ce
cn

: ð4:16Þ

Here e is the enhancement of the nuclear spin polarization, n = rIS/qI is the
coupling factor describing the efficiency of the cross-relaxation; f = 1 – T1/ T0

1 ,
where T1 and T0

1 are the longitudinal nuclear relaxation times in the presence and
absence of paramagnetic species, respectively, is the leakage factor, and s the
saturation factor.

Fig. 4.5 Energy level
diagram for an electron spin
S = 1/2 coupled to a nuclear
spin I = 1/2. WI nuclear spin
relaxation rate, WS electron
spin relaxation rate, W2

double quantum relaxation
rate, W0 zero quantum
relaxation rate [45]
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The review [60] focused on recent developments in the field of DNP with a
special emphasis on work done at high magnetic fields > 5 T. To understand the
polarization transfer mechanisms in a DNP experiment, the authors considered the
following Hamiltonian:

H ¼ HS þHI þHSI ¼ x0SSZ � x0I IZ þHISO
SI þHdip

SI

¼ x0SSZ � x0I IZ þAðSZIZ þ SYIY þ SXIXÞþBSXIZ :
ð4:17Þ

where x0S and x0I are the electron and nuclear Larmor frequencies, respectively, Si
and Ii are the electron and nuclear spin operators Hiso

SI is the isotropic Fermi contact

hyperfine interaction between the electron and the nucleus, and Hdip
SI is the aniso-

tropic dipolar coupling, and the coefficients A and B denote the secular and pseu-
dosecular hyperfine interactions. The energy level diagrams for the Overhauser
Effect (OE) and Solid Effect (SE) is also presented….

Theoretical analysis performed in [61] suggested that in a chromophore excited
triplet state the nuclear spins are involved in the intersystem crossing process.
According to authors, the selective population of the zero-field spin sublevels,
obeying to the symmetry selection rules of spin-orbit coupling, causes the high
electron spin polarization in an external field. This process was to shown to be a
source of oscillatory nuclear spin polarization that gives rise to large signal
enhancement in nuclear magnetic resonance. The authors rationalized the formation
of the nuclear quantum oscillation as consequence of the following elementary
processes: (1) the ISC selectively populates the eigenstates of the extended
zero-field Hamiltonian including a hyperfine term; (2) the nuclear spins are aligned
along a molecular axis; (3) the spins suddenly experience the external magnetic
field which leads to a nonadiabatic change of the spin quantization axis, and to
the formation of nuclear quantum oscillations. The time-dependent density matrix
q(X, t) was given as

qðX; tÞ ¼ expð�itHðXÞ=hÞ � qðX; 0Þ � expðitHðXÞ=hÞ ð4:18Þ

Here q(X, 0) denotes the initial state at the instant of the light pulse. The spin
Hamiltonian H(X), constains Zeeman, dipolar, hyperfine, and nuclear Zeeman
interactions of the triplet state:

HðXÞ ¼ gbB0 � Sþ S � DðXÞ � Sþ S � AðXÞ � I� gNbNB0 � I ð4:19Þ

where g, b, S, I, gN, and bN are the isotropic g factor of the triplet state, the Bohr
magneton, the electron spin operator, the nuclear spin operator, the nuclear g factor,
and the nuclear magneton, respectively.

An increase in signal-to-noise ratio of >10,000 times in liquid-state NMR was
achieved in so called “dissolution” approach, based on phenomenon hyperpolar-
ization of NMR-active nuclei in the solid state under effect of paramagnetic species,
Gd3+ ions, nitroxide or trityl, for example [41, 42, 53]. At temperature 1.1–1.5 K
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nuclei of a sample (typically biological object) were hyperpolarized by paramag-
netic molecules, followed by fast melting, dissolving in a hot solvent and rapid
transferring in water solution. In such a condition the sample preserve the hyper-
polarized state. The hyperpolarization approach markedly improves capacity of
methods of dynamic polarization for identification of diamagnetic products
revealing intermediates of radical processes, identifying the species giving rise to
CIDNP, unraveling the connecting pathways, using polarizations as labels to
molecules and as labels to individual nuclei.

The kinetics, and mechanism of 1-Hexene polymerization catalyzed by of
zirconium-based metallocenes was studied by 13C NMR using dissolution
DNP TEMPOL as the polarizing agent and glycerol as the glass-forming agent.
Efficiency of this method in detection of the first steps of in polymerization reac-
tions has been demonstrated [62]. Data on preclinical studies on the dissolution
dynamic nuclear polarization with a variety of different substrates (the hyperpo-
larized [U−13C, U−2H]glucose, and the lactate, for example) have demonstrated the
potential of the method to provide insights into tissue metabolism in prostate cancer
and other pathology [63]. The principal limitation of the technique is the short
half-life of the polarization, which at �20–30 s in vivo limits studies to relatively
fast metabolic reactions.

Recent data on theory and application of DNP are presented in [64–66].

4.3.1 Chemical-Induced Dynamic Nuclear Polarization

Chemical-induced dynamic nuclear polarization (CIDNP) is a non-Boltzmann
nuclear spin state distribution produced in thermal or photochemical reactions,
usually from colligation and diffusion, or disproportionation of radical pairs, and
detected by NMR spectroscopy as enhanced absorption or emission signals
[67–73]. The first observations of CIDNP effects were reported in 1967 by Bargon,
Fischer, and Johnsen [67], and independently by Ward and Lawler [68]. In the
method frame, the signal directions and intensities of CIDNP effects are governed
by the magnetic properties of the radicals or radical ions, the initial spin multiplicity
of the pair, and by the mechanism of product formation. The CIDNP effect is used
for probing the spin multiplicity of intermediates involved in a reaction, the spin
density distribution and structure of radical or radical ion intermediates. This
method provides insights into biochemical problems, such as protein structure and
folding, photosynthetic reaction centers, and the mechanisms of DNA photo-repair.
At present it is accepted that the main mechanisms causing spin polarization in free
radicals are the triplet mechanism (TM), the radical pair mechanism (RPM) and the
radical triplet pair mechanism (RTPM). These mechanisms have been recently
reviewed [8].

In 1969 Kaptein and Oosterhoff [69] and independently Closs [70] proposed the
radical pair mechanism which relied on the ability of nuclear spin interactions to
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alter the recombination probability in reactions that proceed through radical pairs
(Fig. 4.6). This mechanism is currently accepted as the most common cause of
CIDNP. Two types of CIDNP effect, net and multiplet, were considered.

Figure 4.7 shows a schematic diagram of nuclear spin level populations for net
CIDNP effect for two nuclear spins Ia and Ib.

A theory of spin relaxation effects in photochemically induced dynamic nuclear
polarization spectroscopy of nuclei with strongly anisotropic hyperfine couplings in
strong magnetic fields over 10 T was developed [69]. The effect of nuclear spin
relaxation, cross-relaxation, and cross-correlation induced by the anisotropy of
hyperfine and g-tensors on the geminate photo-CIDNP effect in fluorine-containing
radical pair was explored. Suggesting that all four factors in Kaptein’s sign rule for
net nuclear polarization [71] are positive, the authors wrote the following equation:

Fig. 4.6 Radical pair
mechanism of photo-CIDNP
in liquids. M* denotes the
spin-polarized molecule of
interest [43]

Fig. 4.7 Schematic diagram of nuclear spin level populations for net CIDNP effect for two
nuclear spins Ia and Ib with chemical shifts da, db. and multiplet CIDNP effect for two
nonequivalent nuclear spins Ia and Ib, belonging to the same molecule and with spin–spin
coupling jab. The corresponding simulated NMR spectra are shown below (A and are E absorption
and emission processes, respectively [8]
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CnetðiÞ ¼l � signðDgÞ sign(AiÞ ¼ þ absorptive

� emissive

� �
;

l ¼ þ triplet precursor

� singlet precursor

� �
;

� ¼ þ recombination products

� escape products

� � ð4:20Þ

In this equation, Δg is the difference between the g-values of the two radicals and
Ai is the hyperfine coupling constant of the nucleus in question. Considering only
populations and neglecting coherences and cross-correlations, a classical four-level
population dynamics model was analyzed (Fig. 4.8).

The given model includes single-quantum transitions, corresponding to single
spin flips (Wn and We terms), double-quantum and zero-quantum transitions
involving double spin flips (W0 and W2 terms). On the basis of second-order
time-dependent perturbation theory, it was assumed that the stochastic modulation
of the hyperfine coupling in one of the partners of the radical pair causes these
transitions. It was concluded that the electron-nuclear cross-relaxation rates W0 and
W2, across the range of experimentally available correlation times (10 ps–10 ns),
influence on the nanosecond to microsecond time scale photo-CIDNP spin
dynamics.

The theory of solid-state photo-CIDNP in a very weak field, such as the Earth’s
magnetic field, was developed [72]. For a simple limiting case, the minimal static
spin Hamiltonian in angular frequency units was written as:

H0 ¼ xsŜ1z þxsŜ2z þ dŜ1zŜ2z þAŜ1zÎz þ aisoðŜ1xÎx þ Ŝ1yÎyÞ ð4:21Þ

where xs is the electron Zeeman frequency, d is the electron-electron dipole-dipole
coupling d, aiso is the isotropic hyperfine coupling aiso, A = aiso + T the secular
hyperfine coupling and T is the dipole-dipole contribution to the hyperfine

Fig. 4.8 Energy levels and
longitudinal relaxation
transitions in an
electron-nuclear two-spin
system. See details in [71]
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coupling. On the basis of theoretical calculations, it was suggested that efficient
coherent three-spin mixing in the S-T− or S-T+ manifold is caused by isotropic
hyperfine couplings of about 350 kHz and that dipolar coupling between two
electron spins at distances of around 30 Å matches the electron Zeeman interaction
in the Earth’s magnetic field.

Methods of 13C photo-CIDNP and time resolved optical spectroscopy were
exploited for mechanistic study of the formation of photo- CIDNP in the
LOV2-C450A mutant of phototropin [73]. Figure 4.9 presents cyclic reaction
scheme for the formation of the singlet tryptophan—flavin ion-radical pair (TFRP),
which can occur by the following mechanisms: TP triplet polarization (TP),
three-spin mixing (TSM), differential decay (DD), and differential relaxation (DR).
Experimental data and theoretical consideration have been proved that a triplet state
is the major source for photo-CIDNP in a photoactive protein. For TFRP values of
exchange integral Jex = −38.4 MHz and life time tr = 20 ns were detected.

Solid-state mechanisms including a novel triplet mechanism CIDNP in
LOV2-C450A of Avena sativa phototropin with specifically 13C-labeled flavins
was also suggested [74]. The intermediates 3(TrpNH• +) and 3[TrpNH• +)
− TyrO•] were detected. The rate constants for intramolecular electron transfera in
oxidized peptides were measured by time resolved CIDNP techniques the
microsecond scale.

The present status of knowledge of the dynamic nuclear polarization mechanism
was recently concisely reviewed [43]. Figure 4.10 schematically illustrated the
widely used DNP mechanisms.

Fig. 4.9 a Cyclic reaction scheme for the formation of photo-CIDNP in the LOV2-C450A mutant
of phototropin, based on experimental observations by 13C photo-CIDNP NMR and timeresolved
optical spectroscopy. b F: FMN cofactor. W: tryptophan-491 in the apoprotein. The following
mechanisms are pointed out: triplet (TM), three-spin mixing (TSM), differential decay (DD) and
differential relaxation (DR) [73]
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4.4 Chiral-Induced Spin Selectivity. Spin Filter

Spin filter is a device in which spins with the desired spin orientation are allowed to
pass through without decay, while .spins with undesired orientation are not allowed.
The spin polarization or spin selectivity (S) was defined as

S ¼ ðIþ � I�Þ=ðIþ þ I�Þ ð4:22Þ

in which I+ and I− are the intensities of the signals corresponding to the spin
oriented parallel and antiparallel to the electrons’ velocity, respectively. For
instance, chiral-induced spin selectivity (CISS), obtained from low-energy photo-
electron transmission (LEPET) spectroscopy in chiral Langmuir-Blodgett films,
arises in ordered films of chiral organic molecules on surfaces and can act as
electron spin filters at room temperature (Fig. 4.10) [75]. In the LEPET experiment
circularly polarized light was used to eject spin-polarized photoelectrons from the
underlying a substrate. It was shown that LEPET signal is correlated with the spin
polarization, indicating spin selectivity in the photoelectrons’ transmission through
the chiral monolayers.

In another example, the original experimental device for measuring the con-
ductance of a nanoparticle—dsDNA—nickel molecular junction was reported [76].
The device includes the permanent magnet, underneath of the nickel substrate splits
the sub-bands of the Ni and the tip of the AFM, which is placed in contact with the
gold nanoparticle. The current was measured between the nickel substrate and the
tip of the AFM, which is placed in contact with the gold nanoparticle. The CISS
effect opens the way for employing of chiral systems in spintronics devices and for
investigation of detail mechanisms of spin-selective processes in biology. Various
aspects of theory, experiments and application spin filters on the base of principles
of the Chiral-induced spin selectivity were discussed in [77–80].

For information about the CIDNP effect beyond those already cited the reader is
referred to the following references [81–92].

Fig. 4.10 Overview of
methods that perturb the
longitudinal magnetization of
nuclear spins in solution
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Chapter 5
Experimental Methods of Investigation
of Electron Spin Interactions Based
on ESR Phenomena: Continuous
Wave EPR Measurements

Abstract The method of electron spin resonance (ESR, Sect. 3.1) has proven to be
the leading approach in the investigation of electron spin interactions in chemistry,
biology and physics. Structural and dynamic properties of molecular objects of
interest can be measured and characterized by suitable parameters through an
arsenal of experimental ESR methods including conventional Continuous wave
(CW ESR), electrically (ED ESR) and optically (OD ESR) detected ESR and
advanced pulse techniques. The CW technique is used for collecting information of
interest through the analysis of ESR spectra or saturation curves, obtained from
electron-electron double resonance (ELDOR) or double electron-electron resonance
(DEER), electron-nuclear double resonance (ENDOR) or multifrequency ESR (MF
ESR) techniques. OD ESR makes it possible to acquire good ESR, ELDOR and
ENDOR spectra using the simple and very sensitive luminescence technique.
Application of such methods as two-dimensional ESR (2D ESR), (fried)
two-dimensional electron-electron double resonance (2D-ELDOR), ENDOR with
circularly polarized radiofrequency fields (CP-ENDOR), electron-nuclear-nuclear
resonance (double ENDOR), proton-electron double resonance imaging (PEDRI),
and electron-nuclear-nuclear triple resonance (TRIPLE) can be more informative
than simple CW ESR experiments for appropriate systems. Methods of reaction
yield detection magnetic resonance (RYDMR) and magnetically affected reaction
yield (MARY) can also be used in the context of CW and pulse techniques. This
chapter briefly describes theoretical grounds and typical application of the various
methods of modern CW ESR spectroscopy, which continue to evolve synergetic
and at a rather rapid pace.

5.1 Introduction

The main ESR features are: (1) Integral intensity and amplitude of the ESR spec-
trum; (2) The position of the spectral features depending on the value of the g-factor
according to the resonance condition (3.5), which is a quantitative characteristic of
the magnetic moment of the paramagnetic species under investigation; (3) The ESR

© Springer International Publishing Switzerland 2016
G. Likhtenshtein, Electron Spin Interactions in Chemistry and Biology,
Biological and Medical Physics, Biomedical Engineering,
DOI 10.1007/978-3-319-33927-6_5

93

http://dx.doi.org/10.1007/978-3-319-33927-6_3
http://dx.doi.org/10.1007/978-3-319-33927-6_3


spectral line shape which can be either homogenous (single spin packet) or
heterogeneous (overlap of packets); (4) Spin lattice (T1) and spin-spin (T2) relax-
ation times (Sect. 3.2); (5) The ESR spectra hyperfine splitting (hfs) attributed to
the contact (3.35) and dipolar (3.36) interactions of electron spin with nuclear spin
I; (6) The ESR spectral fine splitting (fs) caused by electron spin electron spin
exchange (Sect. 1.2) and dipolar (Sect. 3.3) interactions; (7) The response of the
ESR signal to progressive saturation; (8) The degree of electron spin polarization.
Measurement of these features in combination with other chemical,
physico-chemical and biochemical methods provides a powerful tool for the
detailed investigation of the structure and dynamics of molecular objects including
biological systems of high complexity. An extensive bibliography covering the
fundamentals and various theoretical and experimental aspects of ESR technique
including recent advances is available [1–14].

Continuous Wave ESR (CW ESR) is an experimental technique during which a
sample is continuously illuminated with microwave radiation at a fixed frequency
and the strength of the applied magnetic field is swept, while observing changes in
the microwave absorption. Usually, for technical reasons, the collected spectrum is
plotted in an X-Y format where the X-axis displays the magnetic field strength in
Gauss and the Y-axis displays the first derivative of the absorption in arbitrary units
(Fig. 5.1).

Fig. 5.1 EPR spectra of nitroxide radical calculated for different spin precession frequencies
(microwave linewidths) [14]. http://hf-epr.awardspace.us/index.htm
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5.2 Spin Electron Relaxation

5.2.1 Determination of Spin-Spin Relaxation Rates
from the Form of the ESR Spectrum

Spin-spin exchange and dipolar interactions directly affect the spin lattice (longi-
tudinal) 1/T1e and spin-spin (transfer) 1/T2e relaxation rates (Sects. 3.2 and 3.3.2)
[15–21].

For the simplest homogeneous ESR spectrum (spin packet)

1
T2e

¼ 4pDH12ffiffiffi
3

p ð5:1Þ

where DH1/2 is the spectral line width at half the maximum amplitude. Commonly,
ESR spectra are heterogeneous, e.g. are composed of many overlapped spin
packets. The CW ESR spectrum can be thought of as a sum of Lorentzian lines
centered at a distribution of resonant field values. Deconvolution of such hetero-
geneous spectra allows one to evaluate the spin packet parameters and, therefore,
calculate 1/T2e.

New methods of deconvolving ESR spectra have been developed that are based
upon on a generic algorithm at the first step and the Marquard-Levenberg algorithm
at the second step [15]. Other methods include global analysis using spectra
obtained at multiple frequencies subject to constraints [16, 17].

5.2.2 Determination of Spin-Lattice Relaxation Rates
from ESR Spectral Saturated Curves

The ability of ESR signals to become saturated in an applied microwave MW field
is determined by the value of the MW amplitude H1 and the spin relaxation
parameters (T1e and T2e). The dependence of the ESR absorption signal (A) on H1

is described by the formula for a saturated line shape:

A =
a2T2eH1

1 + b2T2
2e + c2H2

1T2eT1e
ð5:2Þ

where a2, b2 and c2 the included magnetic parameters of paramagnetic center If
(5.2) is applied to a spin packet line with no nuclear hyperfine splitting, then values
of T1e and T2e could be obtained.
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Portis [18] and Castner [19] in their pioneering works showed that measurement
of the saturation factor of paramagnetic centers can give spin-lattice and spin-spin
relaxation times. Special algorithms have been developed by the Lebedev and
Muromtsev group [20] to analyze the saturation curves of non-homogeneous ESR
spectra. The method can be effective for the determination of very short relaxation
times T1,2 < 10−9 s [21–23] Based on the theories of Portis and of Castner, a
non-linear least-squares procedure for analyzing the microwave-power dependence
of inhomogeneously broadened lines using all data points on a saturation curve has
been developed [24]. The extreme sensitivity of the saturation curves to week
dipolar and exchange interactions is due to their dependence on the spin relaxation
rate (1/T1e) which is commonly significantly slower than the spin-spin relaxation
rate (1/T2e) Therefore, as was first demonstrated by the Likhtenshtein and Kulikov
groups [25, 26] measurement of (1/T1e) and the saturation curves parameters per-
mits to determine long distance between paramagnetic centers and slow spin
exchange rate.

• The first attempts to employ CW ESR techniques for the investigation of
location of radicals in macromolecules on the base of measurement of spin
relaxation rate (1/T1e) were made in the early 1970s [21, 22, 26]. The deter-
mination of the distance of closest approach of a radical and a paramagnetic
species (usually a transition metal ion complex) was performed by examining
the effect of the dipole-dipole interaction between the radical and transition
metal ion distributed uniformly in a vitrified matrix on the ESR saturation curves
of the radicals [23] and references therein A similar approach based on exam-
ination of the kinetics of spin-lattice relaxation for paramagnetics in solids was
developed by Bowman and Norris [27].

• The observed relaxation rate enhancement for a radical, as a consequence of
dipole-dipole interaction with a paramagnetic complex that is distributed uni-
formly in the vitrified matrix, consists of a combination of multiple individual
curves as indicated by (5.3) [23].

W = D 1/T1sð Þ = 1/T1s�1=T 0
1s ¼

X
wrp ð5:3Þ

where wrp is the relaxation rate induced by dipole-dipole interaction for an indi-
vidual radical-paramagnetic ion pair, 1=T 0

1s and 1/T1s are spin-lattice relaxation
rates of the radical. Using this model, algorithms for estimating the depth of radical
immersion have been developed for low and high concentrations of the transition
metal ion complex. This method was applied to the determination of the immersion
depth of nitroxide segments of spin probes in biological membranes and enzymes
[23] and references therein.

Pulse methods of detection of the relaxation rate are briefly described in details
[3, 9].
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5.3 Exchange Interaction

Exchange interactions (Sect. 1.1, (1.6–1.12)) can be studied via CW-ESR spectra
[3, 9, 14, 27–29]. In the simplest case of interaction of two identical paramagnetic
centers in the ferromagnetic (parallel spins, triplet) state with S = 1/2 and exchange
integral J � kBT, the position and total line intensity of the ESR spectrum does not
depends on J (Fig. 5.2). When J and kBT becomes comparable the line intensity
increases because of partial transformation of the ferromagnetic state to the anti-
ferromagnetic (antiparallel, singlet) state. The T ! S transformation is complete
when J � kBT. For two paramagnetic centers with different spins S1 and S2, and
different resonance energy (Dm) the position and intensity of the ESR spectrum
depend on the relation of J and Dt. When Dm > J, each level is split by an amount
approximately equal to J. Increasing J at fixed Dt to Dm � J, leads to a diminishing
intensity of the extreme external line component and its separation, and an
increasing intensity and closer approach of the internal components. At Dm � J, the
external pair component disappears, and internal components merge transforming
the ESR spectrum to a singlet. Similar trends occur for radical spectra with
hyperfine structure. For example, in the triplet signal of nitroxides in solution, the
lines broaden at an exchange frequency of about m = 107 s−1, and at m = 108 s−1 the
lines merges to form a broad singlet. Further increase of the exchange frequency
leads to narrow singlet.

Fig. 5.2 Position and
intensities of the ESR lines of
two spins, S1 and S2, upon
their approach as functions of
the magnitude of the exchange
integral (J), energy splitting
between the lines (DEm)
and thermal energy kBT:
a DEm 6¼ 0. b DEm = 0 [14]
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Values of the exchange integral can be derived from dynamic exchange inter-
actions in solution [14, 29–33] (Sect. 1.2.3, (1.27–1.30)) and on static and dynamic
exchange in biradicals [34]. Analysis of experimental spectra of various param-
agnetic species allows one to evaluate the exchange integral value [3, 9, 14, 35–37].

As an example, Fig. 5.3 shows results of quantitative analysis of spin exchange
interactions between spin labels attached to amyloid fibrils formed by the Ure2
prion domain [36].

Values of exchange integrals can be also derived from data on dynamic spin
exchange in solution (Sect. 1.2.3).

Fig. 5.3 Quantitative analysis of spin exchange interactions with single-line ratio. a Simulated
EPR spectra with various spin exchange frequencies. Anisotropic motion with correlation time (s)
of 7 ns and order parameter (S) of 0.5 was used for these spectra. b Calculation of single-line ratio
from the EPR spectrum. Point e is the mid-point between c and d. Single-line ratio = ae/ab. c Plot
of single-line ratio versus spin exchange frequency for a range of motional parameters as
indicated [36]
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5.4 Multiquantum ESR Spectroscopy

In multiquantum ESR (MQ-ESR) spectroscopy, two or more microwave frequen-
cies derived from a common oscillator are incident on the sample [38, 39]. The
separation of the frequencies should be much less than the homogeneous linewidth.
Successive absorption and emission of photons from both fields by the spin system
leads to oscillation of the spin population at k (x1 − x2) and to the appearance of
intermodulation sidebands at x0 ± (k + 1/2) (x1 − x2), where x0 is the average
frequency and k is a positive integer. These new microwave frequencies produced
by the spin system are detected. Benefits of MQ-ESRare: (1) detection of pure
absorption lines, rather than derivative-like shapes, (2) spectral intensities propor-
tional to T1, and (3) reduced linewidths. It was shown that the signal intensity of
3-quantum spectra is proportional to the spin lattice relaxation time T1, while its
linewidth in a frequency difference sweep is 1/T1. An example of multiquantum
EPR spectra is shown in Fig. 5.4

Three- and five-quantum absorption and dispersion multiquantum ESR spectra
of a spin-labeled arrestin have been obtained at Q-band (35 GHz). Enhanced sen-
sitivity to T1 and T2 and to lineshape variation relative to absorption was also
evident in the spectra. The authors concluded that the feasibility and the practicality
of the use of the MQ Q-band technique have been demonstrated on a biologically
relevant protein at realistic volumes and concentrations and that MQ EPR will be a
valuable technique to study protein structure and dynamics.

Fig. 5.4 Multiquantum EPR spectra of arrestin K267C-MTSL obtained at Q-band. 3Q and 5Q
spectra were recorded of spin-labeled arrestin at varying microwave powers. The protein
concentration of these 30-nL single scan samples was 300 lM, with a 100-G scan width, 120-s
scan time, 0.2-s time constant, and Df = 10 kHz. Powers indicated are per arm and the spectra
were recorded in air. The arrows indicate the second motional component, which is more evident
in the 5Q spectra [39]
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5.5 Electron Spin Electron Spin Electron Dipolar
Interaction

The dipole-dipole interaction of two spins with fixed distance (r) between them,
assuming that both have isotropic g-factors (or gyromagnetic ratios), will depend on
the distance and on the angle h between the direction of the magnetic field and the
line connecting the given pair of spins (Sect. 3.3.2.1, (3.11–3.14)). The interaction
manifests as a dipole splitting of the ESR spectrum line (the Pake doublet, (3.13.14),
Fig. 3.2). When there is a distribution of orientations of the spins, the ESR spectrum
will be inhomogeneous. Section 3.3.2.2 describes theories of spin-spin anisotropic
interactions. Evaluation of the parameters characterizing dipolar interaction in the
Pake doublet such as spin-spin distances, angle h, the angles defining the orientation
of paramagnetic species 1, and three angles relating the orientation of paramagnetic
2 to paramagnetic 1 has been published in the literature [40–44]..The elements of the
various tensors for two nitroxide radicals that are specified by Euler angles is shown
in Fig. 3.3.

5.6 Hyperfine Interaction in ESR Spectra

5.6.1 Hyperfine Interaction Parameters in CW-ESR Spectra

The hyperfine interaction between the electron and the nuclear spins consists of the
isotropic Fermi contact interaction and the anisotropic dipole-dipole interaction
(Sect. 3.41, (3.34–3.38)). The hyperfine interaction is manifested by characteristic
splittings of ESR spectra. For example, the ESR spectra of the rapidly tumbling
radical with 14N nuclei (spin In = 1) are characterized by three components with
corresponding quantum members of +1, 0, and −1 and the isotropic hyperfine
splitting constant an ((3.38), Figs. 5.1, 5.7). Determination of an allows one to
estimate the spin density on the given atom.

For asymmetric molecules, the dipolar interaction depends on the electron spin
electron nuclei distances and on their orientations, which links interacting spins
referred to the direction of the applied magnetic field (3.36). This interaction can be
described by a matrix of parameters Axx, Ayy and Azz, corresponding to the prin-
cipal axes of the radical. The appearance of the spectrum will change depending on
the orientation of the molecule relative to the magnetic field (Fig. 5.5).

The ESR spectrum of the immobilized radical is composed of a great number of
microscopic signals corresponding to various orientation (Figs. 5.1 and 5.5). The
values of the magnetic parameters, the g-factors and the hyperfine splitting con-
stants can be evaluated by analyzing the position and shape of the ESR signal lines.
Such an analysis is particularly effective by using multifrequency ESR spectroscopy
(Fig. 5.1).
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According to the electron magnetic resonance condition (3.4), the appearance of
an ESR spectrum is strongly dependent on the resonance frequency and magnetic
field. At conventional X-band ESR spectroscopy (9.5 GHz, 3 cm), small g-factor
differences of different paramagnetic species and small g-factor anisotropies of
anisotropic paramagnetics lead to strongly overlapping ESR lines. Based on the
pioneering works of professor Y.S. Lebedev and his colleagues [45, 46] who
developed high-field high frequency, high resolution 148 GHz—2 mm ESR tech-
nique, spectral resolution has been remarkably improved (Fig. 5.1) [47–49]. In
high-frequency ESR spectroscopy strong magnetic fields (up to 9 T), based on
cryogenically cooled superconducting solenoids and standard microwave technol-
ogy at high frequencies are used. Significant progress in HFHF ESR has been
achieved with the use of millimeter-wave quasi-optics techniques, permitting, e.g.,
the construction of a 9-T, 250-GHz (1.2 mm) spectrometer (Fig. 5.1) [50, 51].

Figures 5.1 and 5.6 demonstrate advantages of the 2 mm ESR spectrometer in
the separation of spin-probe ESR spectra over the traditional X-band 30 mm ESR
spectrometer. Temperature dependences of g- and A-tensors of the 2-mm band ESR
spectrum of spin-labeled lysozyme are presented in Fig. 5.6 [14]. As is seen in the
figure, the 2 mm ESR spectroscopy not only determined the spectral parameters but
also followed their temperature dependencies in a wide range of temperatures.

The high-frequency technique significantly enhances the resolution of CW-ESR
spectroscopy, and HFHF spectra clearly show anisotropic g-factors and hfs position
and values (Fig. 5.1), particularly for those systems where g-strain is not an issue.

Fig. 5.5 ESR spectra of di-t-butyl nitroxide in a diamagnetic matrix depending on a–c the
magnetic field direction and d it powder pattern. The insert shows the principle axis system in the
N–O bond [4]
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Fig. 5.6 The EPR spectra of nitroxide radical in egg lysozyme at 0.04 a and 0.96 b relative
humidity recorded at the 2-mm wave band and 130 К and the plot of the position (solid lines) and
half-width (dashed lines) of its EPR spectral components versus temperature [14]
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Since the 1970s highfrequency ESR spectroscopy has been successfully applied
to the investigation of a number of chemical systems [8, 13, 48–51] and references
therein.

5.6.2 Electron Spin Nuclear Spin Interaction
and Dynamical Phenomena

Radical motion (rotation, tumbling, libration, wobbling) can partially or completely
average the dipolar interaction depending on frequency, anisotropy and mechanism
of the motion. Combination of multifrequency radiospectroscopy with other MW
techniques allows one to characterize the molecular motion of a nitroxide over a
wide range of correlation times (sc = 106–10−10 s). The stochastic Liouville
equation is commonly used for describing the effect of motion on the line shape of
ESR spectra [52, 53].

For X-band (30 mm) spectra, one can estimate rotational correlation times in the
region of the fast motion (sc = 5 � 10−9−10−10 s) via the following equation [52]

1
sc

=
3:6� 109ffiffiffiffiffi
h0
h�1

q
� 1ÞDH0

� ð5:4Þ

where h0, h−1 are the heights of the ESR spectrum hyperfine components,
respectively, and DH0 is the line width of the middle hyperfine component. The
detailed theory of nitroxide ESR spectra for nitroxide motion in the slow motion
region (sc = 10−7–10−8 s) was developed by Freed [53] using the stochastic
Liouville equation. In the slow motion region the following equation can be used at
X-band (30 mm):

sc = ax 1� Azz

A0
zz

� �b

ð5:5Þ

where A0
zz and Azz are the z-components of A-tensor for immobilized and mobile

nitroxide, respectively. The coefficient a was found to be 5.4 � 10−10 and
2.6 � 10−10 s for systems modeling isotropic and anisotropic Brownian diffusion,
respectively, and b was found to be −1.36 and −1.39 for the respective models.
Recently, progress has been made for simulating ESR spectra directly from
molecular dynamics simulations of a spin-labeled protein [54–57]. In order to
perform such computations it is necessary to compute a large number (hundreds or
thousands) of relatively long (hundreds of nanoseconds and subnanosecond) tra-
jectories. For example, from analysis of these trajectories, accurate stochastic
models of the spin label dynamics were constructed [54] and references therein.
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The advantages of the multifrequency ESR technique for investigations of the
mobility of stable radicals were demonstrated by Freed group [55–57]. It was
shown that rapid subnanosecond dynamic modes of internal fluctuations were best
resolved at higher frequencies while nanosecond or longer global tumbling, large
bending motions, and nanosecond conformational distortions would appear to be
frozen at frequencies as high as 236.6 GHz but could affect the low-frequency
(9.5 GHz) spectra. The increased sensitivity to the g tensor allows high-frequency
EPR to distinguish rapid rotations about the gx, gy, or gz tensor directions so that at
high frequencies one can resolve from the spectrum the nature of anisotropic
motions (Fig. 5.7).

Fig. 5.7 Combined simulations of 9.5 and 236.6 GHz spectra to provide evidence of the
anisotropic diffusion tensor of the probe provided through the parameters for different spin labels
SL1, SL2, and SL3. See details in [57]
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In work [57], EPR at 236.6 and 9.5 GHz was used for probing the tumbling of
nitroxide spin probes in the lower stem, in the upper loop, and near the bulge of
mini c TAR DNA (Fig. 5.7). High-frequency 236.6 GHz EPR, was found to be
sensitive to fast, anisotropic, hindered local rotational motion of the spin probe,
occurring approximately about the NO nitroxide axis.

The effect of saturation transfer between the component of the ESR spectra of
nitroxide radicals provide the basis for an approach to the study of very slow
motion, with correlation time sc = 10−2–10−6 s [58–60]. Saturation transfer affects
the dependence of the second harmonic dispersion signal (V2) on the field strength.
Saturation transfer electron paramagnetic resonance (ST-EPR) spectroscopy has
been employed to characterize the very slow microsecond to millisecond rotational
dynamics of a wide range of nitroxide spin-labeled proteins and other macro-
molecules in the past three decades [61, 62] and references therein. Work in this
field can be carried out on spectrometers that operate at X-band (� 9 GHz), Q-band
(� 34 GHz), K-band (22.0 GHz) and 94–250 GHz microwave frequencies.
Techniques for studying aqueous samples, overcoming the significant absorption
losses that are common in such samples, are now available at the higher frequencies
as well. In the absence of electron spin-spin interactions the features of saturation
transfer electron paramagnetic resonance spectra depend on the electron spin-lattice
relaxation time (T1e) and nuclear spin-lattice relaxation time (T1n). The relaxation
processes compete with saturation effects, and rotational motion transfers saturation
effects. Thus characteristic times of saturation transfer should be comparable to
(T1e), (T1n) and the correlation time of rotational motion. For example, for
nitroxides the value of T1e at room temperature and in nonpolar solvents ranges
from 3 to 5 ms.

Saturation transfer is typically studied by recording the spectrum of the second
harmonic dispersion (V

0
2) [58–62]. The influence of frequency on V

0
2 ST-EPR

spectra calculated using the uniaxial rotational diffusion (URD) model is shown in
Fig. 5.8 [61, 62] The spectra show the range of lineshape changes that are predicted
to occur as a function of the correlation time for URD for s|| from 1 ls to 100 ms at
microwave frequencies of 9.8, 94, 140, and 250 GHz. According to the calculation,
the magnitude of the overall change in lineshape increases monotonically as a
function of increasing microwave frequency and there is increasing sensitivity to
longer correlation times as the microwave frequency is increased.

Lazarev and Lebedev [63] have developed a procedure to measure superslow
(sc = 10−2–106 s) reorientation of radicals. In their procedure, the intense polarized
radiation destroys radicals whose electron transition moment coincides with the
polarized vector of the incident light. The light thus causes a dip in the ESR signal
intensity. The time of recovery of the dip corresponds approximately to the rota-
tional correlation time.
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5.7 CW Double Resonance Techniques

5.7.1 Electron Nuclear Double Resonance

Electron nuclear double resonance (ENDOR) was introduced by George Feher [64].
In a steady state ENDOR experiment, an EPR transition is partly saturated by
microwave radiation of amplitude B1 (Fig. 5.9) [65–70]. A driving radio frequency
(rf) field of amplitude B2 induces nuclear transitions. While the magnetic field is
swept through the EPR spectrum, the rf frequency follows the Zeeman frequency of
the nucleus. Transitions occur at frequencies m1 and m2 and obey the NMR selection
rules ΔMI = ±1 and ΔMS = 0. These NMR transitions are detected by ENDOR via
the intensity changes to the simultaneously irradiated EPR transition. The ENDOR
spectrum can reveal both the hyperfine coupling constant (a) and the nuclear
Larmor frequencies (mn)

m1 = mn � a/2j j
m2 = mn + a/2j j ð5:6Þ

Fig. 5.8 Calculated V 0
2 signals at 9.8, 94, 140, and 250 GHz (see details in [61])
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The Hamiltonian for the electron spin nuclear spin system can be written as

H0 ¼ HEZ þHNZ þHHFS þHQ ð5:7Þ

The four terms in this equation describe the electron Zeeman interaction, the
nuclear Zeeman interaction, the hyperfine interaction (hfs), and the nuclear quad-
rupole interaction (Q) respectively. The nuclear quadrupole interaction is present
only in nuclei with I > 1/2. Thus, ENDOR spectra contain information on the type
of nuclei in the vicinity of the unpaired electron, on the distances between nuclei,
on the spin density distribution, and on the electric field gradient at the nuclei (Q).

An example of effective application of Q-band 1H and 14N Mims ENDOR, in
combination with the transient EPR, magnetophotoselection experiments, 14N
ESEEM, 14N HYSCORE, and density functional theory (DFT) calculations was
presented in excellent work [68]. Q-band ENDOR spectra of a linear
butadiyne-linked porphyrin dimer are shown in Fig. 5.10. These data prove the
delocalization of the triplet state over both porphyrin units. The orientations of the
zero-field splitting tensors with respect to the molecular frame in both porphyrin
monomer and dimer have been also established.

5.7.2 Continuous Wave Electron–Electron Double
Resonance

The phenomenon of continuous wave electron–electron double resonance (CW
ELDOR) was independently discovered in 1968 by Hyde and Freed [71], and

Fig. 5.9 ENDOR sublevels for S = 1/2 and I = 1/2. a At thermal equilibrium. b After ESR
transition 4 ! 1. c Added by NMR transition. The population difference for n4 − n1 = 2e (a) and
n4 − n1 = e (b) [4]
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Bendersky and Blumenfeld [72] groups. In the CW ELDOR technique, one part of
the EPR spectrum of a paramagnetic sample is irradiated with an intense saturating
microwave pump field and the effect of this intense field on other parts of the
spectrum is assessed by a second weak microwave probe field (Fig. 5.11). When
the two frequencies are separated either by an integral number of hyperfine energy
differences or by a g-factor difference of two or more paramagnetic species, the
EPR signals detected by the weak microwave probe field is reduced in intensity due
to saturation transfer effects. In some cases this reduction is as much as 40 %.

The following interactions can be identified by CW ELDOR techniques: elec-
tron–nuclear dipolar and contact interaction, electron spin electron spin dipolar and
exchange interactions. From the 1970s through the 1990s these mechanisms were
intensively investigated in liquid and frozen solution [72], in biological membranes
[73], and in various systems [74]. Some technical aspects of the CW ELDOR
spectroscopy are discussed in the literature [75].

Fig. 5.10 Q-band Davies ENDOR spectrum for P1 and Mims ENDOR spectrum for P2 recorded
at the Z − (1233.2 mT) and X − (1235.0 mT) field positions, respectively [68]
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5.8 Methods Based on the Effect of an Applied External
Magnetic Field

5.8.1 General

There are processes, for example, the recombination of a singlet radical or
ion-radical pairs, which are affected by the probability of singlet-triplet conversion
in an applied external magnetic field (Fig. 5.12). In the absence of a magnetic field
(H0 = 0), three degenerate triplet levels are generated. When a magnetic field is
applied, the level T splits into three levels: T+1, T0 and T−1 (Fig. 9.3. Sect. 9.3). The
singlet-triplet characteristic conversion time depends on the difference in g-factors
of the radicals (Dg), the a magnetic field strength and energy of electron nuclear
contact interaction (hyperfine constant a) [76]

1=sST = Dg(H0 � aÞ½ 	 ð5:8Þ

Fig. 5.11 ELDOR sublevels of pumping and monitoring ESR (S = 1/2 and I = 1/2) [4]
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The magnetic isotopic effect manifests itself through the quantity a.
Figure 5.12 illustrates the effect of the external magnetic field strength (H0) on a

process, the rate of which is proportional to the population of the singlet level of a
radical pair. According to the principle of spin conservation, the transition S0 ! T0

is favored compared to transitions to other triplet levels. As the field strength
increases, the T+ and T− levels are progressively displaced from the T0 level and,
therefore, their influence on the overall rate becomes progressively less, while the
relative population of the T0 level and, therefore, the S levels increase and the rate
of recombination becomes faster. In the high field limit, the transition S ! T+, T−

are insignificant and the recombination rate becomes insensitive to any further
increase in H0.

When strong exchange is operative, in the absence of an applied magnetic field,
the energy level of the system splits into a singlet and triplet levels with a difference
equal to twice the value of the exchange integral (J). When a magnetic field is
applied, the T level is split. As the strength of the magnetic field is increased, the T+

level becomes closer to the S level and the probability of an S ! T+ transition
increases, hence, the rate of recombination from the level S decreases. Further
increase of the magnetic field leads to coincidence of the S and T+ levels, which
provides a mechanism for a recombination bottleneck. Further increase of the
magnetic field leads to increased splitting of the S and T+ levels, which enhances
the recombination rate. Spin orbital and superfine interaction can also affect on the
magnetic field effect.

Fig. 5.12 The effect of the field strength (H0) on the population (AS) at the singlet level, which
depends on the rate of the S ! T transition (kST) for a radical pair: a without exchange interaction
(J = 0) and b with exchange interaction (J > 0). The vertical arrows indicate qualitatively the
correspondence between the triplet splitting and the associated behavior of the static magnetic field
(H0) [76]
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5.8.2 Optically Detected ESR

Microwave-optical double resonance (MODR) was pioneered by Field et al. [77].
Converting the resonance absorption of microwave photons into a change of optical
signal observed either by laser-induced fluorescence or by laser-polarization has
enhanced the sensitivity by several orders of magnitude. The optically detected
(OD) EPR technique which involves the detection of spectra through the changes in
luminescence intensity of the products of recombination of radical ion pairs was
invented and implemented by the Molin and Salikhov group [78–80] and the
Frankevich group [81] The principal advantage of OD EPR is the high sensitivity of
OD EPR, exceeding that of conventional EPR by several orders of magnitude. This
technique allows selective detection of the spectra of short-lived radical ions,
characterized by lifetimes as short as tens of nanoseconds, in liquid solution at
ambient temperatures.

The efficiency of OD EPR was clearly demonstrated on an example of inves-
tigation of short living spin-correlated radical ion pairs D
+/A
− which are produced
in the following reactions−

S ! S
 þ þ e�;
A + e� ! A
�;

D + S
 þ ! D
 þ + S,

ð5:9Þ

where S is a solvent molecule. The D
+/A
− pair is formed in the singlet spin state,
and hence its recombination gives singlet-excited molecules which can emit light:

D
 þ + A
� ! D� þA or D + A�ð Þ!D + A + hv: ð5:10Þ

In a magnetic field of an OD EPR spectrometer, under resonance microwave
(mw) pumping, the EPR transitions, defined by the hyperfine coupling and the
difference in the g values of the radical ions, occur between the T0 and T+, T− states
of the pair. This leads to a decrease in the population of the singlet state of the pair
and, as a consequence, to a drop in the fluorescence intensity, thus giving rise to the
OD EPR signal. Under conditions far from saturation, the OD EPR spectrum is a
superposition of EPR spectra of both recombining radical ions with equal integral
intensity.

An example of OD ESR spectra observed under the photoionization of a
polystyrene film is presented in Fig. 5.13 [82].

The theory of optically detected electron nuclear double resonance was devel-
oped in [80]. Information about instrumentation and application of OD ESR can be
found in recent publication [82–84].
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5.8.3 Reaction Yield Detected Magnetic Resonance

The idea of reaction yield-tested magnetic resonance (RYDMR) to register electron
paramagnetic resonance spectra of paramagnetic species involved in spincorrelated
chemical processes has been launched by Frankevich and coauthors [85]. The
reaction yield detected magnetic resonance RYDMR method detects reacting rad-
ical pairs by monitoring the electron spin resonance of its component radicals [85–
89]. The inversion of one of the electron spins in a radical pair while the other is left
unperturbed induces a change in the total spin state of the radical pair and the
resonance effect induces a change in product yields.. Several different variants of
RYDMR methods including fluorescence-detected, transient absorption-detected,
ESR-detected, and photoconductivity-detected methods have been reported.

The reaction yield detected magnetic resonance (RYDMR) experiments were
performed on solutions of chrysene (Chr), pyrene (Py) or their perdeuterated ana-
logues (1 mM) with 1,2-, 1,3- or 1,4-dicyanobenzene (DCB) (20 mM) in 1: 9
acetonitrile: cyclohexanol solvent mixture at 201 C [88]. For the fixed radiofre-
quency of 36 MHz with a static magnetic field of up to 4 mT RYDMR spectra were
envisaged where the static field strength B0 is varied (Fig. 5.14). The following
consequence of processes were suggested after photoexcitation of Chr or Py:

Fig. 5.13 a OD ESR signal
from VUV-irradiated film of
4-pentyl-40-cyanobiphenyl
(5CB) applied on a quartz
substrate at room temperature.
b OD ESR signal from an
X-irradiated solution of
8 � 10−3 M 5CB in squalene
with 2 M benzene added [82]
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generation a singlet excited state which forms an exciplex with DCB, electron
transfer to DCB which generates a radical ion pair in the singlet state, and back
electron transfer and exciplex fluorescence for radicals that re-encounter in the
singlet state.

5.8.4 Magnetically Field Effects on Reaction Yield

The dependence of reaction yield on the external magnetic field strength is called a
magnetically affected reaction yield (MARY) spectrum [90–93]. Through this
effect, the evolution of the overall spin in a spin correlated radical pair, Zeeman and
hyperfine interactions may control the reaction yields in different reaction channels.
MARY spectra of a radical pair reaction show a monotonic field dependence which
saturates at high fields because the population of the radical pair singlet state
practically does not depend on the magnetic field strength in this limit. MARY
spectroscopy has proven to be an efficient method for studying radical ion reactions
in liquid solutions in the presence of ionizing irradiation (see also Sect. 9.4,
Fig. 9.7).

One object of MARY spectroscopy studies are resonance-like features occurring
at the magnetic field effect curve at fields where the energy levels of the radical ion
pair cross (so-called MARY lines) [90–93] (see also Section X) The position and
shape of the lines bear information on both the hyperfine structure of the radical
ions present in the system and on the rates of processes in which they are involved.
J-resonance line splitting in the MARY spectrum for the radical ion/biradical ion

Fig. 5.14 Experimental RYDMR spectra of Py-d10/1,3-DCB for a 36 MHz oscillating field
applied orthogonal to the static field. RYDMR-B0 [88]
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three-spin system has been predicted in [91]. The method used in this work is based
on affecting the radical stage of the reaction with an external magnetic field, which
is further detected using the magnetic field dependence of the intensity of recom-
bination fluorescence. For the latter case, it is sufficient to have magnetic nuclei
only in the radical ion. The radical cation (D+
)/ biradical anion (A−·- R·) three-spin
system [91]

Dþ 
. . .A�
 � R
, ð5:11Þ

was studied. The presence of the exchange interaction gives rise to an additional
line in the MARY spectrum in a field equal to the strength of the interaction J (J
resonance). The origin of this line is the mixing of the singlet spin state S of the pair
of spins and with one of their triplet states T in the magnetic field
B � J. A theoretical description of spin evolution taking into account the exchange
interaction for a three-spin system is based on the Hamiltonian:

Ĥ = gb�1B SDz + SAz + SRzð Þ + JSASR +
PNA

i¼1
aiSAIAi

+
PND

k¼1
akSDIDk þ PNR

l¼1
alSRIRl :

ð5:12Þ

Here, the external magnetic field B is aligned along the z axis, the g factors of all
three electrons are taken to be equal, J is the strength of the exchange interaction,
SD,A, R are spin operators, and ai,k,l—are hyperfine coupling (hpc) constants for
the three electron spins. MARY spectra with various choices for the parameter
values in (5.12) were calculated. The shape of the J-resonance line in the spectra
bears detailed information on hyperfine couplings in both the radical ion and the
biradical ion partners of the pair, namely, the values of the HFC constants, their
signs, and the lifetimes of the radical ion species. At magnetic fields where MARY
spectra are saturated, it is possible to record the magnetic resonance spectra of the
radical pairs by monitoring the chemical reaction yield as a function of microwave
frequency at constant field or as a function of the magnetic field at constant
microwave frequency.

Figure 5.15 illustrates the effects of degenerate electron exchange (DEE) in
coherent spin phenomena present in short-lived radical ion pairs reactions on
MARY spectra [94]. It was shown that the DEE process leads to relaxation-type
changes in the spin dynamics of the ion radial pairs and to broadening of the
MARY lines at zero field as a result of relaxation-type changes in the spin dynamics
of the ion radial pairs.
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5.8.5 Time-Resolved Magnetic Field Effect

The method of time-resolved magnetic field effect (TR MFE) is based on the effect
of dynamic transitions between the singlet and triplet states of a spin-correlated
radical ion pair and on the yield of the singlet-excited (fluorescing) products of the
pair recombination [95–98]. The TR MFE is defined as the ratio of recombination
fluorescence kinetics measured with (IB(t)) and without (I0(t)) an applied magnetic
field. This ratio is expressed as follows [94]:

IB tð Þ
I0 tð Þ =

hqBss tð Þ + 1
4 1� hð Þ

hq0ss tð Þ + 1
4 1� hð Þ

ð5:13Þ

where h is the fraction of pairs formed in the spin-correlated singlet state, qss(t) is a
function describing the evolution of the population of the singlet state of such pairs,
and indices “B” and “0” denote the values in a high and zero magnetic field,
respectively. The evolution of the spin pair population was interpreted in terms of
the ESR spectral features arising from the interplay of hfc constants, g-factor, and
paramagnetic relaxation times. These features can be interpreted either from sim-
ulation of the TR MFE or analysis of experimental data.

Radical cations of heptane and octane isomers, as well as several longer bran-
ched alkanes, were detected in irradiated n-hexane solutions at room temperature by
TR MFE [96]. (DFT) approach was used for analytical solution in the case of hfc
with two groups of equivalent magnetic nuclei based on the density functional
theory was used for identification and describing radical cations. In the case of hfc
with two groups of equivalent magnetic nuclei, the contributions of the
2,2,3-trimethylbutane and 2,2-dimethylpentane radical cations to the spin dynamics
of the radical ion pair was described by analytical solution. The TR MFE curves

Fig. 5.15 MARY spectra of
radical ion pairs undergoing
degenerate electron exchange
DEE at different times sdee
(see details in [94]
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assigned to the dynamic singlet–triplet transitions were observed on the time scale
of the phase relaxation time T2 < 60 ns and T1 > 500 ns. The experimental and
calculated ratio of fluorescence intensities in high (IB(t)) and zero (I0(t)) magnetic
fields is presented in Fig. 5.16.

The paper [97] demonstrated the utility of TR MFE using the model system
hexamethylethane radical cation whose EPR spectrum in solution is determined by
an isotropic hfc with 18 equivalent protons. The hfc constant was determined from
the position of peaks of the time-resolved magnetic field effect of the hexam-
ethylethane and perdeuterated p-terphenyl solution in n-hexane at ambient tem-
perature. The difference in the g-values of (hexamethylethane)∙+ and (p-terphenyl-
d14)

∙− radical ions was found by analyzing the shape of the magnetic field effect
curve as the magnetic field strength was varied. The method of time resolved
magnetic field effect was also used for determination of the times of longitudinal
and transverse paramagnetic relaxation.

5.8.6 Singlet–Triplet Oscillations

• The dynamic singlet–triplet transitions between the spin states of recombining
radical pairs occur on a nanosecond time scale and are harmonic in nature. The
external magnetic field and the internal fields created by the magnetic nuclei of
radicals determine the transitions frequencies. Under certain conditions this
transition is accompanied by spin oscillations (spin beats) [99, 100]. The
problem of quantum beats in radical recombination was discussed by Klein and
Woltzm [100], who detected nonmonotonic time variations of magnetic field
effects in radical-ion recombination. The first successful observations of singlet–
triplet oscillations in an ensemble of radical ion pairs in a spin-correlated singlet
state in solution were performed by Anisimov et al. [101] using a time-resolved

Fig. 5.16 Experimental and
calculated ratio of
fluorescence intensities in
high (IB(t)) and zero (I0(t))
magnetic fields recorded at
room temperature for
irradiated n-hexane solutions
of 0.1 M
2,2,3-trimethylbutane in
magnetic fields of 0.1 T
(curve 1) and 1.1 T
(curve 2) [96]
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investigation of the recombination of the geminate singlet radical-ion pairs
(tetramethyl-ethiene)+/(paraterphenyl d14)

− generated by radiolysis. The decay
of recombination fluorescence from the sample induced by a short pulse of
ionizing radiation was detected. According to the authors, oscillations in a high
external magnetic field arise if spins precess at different Larmor frequencies due
to the difference DHloc of local magnetic fields induced by hyperfine couplings
and g-value differences. It was shown that the pairs synchronously oscillate
between their singlet and triplet states when the distance between the interacting
members of the pairs was typically about 10 nm. The values of the hyperfine
constant a for spin electron—spin proton interaction was calculated by the
equation T = 2p/ca.

• A model of the quantum beats of radical pairs induced by a microwave field
resonant for one of the component radicals was considered [102]. According to
this model, the following elementary events lead to the quantum beats when a
radical pair (RP) in the T+ (aa) spin state is irradiated by a MW pulse: (1) the
a-spin on the radical a, which is resonant to the MW, starts to rotate and turns
into a b-spin, (2) the RP has ab spins (ST0 mixed state) and can recombine,
(3) the b-spin rotates and returns to an a-spin by continued irradiation of the
MW field, (4) the RP recovers to an aa spin state (T+1 state) again. Thus, the
MW pulse drives the periodic changes in the spin-state populations of the RP,
the quantum beat. The oscillation frequency depends on the resonant MW field
strength, B1 = x1/ce (x1 is the frequency of oscillation, and ce is the gyro-
magnetic ratio), and the difference of the resonant frequencies of the radicals a
and b, |xa − xb|. The frequency of oscillation between T±1 and T0 states is
predicted to be 2x1. The probability of finding the ST0 mixed state given an
initial T+1 state is expressed by (5.14)

PST0 tð Þ = S exp �iHtð Þj jTþ 1h ij j2 þ T0 exp �iHtð Þj jTþ 1h ij j2 ð5:14Þ

In (5.14) the corresponding Hamiltonian in the rotating frame with the angular
frequency of the MW field was used.

The quantum beats were experimentally observed as an alternation of the yields
of the component radicals by a nanosecond time-resolved optical absorption in the
presence of an X-band (9.15 GHz) resonant microwave pulse [102] This technique
was applied to the photochemical reaction of benzophenone (BP) derivatives
benzophenone, benzophenone-d10, and benzophenone-carbonyl-13C in a sodium
dodecylsulfate micellar solution with a step-by-step increase of the resonant
microwave pulse width. Figure 5.17 demonstrates the calculated quantum beats in
the of the populations of the ST0 mixed state for the initial T+1 state in this system.
See details in the figure capture.
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Fig. 5.17 a The calculated time profiles of the probabilities of finding the ST0 mixed state for the
initial T+1 state under continuous resonant MW irradiation with B1 = 1.2 mT. b The calculated
time profiles of the probabilities of finding the ST0 mixed state for center and side hyperfine lines
of the F2BP ketyl radical. Solid and dotted lines show the cases of the center hyperfine line and the
sum of two side hyperfine lines due to the HFC of fluorine atoms, respectively. c The calculated
time profiles of the probabilities of finding the ST0 mixed state for four combinations of hyperfine
lines of SDS alkyl and BP-13C ketyl radicals (benzophenone-carbonyl-13C) in sodium
dodecylsulfate (SDS) in closed and open circles show the cases in which the hyperfine lines of
the SDS alkyl radical exist in the low- and high-field side, respectively. Solid and dotted lines
show the cases of MI) +1/2 and −1/2 due to the 13C atom [102]
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Chapter 6
Experimental Methods
for the Investigation of Electron Spin
Interactions Based on ESR Phenomena.
Pulse EPR Measurements

Abstract This chapter has described the remarkable progress in the development
of modern pulse ESR techniques in quantitative investigations of electron spin
dipolar and exchange interactions. Measurements of distances between spins up to
at least 80 Å as well as their spatial distributions, detection of the scale and fre-
quencies of different motions of spin-bearing molecules and their segmental
motions over a wide range correlation time from milli- to nanoseconds are available
by these techniques. Pulse ESR in combination with CW ESR, advanced NMR
techniques, synthetic chemistry and biochemistry opens new horizons for detailed
structural and molecular dynamics studies of various objects including such com-
plicated systems as biological molecules and their complexes.

6.1 Introduction

The basis of all magnetic resonance experiments involves the perturbation of an
equilibrium magnetization, typically established in a static magnetic field. In a pulse
experiment the magnetization is typically perturbed by applying a brief, intense,
sinusoidal magnetic field. Such a pulse is called a microwave pulse, but the relevant
frequency of the pulse can be anywhere in the MHz to GHz region of the elec-
tromagnetic spectrum, depending on the static applied field and the nature of the
spin couplings in the system. Once the pulse is removed, one can then measure the
emitted microwave signal which is created by the sample magnetization as it
recovers to its initial value. Over the years, a vast variety of pulse sequences have
been developed. Using them, it is possible to gain extensive knowledge of the
structural and dynamical properties of paramagnetic compounds.

The development of these pulse sequences, in turn, has been spurred by the
development of powerful, coherent amplifiers with large instantaneous bandwidths.
Some of the relevant applications are discussed in the [1–29]. Some of the more
important developments include: Fourier transform ESR (FT ESR), two-dimensional
Fourier transform ESR (2D FT ESR), electron spin echo (ESE), electron spin echo
envelope modulation (ESEEM), hyperfine sublevel correlation spectroscopy
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(HYSCORE), double nuclear coherence transfer hyperfine sublevel correlation
electron spin echo DONUT-HYSCORE), electron spin echo detected magnetization
transfer (ESEMT), two-dimensional electron spin echo correlation spectroscopy (2D
SECSY), pulse electron-nuclear double resonance (pulse ENDOR), pulse
electron-electron double resonance (PELDOR), electron spin transient nutation
(ESTN), two-dimensional electron spin transient nutation (2D ESTN), phase inverted
echo-amplitude detected nutation (PEANUT), saturation recovery ESR (SR ESR),
pulse multifrequency ESR (PMF ESR), magnetic isotope effect (MEF), quantum
beats effect (QBE), double quantum coherence pulsed ESR (DQCESR), ESR Spectra
Hole Burning.

Many qualitative insights into the behavior of EPR-active spins can be gleaned
from elementary considerations, such as precession phenomena. Larmor precession
describes the precession of the magnetic moments of electrons, atomic nuclei, and
atoms about an external magnetic field, which is often taken to be static, although it
need not be (Fig. 3.1) (https://en.wikipedia.org/wiki/Larmor_precession). The

magnetic field exerts a torque C
!

on the magnetic moment,

C
!¼ l!� B

!¼ c J
!� B

! ð6:1Þ

where l! is the magnetic dipole moment, J
!

is the angular momentum vector, B
!

is
the external magnetic field and c is the gyromagnetic ratio. Given that the torque is

the time rate of change of the angular momentum vector J
!
, (6.1) gives an equation

of motion for the sample magnetization. The angular momentum vector J
!

pre-
cesses about the external field axis with an angular Larmor frequency xL.

The effects of the magnetic field on the spin magnetization vector can be con-
sidered in the laboratory frame as well as in the rotating frame In the laboratory
frame the static magnetic field B is assumed to be parallel to the z-axis and the
microwave field B1 parallel to the x-axis (Fig. 6.1).

Because electron spins of 1/2 are characterized by two quantum mechanical
states, one parallel and one antiparallel to applied static magnetic field B0, with
relative populations determined by the Boltzmann distribution, more electron spins
can be found in the parallel state of lower energy. This results in a net magneti-
zation (M0), which is the vector sum of all magnetic moments in the sample,
parallel to the z-axis and the magnetic field. EPR experiments usually use a linearly
polarized microwave field B1, perpendicular to the much stronger applied magnetic
field. The linearly polarized B1 may be resolved into two counter-rotating, circu-
larly polarized components. In the rotating frame, the B1 component rotating with
frequency w0, say, will be on resonance with the precessing magnetization vector
M0 if

xL ¼ �x0 ð6:2Þ
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The time dependence of the M0 vector is then determined by the stationary field
B1 in the rotating frame, as described by (6.1), leading to precession of M0 around
B1 at the frequency x1

x1 ¼ �cB1 ð6:3Þ

The magnetization vector will rotate around the x-axis in the zy-plane for the
duration of the applied B1 field. The tip angle a by which M0 is rotated is given by:

a ¼ �cjB1jtp ð6:4Þ

Here tp is the duration for which B1 is applied, also called the pulse length. It is
important to note that the axis along which the B1 field is applied can be changed by
altering the phase relationship in the laboratory frame. The end position of the
magnetization vector M0 at the end of a B1 pulse thus depends on the length, the
magnitude and the choice of axis in the lab frame of the microwave pulse B1.

In reality EPR spectra have a distribution of different resonant frequencies and
not all of them can be exactly on resonance simultaneously. For example, a p/2
(90°) pulse leaves magnetization in the xy-plane, but since the microwave B1 field
does not have the same frequency as the precessing magnetization vector for all
components of the spectrum, the magnetization vector rotates in the xy-plane, either
faster or slower than the microwave magnetic field B1 when viewed in the rotating
frame. The electron spins interact with their surroundings, the magnetization in the
xy-plane will decay by , or T2-type spin relaxation mechanisms, and eventually the
magnetization M0 will recover to its equilibrium orientation along the z-axis due to
spin lattice, or T1-type processes. In the laboratory frame, this corporate precession
of the magnetization generates a microwave signal, the is maximized if the

Fig. 6.1 Hahn spin echo sequence in the rotating frame. https://upload.wikimedia.org/wikipedia/
commons/9/99/SpinEcho_GWM_stills.jpg
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magnetization vector is exactly in the xy-plane. The FID is the response of the
magnetization in the time domain. Fourier transformation of this time domain signal
gives rise to the FT-ESR signal, which is identical to the CW-ESR spectrum in the
high temperature approximation.

6.2 Electron Spin Echo Methods

6.2.1 Two and Three Pulse Methods

The first two pulse nuclear spin-echo detection was developed by Hahn [31]. In the
simplest case the Hahn spin echo sequence (as modified by Carr and Purcell) is
p=2� s� p� s−echo using non-selective pulses (Fig. 6.1). In a rotating reference
frame at the resonance frequency, a non-selective p/2 pulse is applied that turns the
magnetization vector into the x-y plane. Due to local magnetic field inhomo-
geneities arising from the applied magnetic field, or from dipole-dipole interactions,
as the magnetization precesses, some spins precess at a lower Larmor frequency due
to a smaller net local field strength, while some components of the magnetization
precess at a higher Larmor frequency due to a larger net local field strength. As a
result, different components of the magnetization precess at different rates for a time
s and become dephased, or defocused. s. A 180° (p) pulse is applied so that in the
x-y plane the more slowly precessing magnetization components are leap-frogged
ahead of the more quickly precessing components (cf. Fig. 6.1). At this point the
quickly precessing magnetization components catch up to the more slowly pre-
cessing components and the various components start to rephrase, just as they were
immediately following the non-selective p/2 pulse. After a time s, maximal refo-
cussing has occurred and the refocused spins are observable as a spin echo.

Monitoring the decay of the spin echo intensity

I 2sð Þ ¼ exp �2s=TMð Þ ð6:5Þ

allows one to determine TM, the phase memory time. There are several mechanisms
that can contribute to this process and the spin-spin relaxation time T2 is one of
them. One mechanism for a T2 process is stochastic modulation of intermolecular
dipole-dipole interactions. We also note that the recovery of the magnetization
towards its initial state would be an instance of a spin-lattice, or T1 relaxation
process.

The Hahn three-pulse sequence p=2� s� p=2� T� p=2hs� echo comprises
two 90° pulses with time s after the first pulse, 90° pulse after time T and detection
of the so-called stimulated spin echo after time s [31]. After the first 90° pulse, the
magnetization vector spreads out forming a “disk” in the x-y plane. The spreading
continues for a time s, and then a second 90° pulse is applied such that the “disk” is
now in the x-z plane. After a further time T a third pulse is applied and a stimulated
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echo is observed after waiting a time s after the last pulse. The decay of the echo
intensity is fitted to an exponential function of T as

I 2sþTð Þ ¼ I0 exp �T=T1ð Þ ð6:6Þ

The stimulated echo is useful for those systems where the T1 relaxation time is
much longer than T2, as the magnetization is ‘stored’ along the z axis for a time T
until it is read out by the final p/2 pulse.

6.2.2 Spin Echo Detected ESR

Echo-detected (ED) spectra from the two-pulse, primary spin-echo (pulse sequence:
p/2 − s − p – s − echo) experiment are used to detect rapid angular motions, on the
time scale of the phase memory time (T2M), that is, in the nanosecond regime [26,
32, 33]. Echo-detected spectra from the three-pulse, stimulated spin-echo (pulse
sequence: p/2 − s − p/2 − T − p/2 – s − echo) experiment are used to detect slower
angular motions, due to its dependence on the longer T1 process.

For the two-pulse primary echo experiment and the three-pulse stimulated echo
detected experiments, the EPR line shape is obtained when the magnetic field B is
scanned across the resonance line. In the limit of small-amplitude motion, the
ED-EPR line shape of a nitroxide radical is given by (6.7) [26]

ED0ð2sþ T ;BÞ
¼

X
m

1
4p

ZZ
sin h dh du f ðB� xmðh;uÞ=cÞEð2sþ T ; h;uÞ ð8Þ

ð6:7Þ

where

Eð2sþ T ; hÞ ¼ exp � s
sc

� �
1þ 1

2scR
sinh 2Rs

�

þ ;
1

2s2cR2 sinh
2 Rs� Dx2ðh;uÞ

R2 sinh2 Rs 1� exp � T
sc

� �� ��
ð5Þ

ð6:8Þ

andDx(t) is the stochasticfluctuation of the resonance frequency, the angular brackets
indicate a time average, sc is the correlation time formotion. EquationX is valid for the
two-pulse primary echo experiment (pulse sequence: p/2 − s−p − s − echo) and the
three-pulse stimulated echo (pulse sequence: p/2 − s−p/2 − T−p/2 − s − echo),
a when R2 = (2sc)

−2 − Dx2(h,u) and Dx2sc
2 � 1.

An additional mechanism, which induces distortions in the line shape of the
ED-EPR spectra, is instantaneous diffusion that arises from dipolar spin−spin
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interactions between different spins. As an example, the dynamics of spin-labeled
lipid chains in the low-temperature phases of dipalmitoyl phosphatidylcholine
(DPPC) membranes, with and without equimolar cholesterol, have been investi-
gated measuring echo-detected spectra from the two-pulse (detection of rapid
angular motions) and the three-pulse, spin-echo (detection of slow angular motions)
on the nanosecond time scale of the phase memory time (T2M) was measured [26].
The echo-detected EPR spectra simulated with an isotropic librational model are
shown in Fig. 6.2.

Continuous-wave electron paramagnetic resonance (CW EPR), echo-detected
(ED) EPR, and field-step electron-electron double resonance (FS ELDOR) were
simultaneously applied to study molecular motions of nitroxide spin probes of two
different types in glassy o-terphenyl [32]. The motion was attributed to the
b-relaxation process that is temperature-independent between 160 and 265 K.

6.3 Electron Spin Resonance Methods Based on Pulse
ELDOR

6.3.1 Three-Pulse ELDOR

Echo-detected ELDOR (pulse ELDOR, PELDOR, double electron-electron reso-
nance DEER) was invented by Milov, Salikhov and Tsvetkov [34] and was further
widely successfully applied by the Zvetkov and other groups [1, 18, 27, 35–49]. In
further work, the effect of “instantaneous diffusion” treated by Klauder and

Fig. 6.2 Top Three-pulse,
stimulated-echo detected
spectra of 14-PCSL in DPPC
bilayer membranes at 200 K.
Spectra are recorded with
s = 216 ns and different
values of the T-delay
(increasing from top to
bottom) and are corrected for
spin–lattice relaxation.
Bottom Spectra simulated
with the two-site model
according to (6.5) and (6.8).
Parameters used in the
simulation are sc* = 0.8 ls
and a0* = 1.7 � 10−2 rad
[26]
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Anderson [37] in a system of two spins (observed and pumped), which is caused by
the effects of diffusion coupled with the action of the applied pulse on the pre-
cession frequency of the observed spin, was accounted for consistently.

In three pulse PELDOR, the ESR spectrum is excited by two pulses and an
additional pumping pulse. For a system of two spins A and B, the experiment
consists of the following consequence: (1) two p/2 pulse electron spin echo
(sub-sequence with a mixed interpulse delay s at the observer frequency wa for the
spin A and (2) a pump p pulse at frequency wb for the spin B, after the first ESE
pulse. The pumping pulse duration should satisfy the following relation for all three
pulses

tpijxa � xbj � 1; ð6:9Þ

where tpi is the duration of the ith mw pulse. The local magnetic fields at the sites of
spins A. is change by the pulse on spins B, caused a change in the z-projections of
spins B. The magnitude of this change, determined by the dipole–dipole (d–d)
interaction of spins A and B, which effects on the magnitude of the ESE signal
compared to what is seen in the absence of the pumping pulse.

Thus information on dipole-dipole couplings in the spin system can be derived
from an analysis of the decay function V(T) of the ESE signal (6.10), when the time
interval T between the first ESE pulse and pumping pulse is varied. The kinetics of
V(T) decay strongly depends upon distance, mutual orientation within the inter-
acting spin pairs and the spatial distribution of radicals throughout the sample.
According to [38], for spins A and B a fixed distance between, coupled by the d-d
interaction at a distance R and given the angle between the direction of the external
magnetic field and the vector which connects the paramagnetic centers (Ѳ), the ratio
of the primary echo signal amplitude Vp(2s) with the pumping pulse to the ESE
signal amplitude V0(2s) without the pumping pulse is

VðTÞ ¼ Vpð2sÞ
V0ð2sÞ ¼ 1� pB½1� cosðDTÞ�: ð6:10Þ

where pB is the probability of a spin B flip under the action of the pumping pulse;
D is the splitting (in rad/s) of the resonance spin A line due the to interaction with
spin B, and has the analytical form

D ¼ c2�h
R3 ð1� 3 cos2 HÞþ J; ð6:11Þ

which includes the dipolar and J exchange interaction. This method allows one to
detect rather weak d-d interactions

Dj j � 1
s
� xa � xbj j: ð6:12Þ
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The lower limit on the determination of the D value is set by the phase relaxation
rate 1/T2. The use of the appropriate orientation of the external magnetic field with
respect to the vector connecting the two spin labels allow one to determine from the
Pake doublet [39] (For systems in which the distance between paramagnetic centers
is not fixed and may be described by a distribution function n(r) the PELDOR
signal may be calculated using the equation:

VðTÞ ¼ 1� p
Z

2pFðTÞnðrÞr2 d r;
p ¼ pBh ixrb

:

ð6:13Þ

Applications of PELDOR can be illustrated by the following examples. The use
of the pulse electron double resonance method to determine the effective saturation
factor of nitroxide radicals for dynamic nuclear polarization experiments in liquids
was proposed [40]. The facility of the method to measure electron spin relaxation
times was demonstrated on the nitroxide radical TEMPONE-D,15N. Data on the
structure of Photosystem II studied by PELDOR were presented in [41]. X-Band
pulsed electron–electron double resonance (PELDOR) spectroscopy was used to
investigate the magnetic dipole–dipole interaction between spin labels for frozen
glassy methanol solutions at 77 K of double spin-labeled, medium-length pep-
taibiotics, namely, tylopeptin B and heptaibin [42]. A comparative study of series of
model DNA duplexes, 5′-spin-labeled with various Triarylmethyl (trityl, TAM)
rfdicals and nitroxides using DEER/PELDOR) was repoted [43]. The experiments
showed that TAMs allow obtaining narrower spin-spin distance distributions by a
factor of 3 and potentially more precise distances between labeling sites because the
conformational disorder is noticeably smaller for TAM compared to nitroxide due
to specific interaction of TAM [43]. Figure 6.3 shows the obtained DEER time
traces, and distance distributions for duplexes I–IV with piperazine linkers.

Since the pioneering work of Kulik et al. the relaxation-induced dipolar mod-
ulation enhancement (RIDME) experiment has been significantly advanced [45].
A comparative study of MTSSL-labeled cytochrome P450cam mutant C58R1
employing two independent pulse methods (PELDOR) and relaxation-induced
dipolar modulation enhancement (RIDME) were performed (Fig. 6.4) [46]. In
addition, several methods for the suppression of ESEEM artifacts in the RIDME
time trace were compared to each other.

The PELDOR technique was used for detail investigation of peptide confor-
mation and aggregation of r mono and double TOAC substituted analogs of [Glu
(OMe)] alamethicin F50/5 (Alm′) peptaibiotic on the surface of the Oasis HLB
sorbent [47] Two effects: (1) overlapping of the ESR (EPR) spectra of paramagnetic
spin 1/2 particles (spin labels) in pairs and (2) overlapping of the excitation bands
by the pump and echo-forming pulses were taking in consideration in new theory of
the three and four-pulse electron double resonance (PELDOR) [48, 49].

A “211” electron spin echo method developed by Raitsimring and Tsvetkov is
complementary to the pulse ELDOR [50, 51]. The difference between the PELDOR
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and “2 + 1” methods consists in the choice of the carrier frequency of the second
microwave pulse. The pulse sequence of the ‘‘2 + 1’’ method is as follows. The
primary ESE signal is formed by the first and third m.w. pulses with the carrier
frequency x01, separated by the time interval t. The amplitude of the ESE signal is
observed as a function of the position t′ of the second m.w. pulse with the carrier
frequency x02. The “2 + 1” pulse train benefits are an ability to measure
dipole-dipole interactions between paramagnetic centers which are substantially
weaker than those that can be measured by the ordinary two-pulse train and to
determine the dipole interactions between spins with overlapping EPR spectra. The
method was successfully used for the study of the structure of biological objects,
photosynthetic systems in particular.

Fig. 6.3 a ED EPR spectra
of duplexes I–IV. Spectral
positions of pump and
observe pulses are indicated
for each duplex. b DEER time
traces for each duplex after
removal of relaxation
background. c Distance
distributions obtained for each
duplex. Regularization
parameter 100 (see details in
[43])

6.3 Electron Spin Resonance Methods Based on Pulse ELDOR 131



More elaborate variants of PELDOR, which address some of these shortcom-
ings, are discussed below.

6.3.2 Four-Pulse PELDOR

In the advanced four-pulse PELDOR experiment invented and applied by the
Jeschke group [15, 52], the following detection sequence p/2 − s1 − p − s1 − echo1
− s2 − p was applied at a microwave frequency mA (Fig. 6.5). Then pulse at
frequency mB during the time interval T2 flips spins (spins B), which are in reso-
nance with this second frequency is introduced. Incrementing the pump pulse from
t = 0 to t = T2 leads to an oscillation of the amplitude V of the refocued eco., which
is dependent on the time position t of the inversion pulse, if spins A and B are
coupled, and on the dipolar coupling mdd between both spins. The four pulse
technique allows one to avoid a number of artifacts (see details in [15]. Data on the
method’s application to nitroxide biradical are also presented in [15].

Then pulse at frequency mB during the time interval T2 flips spins (spins B),
which are in resonance with this second frequency is introduced. Incrementing the
pump pulse from t = 0 to t = T2 leads to an oscillation of the amplitude V of the
refocued eco., which is dependent on the time position t of the inversion pulse, if
spins A and B are coupled, and on the dipolar coupling mdd between both spins. The
four pulse technique allows one to avoid a number of artifacts (See details in [15]).

In work [16] application of the four pulse DEER experiment to long range
distance measurements between two nitroxide spin labels, a nitroxide spin label and
a Gd3+ ion, and two Gd3+ ions up to 6 nm was demonstrated (Fig. 6.6).

Thus, application of the four pulse PELDOR makes it possible to get improved
structural information from various system under investigation including complex
biological objects.

Fig. 6.4 a Model of MTSSL-labeled cytochrome P450cam mutant C58R1 using the crystal
structure of the native form of the protein (PDB 3L61). The Fe3+−MTSSL distances were
measured using b the PELDOR and c the five-pulse RIDME experiments [46]
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6.3.3 5 Pulse ELDOR (DEER 5)

The novel five-pulse DEER method is intended to develop into a widely useful
technique to study nanoscale systems, where long or more accurate distances need
to be measured [28-30]. This technique could also help to considerably shorten
spectral acquisition times by offering greater sensitivity than could be achieved
using standard DEER methods. Five-pulse DEER has four dipolar pathways and
second pump pulse, 5, after the pulse 4 shifts dipolar modulation toward pulse 4,
(Fig. 6.7c).

On the basis of an analysis of possible dipolar pathways in DEER-5, the
intramolecular contribution of the dipolar signal in five-pulse DEER has the fol-
lowing form [28]

VintraðtÞ / q3q5 þ q3p5 cos½Aðs� dTÞ�h þ p3q5
cos½Aðt � sÞ� þ p3p5 cos½Aðt � dTÞ�iorientations

ð6:14Þ

Fig. 6.5 Four-pulse DEER experiment. a Pulse sequence. Time t is varied from t < 0 to tmax, and
variation of the integral echo intensity in the window of length pg is recorded. b Local field
picture. The p pump pulse at frequency xB inverts the state of spin B (gray), thus inverting the
local field imposed by spin B at the site of spin A (black). c Energy level diagram. Inversion of the
local field at spin A exchanges coherence between the two transitions of spin A that differ in
frequency by xee,i [15]

6.3 Electron Spin Resonance Methods Based on Pulse ELDOR 133



The first and the second terms in (6.14) are constant in t, the third term is the
residual of the DEER-4 dipolar signal that exists in the absence of the fifth pulse.
The fourth term gives the new DEER-5 specific dipolar signal. The angular brackets
denote averaging over all orientations and Euler angles for all magnetic tensors.

The application of DEER 5 to investigation of spin-labeled T4 lysozyme is
illustrated in Fig. 6.8. It was shown that for spin-labeled T4 lysozyme at a con-
centration less than 50 lM, as an example, the useful evolution time increases by a
factor of 1.8 in protonated solution and 1.4 in deuterated solution to 8 and 12 ls,
respectively. This enables a significant increase in the measurable distances,
improved distance resolution, or both as the details of the V function may be traced
with improved accuracy. The DEER 5 application allowed to measure distances
between spin labels with good agreement with the enzyme X-ray model.

Fig. 6.6 2 DEER results of mixed labeled ERP29 chaperon dimers at 10 K. Left panel DEER
traces after background removal with fits obtained with the distance distributions shown on the
right. Right panel Distance distributions (see details in [16])
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The different versions of pulse ELDOR spectroscopy are widely employed in
structural and molecular dynamical investigation of various systems including
biradicals [53, 54], polymers [55], peptides [56], proteins [57], enzymes [58],
Photosystem II [59], metal-containing systems [60], membranes [61], oligonu-
cleotides [62], DNA [63], RNA [64], and various biological systems [65, 66].
A number of reviews on theory, instrumentation and applications of various ver-
sions of the pulse ELDOR experiment were recently published [3, 5, 6, 8, 10, 11,
13, 18].

Fig. 6.7 a Standard four-pulse DEER sequence with the respective dipolar modulation pattern
plotted in green. b The four-pulse sequence modified for t2 − 2t1 − 2s to minimize nuclear spin
diffusion c Placing the second pump pulse, 5, after the pulse 4 shifts dipolar modulation toward
pulse 4, thereby recovering the full time span, 2s (see details in [28])
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6.4 Two-Dimentional Fourier Transfer ESR

6.4.1 COSY (Correlation Spectroscopy), SECSY (Spin–Echo
Correlation Spectroscopy)

Two pulse COSY and SECSY experiments are similar, although different in exe-
cution and analysis from Hahn’s original two p/2 echo experiment were used
(Fig. 6.9). In the standard COSY experiment, the first p/2 pulse creates transverse
magnetization (±1 coherences) [67]. The signal is measured after a second p/2
pulse. The COSY signal is given by the coherence pathway: 0 ! + 1 ! −1 for
each orientation of the dipolar vector. The SECSY signal is related to the COSY
signal by the transformation t2 ! t2 + t1 and inhomogeneities are refocused in t1.
Hence the SECSY experiment allows one to determine the homogeneous single
quantum linewidths along.

The SECSY experiment (Fig. 6.9) with a hard pulse has an advantage over the
conventional Hahn echo method with a soft pulse in that the homogeneous line with
across the spectrum can be obtained in a single experiment [68]. From The linear
dependence T�1

2 versus saR, which is is the value of rotational correlation time in the
slow motion region (10−7 − 10−8 s), can be determined 2D FT ESR thus allows one
to distinguish between the limiting models of very slow motion with little or no
ordering versus that of very high ordering but substantial rotational diffusion rate.
The determination of the hyperfine tensor element for protons also available for the
SECSY technique.

The determination of the hyperfine tensor element for protons located at about
electron spin also available for the SECSY technique.

Fig. 6.8 Isolation of pure DEER-5 signal. The reference, A, was recorded in the absence of the
fifth pulse and used in the removal of the incompletely suppressed dipolar signal of A-type from
the raw signal, B, recorded in the presence of the fifth pulse. C indicates the pure five-pulse dipolar
signal produced by subtracting scaled down A from B. A–C are normalized to unit amplitude at
their maxima, with C shifted by −0.1 for clarity [28]
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A detail theory for interpreting two-dimensional Fourier transform (2D-FT)
electron spin resonance (ESR) experiments which encompasses the full range of
motional rates from fast through very slow motions, and provides for microscopic
as well as macroscopic molecular ordering was developed by Freed with coworkers
[67]. Using the stochastic Liouville equation, the general properties of the pulse
propagator superoperator, which describes the microwave pulses in Liouville space,
were analyzed in terms of the coherence transfer pathways of 2D-FT ESR. In the
framework of this approach, COSY, SECSY and 2D-ELDOR (electron–electron
double resonance) sequences can be also considered a in terms of either the
free-induction decay (FID)-like or echo decay-like spin response. The theory
applied to simulate ESR spectra of n&oxide spin labels in membrane vesicles,

6.5 Two-Dimensional Electron-Electron Double
Resonance (2D-ELDOR)

Two-dimensional electron-electron double resonance (2D-ELDOR) technique was
invented, developed and applied by the Freed group [68]. The two-pulse primary
echo experiment (pulse sequence: p/2 − s−p − s − echo) and the three-pulse
stimulated echo (pulse sequence: p/2 − s−p/2 − T−p/2 − s − echo) were
described.

The following time periods in a three pulse 2D-ELDOR experiment were
established: (1) the preparation period beginning with the first p/2 pulse to generate

Fig. 6.9 The pulse sequences for a the standard 2D-ELDOR experiment and b SECSY format
2D-ELDOR experiments [68]

6.4 Two-Dimentional Fourier Transfer ESR 137



the initial transverse magnetization, after which during the evolution period of
length t1; the “spin packets” evolve with their characteristic frequency, (2) The
mixing period with time Tm follows the second p/2 pulse, and during this time, in

Fig. 6.10 Experimental 2D-ELDOR spectra for spin label 1-palmitoyl-2-(16 doxyl stearoyl)
phosphatidylcholine (16PC) in cross-linked and un-cross-linked in plasma membrane vesicles
(PMV) and their respective difference spectra at temperatures of 15, 20, and 30 °C, shown in the
standard magnitude mode for convenience of display. (Here, Tm = 50 n [68])
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the presence of pseudo secular hyperfine interactions, the longitudinal magnetiza-
tion components of each hyperfine line may be exchanged, (3) The final p/2 pulse
rotates the magnetization again into the xy plane for detection, and (4) the free
induction decay (FID) signal is observed as a function of the detection time t2, and
the FID, obtained during the evolution period, t1 is collected as a function of t2
(Fig. 6.14). The experiments are repeated for a series of mixing time, Tm, at several
temperatures. For the two-pulse primary echo and the three-pulse stimulated echo
experiments, equations for the decay of the echo amplitude are given in [68].

In work [68], the simple case of a spin probe species characterized by inho-
mogeneous magnetic interactions was considered. It was suggested that in the
absence of slow-motional effects each spin packet has a distinct resonance fre-
quency with a well-defined transverse relaxation time T2. As an example, experi-
mental 2D-ELDOR spectra for 16PC in cross-linked and un-cross-linked plasma
membrane vesicles are presented in Fig. 6.10.

The stochastic Liouville equation for which the director field is treated as a
multidimensional Gaussian process was used for describing a nitroxide spin motion
which occurs on two different time scales, the faster molecular motion relative to
the local director, and the slower collective fluctuations of the director field [69].
Examples of the bending elastic moduli and transverse molecular relaxation rates
extracted from 2D-ELDOR experiments using a slow-motional model on
1,2-dipalmitoyl-sn-glycero-phosphatidylcholine (DPPC) vesicles were also deter-
mined in [69].

Thus 2D-ELDOR has proven to be a technique that is sensitive to the fast and
slow dynamical processes affecting spin in complex fluid environments [69] and
references therein,

6.6 Double-Quantum Coherence ESR

An ESR version of multiple quantum coherence (MQC) is analogous to the NMR
phenomenon [70]. The ESR MQC was predicted by Tang and Noris [71] and
observed in experiments on spin-correlated pairs formed by laser-induced disso-
ciation by Dzuba et al. [72]. A detailed theory for the analysis of a wealth of
experimental data based on a novel pulsed ESR technique for the detection of
double quantum coherence (DQC), which yields high quality dipolar spectra for
distance measurements, was developed by Freed with coworkers [73, 74].
The DQC experiment extends the range of measurable distances compared to other
techniques and also provides the high quality of the obtainable dipolar spectra to
extract distance distributions,

An energy level diagram for a system of two coupled spins 1/2 showing single
(SQT), double (DQT) and zero (ZQT) quantum transitions as well as the six-pulse
DQC sequence are presented in Figs. 6.11 and 6.12, respectively.
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Fig. 6.11 Energy level
diagram for the system of two
coupled spins of 1/2 showing
single (SQT), double
(DQT) and zero
(ZQT) quantum transitions
[75]

Fig. 6.12 The six-pulse
DQC sequence a is shown
with the corresponding
coherence pathways (b). In
this sequence the
sum, tm � tp + t2, is kept
constant (t1 is also set
constant). The echo amplitude
is recorded
versus tn � tp − t2 (c), and it
is symmetrical with respect
to tn = 0. Cosine Fourier
transformation of (c) produces
the dipolar spectrum (d) [75]
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The double (DQT) and zero (ZQT) quantum transitions correspond to transitions
with simultaneous flips or flip-flops of the spins, respectively. In the six-pulse
sequence (Fig. 6.12a), the evolution of electron spin coherences due to the dipolar
interaction is selectively detected. The dipolar spectrum of a biradical has the shape
of a Pake doublet with a splitting of 4D/3 between the turning point peaks
indicative of a weak coupling, which corresponds to distances sufficiently
exceeding 20 Å. The echo envelope is collected e as a function of tn = tp − t2. In
the limit of full excitation, the DQC dipolar signal takes on a simple form:

�sin atp sin a tm � tp
� � ¼ 1=2½cos atm � cos atn�; ð6:15Þ

where

tn � tp � t2 cð Þ ð6:16Þ

and

a ¼ 2Dð1� 3 cos2 hÞ=3 ð3Þ ð6:17Þ

with the dipolar spin–spin interaction constant D ¼ 3c2e�h=2r
3:

The distances between dipolar coupled electron spins are determined via the
constant of dipolar interaction, D. For comparison purposes, it is possible to
measure distances of up to about 20 Å by CW-ESR and to about 60–80 Å by
pulsed ESR techniques

The main virtues of DQC ESR are the following [19]: (1) detection of weak
dipolar interactions between paramagnetic molecules in the ESR signal and reliable
measurement of distances and distance distributions between them up to 80 Å
routinely and for longer distance in favorable cases; (2) determination of the angular
geometry of the biradical; (3) determination of the fully asymmetric g-factor and
hyperfine tensors; (4) characterization of many-body spin systems and (5) investi-
gation of conformers important for elucidating molecular dynamic processes.
Detailed comparison of DQC ESR with other pulse ESR technique was also
presented.

The six-pulsed DQC technique was used for distance measurements between
nitroxides in eight T4 lysozyme (T4L) mutants, doubly labeled with
methanethiosulfonate spin-label methanethiosulfonate spin-label (MTSSL) at 9 and
17 GHz [75]. It was shown that the distances between labels span the range from
20 Å for the 65/76 mutant to 47 Å for the 61/135 mutant (Fig. 6.13). The high
quality of the dipolar spectra also allows the extraction of distance distributions, the
width of which can be used to set upper and lower bounds for geometry refinement.
The distances and distributions found in this study was rationalized in terms of the
known crystal structure, the characteristic conformers of the nitroxide side chains,
and molecular modeling. This study sets the stage for the use of DQC-ESR for
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establishing the tertiary structure of large proteins with just a small number of
long-distance constraints.

On an example of measurements of the Cu2+−Cu2+ distance in the complex of
restriction endonuclease EcoRI with its cognate DNA a simple way to minimize the
low frequency nuclear peaks in the Double quantum coherence spectrum and
resolve the dipolar interaction between the two with high sensitivity was reported
[76]. The DQC data were found to be in good agreement with the Cu2+-DEER data
(Fig. 6.14).

Further examples on the use of the DQC technique for distance measurements in
immobilized spin labeled proteins and membranes in liquid solution can be found in
[19, 74, 75] and references therein.

Fig. 6.13 Distances in spin labeled T4 lysozyme [75]

Fig. 6.14 The comparison of the Cu2+-DEER data (gray solid line) with the experimental (black
solid line) Cu2+-DQC data (a) The time traces, (b) The DEER and DQC spectra, the distance
distribution functions are provided in the inset Echo detected (ED) EPR spectra, Two-Pulse
ESEEM, 2H-Mims ENDOR Four-Pulse DEER [76]
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6.7 Electron Spin Echo Envelope Modulation

Electron spin echo envelope modulation (ESEEM), pioneered by Mim [77] arises
from a coupling between the EPR-active electron being probed and nuclei within
the system when there is state mixing of the hyperfine levels. In ESEEM experi-
ments, the modulation of the echo intensity is monitored as a function of the delay
between the microwave pulses. ESEEM gives information complementary to
ENDOR. ESEEM is suited for measuring weak hyperfine couplings, e.g. of the
order of the free nuclear Larmor frequency, while continuous wave ENDOR is
better suited for strong hyperfine couplings [13, 21, 78]. The resulting ENDOR
spectrum is an ESR-enhanced NMR spectrum of the nuclei that are coupled to the
electron being probed. In ESEEM experiments, time-resolved data acquisition is
achieved on ESR timescales, that is, up to 1000 times faster than NMR.

The two most common forms of ESEEM experiments use either a two pulse (p/2
− s − p − s − echo) or three pulse (p/2 − s − p/2 − T − p/2 − s +T − echo)
sequences. In 2-pulse ESEEM experiments a typical Hahn Echo sequence is used
and the p pulse is added to longer periods of s [13]. The amplitude or integrated
area of the echo is measured for each s, giving rise to a time domain ESEEM signal.
The modulation envelope arises from nuclear transitions that are partially allowed
during an electron spin flip. Such nuclear spin flips can occur when the hf inter-
action is anisotropic, or if the nuclear quadrupole interaction is non-negligible.

The rotating-frame spin Hamiltonian, in angular frequency units, of an electron
spin (S = 1/2) coupled to N spin I nuclei (I1 = 			 = INi = 1/2) using the high-field
approximation is given by [78].

H0 ¼ XSSz þ
XN1

q¼1

ðxI;qIz;q þAqSzIz;q þBqSzIx;qÞ; ð6:18Þ

where XS = xS − xmw, where xS is the electron resonance frequency x and xmw is
the frequency of the applied microwave (mw) pulse, xI,q is the Larmor frequency of
nucleus q, and Aq and Bq are the secular and pseudo secular hyperfine interactions,
respectively. This equation is valid when the time scale of the ESEEM experiment
is short compared to the transverse electron spin relaxation and the spin
Hamiltonian describes a closed multi-spin system. The oscillation in the system was
described by Hamiltonian

Hdiag
0 ¼ UH0U

y U ¼
YN1

q¼1

e�iðga;qSa þ gb;qSbÞIyR: ð6:19Þ

where haq and ηaq are the nuclear quantization axes for a(ms = +½) and b(ms = −½)
correspondingly. The resonance frequencies of nucleus q also associates with the a
and b.
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In the frame of the ESEEM theory, transverse relaxation was also taken into
account [78]. The transverse relaxation, can be induced by fluctuating hyperfine
fields of matrix protons, with the fluctuations arising from nuclear spin diffusion.
Experiment and theory show that in this situation the echo intensity has a quadratic
time dependence, E(s) = exp[−2(s/Tm)

2], where the phase memory time Tm is
proportional to the reciprocal number density of protons in the matrix.

Two-, three-, four-pulse ESEEM, and HYSCORE techniques were considered in
details in a comprehensive review [79]. In the three-pulse ESEEM experiment two
pulses, separated by time s, are applied followed by a third pulse after time T, and
the stimulated echo is observed at time t after the third pulse [79]. The echo
envelope, obtained as T is incremented, is modulated by the nuclear transition
frequencies of nuclei coupled with the electron spin; Advantages of the three-pulse
over the two-pulse procedure include: modulations of the stimulated-echo envelope
persist for longer times, leading to narrower lines in the frequency-domain spec-
trum; the spectral lines in three-pulse ESEEM spectrum correspond to the indi-
vidual nuclear frequencies, and this usually simplifies the spectrum. The four-pulse
ESEEM was proved to be effective to measure ‘combination frequencies’, i.e. the
sum (-a + -b), or difference (-a − -b) of basic nuclear transition frequencies in
different MS manifolds of the electron spin.

A new type of ESEEM was observed in a three-pulse stimulated echo experi-
ment on a nitroxide in a molecular glass [21]. With fixed interval T between the
second and the third pulses and variable interval s between the first and the second
ones, sa response appears in the frequency domain manifesting as a broad peak
around *5 MHz. Time domain stimulated ESEEMs for R1 in toluene at 77 K with
T ¼ 3 ls and T ¼ 50 ls was observed. The rate of growth of this peak with
increasing T reports on the methyl group reorientation rate, which was found to be
strongly temperature dependent. In an extension of the method, four-pulse ESEEM
was used to measure ‘combination frequencies [80]. The four pulse method, which
exploits additional filtering of the relevant signal is advantageous for measuring
combination lines compared to two-pulse ESEEM. Another variant of ESEEM that
aims to improve the ESEEM modulation depth is five-pulse ESEEM, with the
sequence (p=2� s1 � p� s1hp=2� T� p=2� s2 � p� s2 − echo has also been
proposed.

Efficiency of advance ESEEM techniques can be illustrated by recent examples.
To provide solvent accessibility of Gd3+−ADO3A-labeled melittin a combination of
modern pulse ESR techniques has been employed [81]. The following sequences
were used: Echo detected EPR (p/2 − s − p – s–echo), the saturation (tsat − t −
/2 − s − p − s − echo), ESEEM, (p/2 − s − p − s − echo), 2H-Mims ENDOR
(p/2 − s − p/2 − T − p/2 − s − echo), and Four-Pulse DEER, p/2(mobs) −
s − p(mobs) − s + t − p(mpump) − (T − s − t) − p(mobs) − (T − s) − echo). The
Gd3+ ESEEM and ENDOR results were found to be in reasonable agreement with
each other, 82. To get insight into the structure and the chemical environment of the
[4Fe–4S] cluster of HydF from the hyperthermophilic organism Thermotoga
neapolitana, a combination of CW-EPR, three-pulse ESEEM, and HYSCORE
spectroscopies has been exploited [83]. In order to characterize the proton
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environment of the [4Fe–4S] cluster of HydFT.n and possibly assign the fourth
ligand to a protonated species, proton/deuteron (H/D) exchange experiments were
performed The H/D exchange experiments allowed to authors measuring the weak
magnetic interactions between the FeS cluster and the nearby deuterium/proton
nuclei. The closest to the cluster a Fe–H distance was estimated as 2.1–3.0 Å.
X-band 3p-ESEEM spectra of HydFT.n are presented in Fig. 6.15.

5-pulse ESEEM and 6-pulse HYSCORE examined in [20] were characterized
with two benefits: they can recover signals from weakly modulating nuclei and
yield spectra that are less affected by cross suppression. Figure 6.16 shows 2, 3, 4,
5, 6 pulse ESEEM and HYSCORE.

Hyperfine sublevel correlation spectroscopy (HYSCORE), introduced by Hofer
et al. [82]. is a two-dimensional ESEEM technique based on a four-pulse sequence
(Fig. 6.16). The echo intensity is recorded as a function of the interpulse time
between the second and third pulses, t1, and the time between the third and fourth
pulses, t. The nuclear coherences exchanged by the p-pulse evolve during the time
intervals t1 and t2. Correlations between nuclear transitions from the different MS

manifolds are provided by the frequency-domain HYSCORE, obtained after
Fourier transforming the time-domain spectrum in two dimensions, e.g. t1 and t2,
contains cross-peaks Accordingly, in the case of one I = 1 nucleus, a total of 18
cross-peaks are expected. Due to the high spectral resolution, HYSCORE experi-
ments can be performed on samples with a low concentration of paramagnetic
species.

DONUT-HYSCORE (double nuclear coherence transfer hyperfine sublevel
correlation) is a two-dimensional experiment, which was designed to obtain cor-
relations between nuclear frequencies belonging to the same electron spin manifold
[84]. The DONUT-HYSCORE experiment is designed to improve the resolution of

Fig. 6.15 X-band 3p-ESEEM quotient traces of HydFT.n. H/D exchange recorded at a magnetic
field corresponding to g = 1.90 (black), before a and after b Fourier transform; T = 10 K.
Simulation as derived from the contributions of matrix protons (dark yellow), protons I (blue), and
protons II (red) is reported as an orange bold line [83] (color online)
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the ESEEM frequencies and to resolve and simplify the assignment of ESEEM
frequencies for the case of an electron spin, S = 1/2, interacting with a number of
nuclear spins with I 
 1 with nuclear quadrupole interactions This method is
complementary to the standard HYSCORE experiment which generates correla-
tions between nuclear frequencies belonging to different MS manifolds. The
sequence employed is p/2 − s1 − p /2 − t1 − p − s2 − p − t2 − p/2 − s1 − echo,
and the echo is measured as a function of t1 and t2 whereas s1 and s2 are held
constant. The DONUT is manifested as cross-peaks in a 2D spectrum obtained by
Fourier transform with respect to t1 and t2. As an illustration, the
DONUT-HYSCORE experiment was successfully applied to detect nuclear fre-
quencies spectra in systems with 14N nuclei in both a single crystal and frozen
solution.

The combination of high-field electron paramagnetic resonance and ESEEM
with specific site-directed spin labeling (SDSL) techniques was used to reveal
subtle changes of the polarity and proticity profiles in proteins embedded in
membranes [85]. This information was obtained by high-field EPR resolving
principal components of the nitroxide Zeeman (g) and hyperfine (A) tensors of the
spin labels. The W-band (95 GHz) high-field ESEEM method was subsequently
used for determining with high accuracy the 14N quadrupole tensor principal
components of a nitroxide spin label in disordered frozen solution. Figure 6.17
shows the W-band microwave pulse sequence for the stimulated high-field ESEEM
experiment on the nitroxide radical, examples of a nuclear modulation echo decay
trace at the indicated magnetic field position, and the Fourier transformed spectrum
of the ESEEM decay. The quadrupole components of a five-ring pyrroline-type

Fig. 6.16 ESEEM pulse sequences (variable T, T1, T2 and fixed s, s1, s2: a 2-pulse ESEEM,
b 3-pulse ESEEM, c standard (4-pulse) HYSCORE, d 5-pulse ESEEM, e 6-pulse HYSCORE [21]
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nitroxide radical in glassy ortho-terphenoyl and glycerol solutions have been
determined by W-band ESEEM.

Recent application of ESEEM in combination with other pulse ESR techniques
are reported in [81–83] and references therein.

6.8 Pulse ENDOR

In CW ESR a strong hyperfine interaction is usually observed when the nucleus is
in close proximity of the unpaired electron. The interactions with more distant
nuclei can be investigated by means of ESEEM, continuous wave or pulse ENDOR
[13, 21–23]. Pulse ENDOR and ESEEM spectra contain information on the type of
nuclei, on the distances between nuclei and on the spin density distribution

Fig. 6.17 W-band microwave pulse sequence for the stimulated high-field ESEEM experiment on
the five-ring pyrroline-type nitroxide radical. Top The echo detected EPR spectrum of the R1-14N
radical as well as the microwave excitation bandwidth for typical microwave pulse-length settings
are shown for clarity. Bottom left A representative example of a nuclear modulation echo decay
trace at the indicated magnetic filed position is shown. Bottom right The Fourier transformed
spectrum of the ESEEM decay example is given, the cutoff frequency of the high-pass filter was set
to 1.5 MHz [85]
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(hyperfine interaction) and on the electric field gradient at the nuclei caused by
nuclear quadrupole interaction. In addition, in the frame of pulse-ENDOR tech-
nique, the microwave pulse sequence can generate an electron spin echo which can
be modulated by manipulation of the nuclear spins due to the radio-frequency
pulses. Therefore, the ENDOR spectrum yields an ESR-enhanced representation of
the nuclear transition frequency spectrum, which might otherwise be too weak to
observe directly. The basic principles of continuous wave and pulse ENDOR were
reviewed in [23].

In Davies ENDOR of an S = 1/2, I = 1/2 system, a microwave (mw) inver-
sion-recovery pulse sequence (p − T − p/2 − s − p − s − echo) is used
(Fig. 6.17) [13, 85]. First, one EPR transition is inverted by the preparation pulse.
Subsequently the mw p-pulse inverts the positive initial thermal equilibrium
polarization, Therefore, Davies ENDOR is useful for systems with large HFIs.
During the T interval, the rf pulse changes the population of the nuclear sublevels,
and thereby the polarization of the EPR transition is partially restored. This effect is
detected by the echo intensity, i.e., by the final part of the pulse sequence
p/2 − s − p − s − echo.

In Mims ENDOR [86], bEPR transitions are excited by the applied stimulated
echo mw pulse sequence (p/2 − s − p/2 − T − p/2p − s − echo). The precession
frequency during the first and the second evolution times differ by the value of a
was initiated by the rf p-pulse flips the nuclear spin mI, which in turn changes the
frequency of the electron spin Larmor precession No ENDOR effect is observed
when as = 2pn, where n is an integer number. applications of this method are
limited to relatively small HFI constants (B1 > a).

Pulse Mims and Davies ENDOR experiments (Fig. 6.18) were performed for
detail investigation of the photoexcited triplet state of the carotenoid peridinin in the

Fig. 6.18 Top left Spin
energy levels of a triplet state,
showing positive and negative
hyperfine interaction with one
nucleus with spin I = 1/2 for
the field parallel to one of the
canonical axes of the ZFS
tensor Bottom left Pulse
scheme for Davies-ENDOR
experiment for photoexcited
triplet states. Right Davies
ENDORspectra ofHPCP from
H. pygmaea for the X, Y and Z
field position at T = 20 K. The
frequency scale gives the
deviation of the resonance line
from mH. For experimental
conditions see [22]

148 6 Experimental Methods for the Investigation …



peridinin–chlorophyll a–protein (PCP) of the dinoflagellate Heterocapsa pygmaea
[22].

Mehring et al. [87] introduced a time-domain pulsed method in which polar-
ization transfer ENDOR schemes can be performed with selective as well as
nonselective mw pulses. In these experiments, the mixing period consists of two rf
p/2 pulses separated by a variable time interval T′. Hyperfine-correlated electron
nuclear double resonance spectroscopy (HYEND), where the nuclear transition
frequencies are correlated with the corresponding hyperfine frequencies, leads to a
considerable simplification of the interpretation of the spectra.

Orientation-selective pulse Q-band ENDOR spectroscopy (34 GHz) and density
functional theory (DFT) calculations were used for investigation of the triplet state
of the carotenoid peridinin in the refolded N-domain peridinin-chlorophyll-protein
(PCP) antenna complex from Amphidinium carterae created by triplet–triplet
transfer from 3Chl a, generated by illumination at 630 nm (Fig. 6.19) [88]. Thirteen
proton hyperfine coupling (hfc) tensors are deduced for the peridinin triplet state.

ENDOR spectroscopy can provide detailed information on multiple, magneti-
cally active nuclei (1, 2H, 13C, 57Fe, 95Mo) from paramagnetic centers in a
bioinorganic system [89]. Thus pulsed ENDOR allows identification of the con-
stituent metal ions and their formal oxidation states, and identifies the nature of the
substrate analog or inhibitor binding to the clusters including the iron–molybdenum
cofactor in nitrogenase.

6.9 Pulse Saturation and Inversion Recovery

A detailed description of the continuous wave microwave saturation recovery
technique was presented in publications of the Hyde group [90]. The theory of
saturation recovery was developed by Freed and Wang [91]. A disadvantage of this
technique is that the sensitivity of CW detection is less than the 2-pulse echo

Fig. 6.19 Pulse ENDOR spectra of the short-lived photoinduced spin-polarized triplet state of the
carotenoid peridinin in the PCP (peridinin–chlorophyll–protein) antenna of A. carterae. Molecular
structure of the carotenoid peridinin and spin density plot of peridinin 614 in its excited triplet state
is also shown [88]

6.8 Pulse ENDOR 149



repetition method. An advantage of the CW detection scheme is that it can be used in
the case of very short T2 and deep echo envelope modulation. The theory of
relaxation, applied to saturation and double resonance in ESR spectra was developed
in [91]. The saturation recovery literature prior to 2000 has been reviewed com-
prehensively by the Eatons [92]. Data on relaxation times, T1 and T2 for this period
were also collected in this review. Experimental, and theoretical aspects, as well as
applications of the saturation recovery technique were discussed in [93, 94, 96] and
references therein.

As an example of a recent application of saturation phenomena, electron spin
relaxation times of perdeuterated tempone (PDT) 1 and of a nitronyl nitroxide
(2-(4-carboxy-phenyl)-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl) 2 in aqueous
solution at room temperature were measured by 2-pulse electron spin echo (T2) or
3-pulse inversion recovery (T1) in the frequency range of 250 MHz to 34 GHz [93].
At 9 GHz values of T1 measured by long-pulse saturation recovery were in good
agreement with values determined by inversion recovery. The data obtained on T1

and T2 relaxation were used for detailed analysis of nitroxide motion in the fast
tumbling regime. It was shown that a thermally activated process makes a signif-
icant contribution in the fast tumbling regime.

The inversion recovery three pulse sequence (p − T − p/2 − s − p – s − echo)
includes two Free Induction Decay and a three pulse echo [92]. The sequence steps
are: inversion of spins followed by relaxation during time T, generation of the spin
echo by the second and third pulses and pulse phase cycling to eliminate unwanted
echoes. This sequence allows one to observe the effect of spectral diffusion because
the inverting pulse is short. In the so called “picket fence” sequence a series of p/2
pulses with spacing greater than a few spin echo dephasing times, Tm, is used to
saturate the spin system followed by sampling its recovery with a 2-pulse echo [92].
The echo repetition rate pulse method makes it possible to determine T1 by mea-
suring the amplitude of a 2-pulse echo as a function of the repeating pulse sequence
(p/2 − s − p − echo − s > T1) and increasing the pulse repetition rate. The T1 value
can be found from the dependence of the echo amplitude on the pulse repetition rate
[92]. In this method, a 2-pulse echo is formed before the z magnetization com-
pletely recovered and the echo forms with a progressively smaller amplitude.

Information on recent applications of the inversion recovery technique is pre-
sented below.–lattice relaxation times, T1, for EPR signals created by irradiation of
tooth enamel or carbonate-doped hydroxyapatite were studied by three-pulse
inversion recovery and long-pulse saturation recovery [97]. The dominant compo-
nent in the EPR signal for tooth samples is assigned to CO2

−. The dose indepen-
dence of T1 and T2 at ambient temperature provides the basis for using
dose-independent microwave powers to record dosimetric tooth signals at micro-
wave powers above the linear response regime. Inversion recovery (T1) and
microwave power saturation studies have also been performed, between 4 and 25 K,
on the EPR signal from the stable tyrosyl radical, YD˙, in photosystem II core
complex preparations from higher plants [95]. Measurements were performed for the
dark stable S1 and first turnover S2 states of the photosystem catalytic Mn cluster
and in two cryoprotectant regimes; sucrose and ethylene glycol/glycerol [97].
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The inversion recovery kinetics in the dark stable S1 and first turnover S2 states of
the photosystem catalytic Mn cluster show a dominant, non exponential decay
component which is well described by a through space dipolar relaxation model. The
background rate showed an S state temperature dependence, consistent with an
interaction between YD˙ and the Mn cluster in the multiline S2 state, over a distance
of *30 Å. The temperature dependence of the electron spin-lattice relaxation time
T1 was measured for the S0 state of the oxygen-evolving complex in photosystem II
and for two dinuclear manganese model complexes by pulse EPR in temperature
range 4.3–6.5 K using the inversion-recovery method [97]. It was shown that for
[Mn(III)Mn(IV)(l-O)2bipy4]ClO4, the Raman relaxation process dominates at
temperatures below 50 K, while Orbach type relaxation was found for [Mn(II)Mn
(III)(l-OH)(l-piv)2(Me3tacn)2](ClO4)

2 between 4.3 and 9 K.

6.10 ESR Spectra Hole Burning

For inhomogeneously broadened electron paramagnetic resonance spectra of solids
and viscous liquids, spectral diffusion can be studied by selective hole burning
(Dzuba et al.) [99]. The width of a selective hole can be comparable to the
homogeneous linewidth. The hole shape is detected using nonselective pulses to
form free-induction decays and spin echoes. In the hole burning method, a so called
“soft pulse” technique has been developed by Schweiger et al. [99]. The soft pulse
‘burns’ a hole in the inhomogeneously broadened EPR spectrum that is detected
using a free-induction decay (FID). When the hole has a width comparable to that
of the ESR homogeneous linewidth (0.5–0.05 G) the hole is called a selective hole.
The pulse sequence for the hole-burning experiment is p − s − p/2 − s − p/2.
Applications of the method are partitioned into two broad classes with respect to the
origin of perturbations that influence the hole shape, after the action of the
hole-burning pulse. A so-called internal perturbation is caused by spin-lattice
relaxation, by spectral diffusion or by driving of forbidden transitions, which
change the ESR spectral line shape, while external perturbations include rapid
stepping of the magnetic field, change of the orientation of the external magnetic
field or sample rotation.

Sources of spectral diffusion after the selective hole burning are [100]:
(1) chemical exchange which can be induced by chemical reactions, by transitions
between different molecular conformations or isomers, and by rotation about some
particular molecular bond; (2) molecular tumbling in a viscous liquid;
(3) spin-lattice relaxation which can induce a stochastic shift of the resonance lines
for individual spins, which can then change the orientation along the magnetic field;
(4) spin diffusion, a process of mutual flip-flops in the spin system leading to a
spatial diffusion of the Zeeman energy. Spectral diffusion is characterized by two
important parameters, the scale of spectral diffusion Δx and the correlation time sc
[98]. For a slow tumbling molecule, Δx is of the same order as the full ESR spectra
linewidth ΔX. In the case of fast spectral diffusion, the spectral diffusion lineshape
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collapses into a single narrow line. For a slow tumbling molecule, Δx is of the same
order as the full ESR spectra linewidth DX.

The possibility of studying the spatial distribution of paramagnetic species in
solids was discussed in detail by Dzuba and Kawamori [100]. This approach is
based on the spectral diffusion effect, which arises from fluctuations of
dipole-dipole interactions induced by spin-lattice relaxation. The frequency shift of
the A spin caused by the dipole-dipole interaction with the B spin a pair was
described by the function

2 ðr; hÞ ¼ cAgBbð1� 3cos2hÞ=r3 ð6:20Þ

where r is the distance from the A to the B spin and Ѳ is the angle between the
z axis and the radius vector r. When the B spin flips, the resonance frequency for the
A spin is shifted because the position of the resonance line is determined by
the product e(r,Ѳ)mB; where mB (+1/2, −1/2) is projection of the B spin onto the
z axis.

For selective hole-burning relaxation-induced dipolar modulation enhancement
(RIDME) experiments with stable nitroxide biradical in a frozen solution a
sequence ps–T–p/2 ns–s–pns–s–refocused FID was used [101]. Such a sequence
allowed one to eliminate the major unwanted contributions to the FID modulation
originating from spectral diffusion and from excitation of forbidden electron-nuclear
spin transitions by mw pulses. The proposed method can be employed to measure
interspin distances in the range of 13 Å � r � 25 Å.

6.11 ESR Nutation Spectroscopy

Nutation is a rocking, swaying, or nodding motion in the axis of rotation of a
largely axially symmetric object 1. The nutation frequency of the moment on
resonance (Rabi frequency) is described by the transition moment and transition
probability between the spin sublevels involved in the transition [102–109].
Electron spin nutation ESN is based on general phenomena in which an
electron-spin magnetic moment/magnetisation precesses around an effective mag-
netic field in an oscillating microwave irradiation field. Determination of relatively
short distances between weakly exchange-coupled electron spins is a main goal of
application of the pulse- ESR based electron spin ESN spectroscopy The experi-
mentally detected nutation frequency as a function of the microwave irradiation
strength x1 (angular frequency) for cases of weakly exchange-coupled systems can
be classified into three categories; D12 (spin dipolar interaction)-driven, Dg-driven
and x1-driven nutation behaviour, where x1-driven nutation depends on the
strength of x1.

The influence of anisotropic hyperfine interactions on transient nutation electron
paramagnetic resonance (EPR) of light-induced spin-correlated radical pairs was
studied theoretically using the density operator formalism. Dzuba and Kawamori [101]
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for On the basis of a model system comprised of a weakly coupled radical pair and one
hyperfine-coupled nucleus with I ¼ 1=2, analytical expressions for the time evolution
of the transient EPR signal during selective microwave excitation of single transi-
tions were given. In the frame of accepted model, the sudden light-induced gener-
ation of a triplet radical pair state from a singlet-state precursor. Two mechanisms of
coherent nuclear modulations in the time-resolved EPR signals of doublets and
radical pairs were presented for various microwave magnetic field strengths. The first
modulation scheme is induced by electron and nuclear coherences initiated by the
laser excitation pulse as monitored by a weak microwave magnetic field. In a second
mechanism the modulations are both created and detected by microwave radiation.
The goal of synchronous-nutation method based on behavior of the associated
nuclear spin system is to measure a cross-relaxation or slow-exchange rate constant
between two spins avoiding spin diffusion [103]. A three spin system in which two of
the spins are forced to nutate synchronously has been considered using a master
equation which described the evolution of density operator representing the state of
the spin system. The 2-D ESN spectroscopy was used to study Eu2þ ion
S ¼ 7=2; I ¼ 5=2ð Þ, which has two isotopes (151Eu [47.9 %] and 153Eu [52.1 %]), in
a CaF2 single crystal [105]. The complicated fine-structure hyperfine ESR spectra,
related to the allowed and forbidden transitions in high-spin systems, was identified
by invoking the spectral simulation of the 2-D ESN spectra on the basis of transition
moment analyses. The analyses were based on exact numerical calculations of the
transition moments as well as a perturbation-based analytical approach combined
with reduced rotation matrices for the nuclear part of the transition moment.
Figure 6.20 llustrates result of the analysis showing the contour plot of the X-band
2-D ESN spectra of the Eu2þ ð8S7=2Þ, as shown in Fig. 6.20. In work [107],
two-dimentional (2D-ESN) spectroscopy was used to determine spin dipolar inter-
actions for spin distances within 2.0 nm in a system of weakly exchange-coupled
molecular spins in non-oriented media. In the extreme weak irradiation limit, the
nutation frequency xn for the |MS〉 !|MS + 1〉allowed transition of the isolated
spin state S is described by an expression,

xn ¼ Gj j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SðSþ 1Þ �MSðMS þ 1Þ M1ðMsÞjM0

IðMs þ 1Þijx1hj
q

ð6:21Þ

where x1 denotes the irradiation strength B1, in units of angular frequency, of the
microwave field and G is the anisotropy of the g-factor. The third term of (6.21)
shows the contribution of the nuclear spin transitions involved during the ESR
transition. In order to analyse quantitatively the 2D-ESN behaviour of a biradical,
the frequency xn was measured as a function of x1 over a wide range. It was
shown that for hetero-spin biradicals, such as Biradical 6.1, Dg effects can be a
dominating feature in biradical nutation spectroscopy.

Thus ESN spectroscopy has been proved to be a useful complement to other
modern pulse ESR methods.
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Fig. 6.20 Contour plot of the X-band 2-D ESN spectra of the Eu2+(8S7/2) ion with B 0 parallel
to the [105] axis in the magnetic field range of 330–360 mT, where only the
M s = 1/2) ! M s = −1/2) transition is involved. On the right-hand side of a the ESE-detected
field-swept fine-structure hyperfine spectrum through the magnetic field window is displayed,
a The 2-D ESN spectra observed at 3.5 K. b The 2-D ESN spectra calculated by invoking the
theoretical transition moment analysis. The dotted and solid lines stand for the hyperfine
transitions from *5*Eu and mEu, respectively

Biradical 6.1 .
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Chapter 7
Miscellaneous Methods of Investigation
of Electron Spin Interactions Based
on Optical and Other Techniques

Abstract Although electron spin resonance and nuclear spin resonance experi-
ments provide sensitive and effective information about electron spin effects, other
physical methods, optical spectroscopy in particular, have also contributed signif-
icantly in his area. In the present chapter a general survey is made on advanced
optical, Mössbauer, magnetic, neutron scattering and muon spin spectroscopy
which taken in combination open new horizons for deep insights into the mecha-
nism and scale of electron spin effects. This powerful arsenal has been used for
detailed investigations of chemical and biological processes of great importance for
fundamental and applied research.

7.1 Introduction

Practically speaking, all modern optical methods for investigating electron spin
dependent processes are based on laser techniques. Since the development of short
pulse laser systems, ultrafast time-domain techniques allow the development of
detailed insights into the dynamic of molecular structures. After an ultrashort
optical trigger pulse induces a transition to a higher electronic state, the evolution of
the molecular system is followed by time resolved femto-and picosecond absorp-
tion, fluorescence, IR and Raman spectroscopy. These techniques taring in com-
bination allow to elucidate the evolution of the molecular structure during ultrafast
physical and chemical processes related to electron spin effects. Quantitative
parameters modeling singlet-triplet transitions, triplet-triplet transfer, singlet and
triplet excited state quenching, intermolecular quenching, intersystem crossing,
long-distance electron transfer, and spin-polarized processes can be determined
from analysis of these experiments.

Intramolecular electron spin nuclear spin interactions can be studied by
Mössbauer (gamma-resonance, GR, spectroscopy). Analysis of the superfine
structure of the GR spectra makes it possible to measure the intensity of internal
magnetic fields and the value of the electron spin magnetic moment of Mössbauer
atoms, 57Fe for example. Measurement of the microscopic magnetic susceptibility
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permits the study of electron spin effects in magnetic materials. Individual magnetic
moment and exchange integral contributions can be measured by this technique.

In addition to optical methods, neutron scattering and muon spin spectroscopy
offer useful methods for the quantitative investigation of static and dynamical
electron spin effects in solids and liquids.

7.2 Optical Methods

7.2.1 Intramolecular Excited Triplet States Decay Processes

The triplet-state population may be produced via endogenous or exogenous pho-
tosensitization from other triplet species or by efficient intersystem crossing
(ISC) from the initially photoexcited singlet state (Section 2.X and relative refer-
ences). There are three couplings enabling the spin flip mechanism, which enhances
the efficiency of the ISC process: media-induced spin or spin–lattice relaxation,
hyperfine coupling, and spin–orbit coupling (SOC) [1–4]. Efficiency of optical
methods can be illustrated by several examples.

The properties of the isolated nucleo bases uracil, thymine, and 1-methylthymine
in their ground and low-lying excited states have been studied by optical methods
[5]. For uracil, the transition rates for three different nonradiative singlet-triplet
pathways were calculated:

að Þ S1 1n ! p�
� �

 T1
3p ! p�
� �

bð Þ S2 1p ! p�
� �

 T2
3n ! p�
� �

cð Þ S2 1p ! p�
� �

 T3
3p ! p�
� �

The observed high quantum yield of phosphorescence of BP was consistent with
an efficient ISC occurring via spin–orbit coupling from S1(np*) to T2(pp*), fol-
lowed by rapid ISC from T2(pp*) to T1(np*).

The decarboxylation reaction of ketoprofen (KP) in different acetonitrile-water
mixtures producing a carbanion or biradical intermediate was investigated by using
femtosecond transient absorption and nanosecond time-resolved resonance Raman
spectroscopies [6]. A global fit of the fs-TA transient absorption obtained in a pH 0
acidic solution yielded a time constant of 8.7 ps for ISC and a 1.73 ns time constant for
the decarboxylation reaction. The photophysical properties of a SnIV phthalocyanine
which coordinates 2 myristate groups (cis-PcSn(Myr)2.) through their carboxylate
functionalities in a cis disposition at the Sn center were studied [7]. Role of caging in
the thiol-activated triplet-triplet annihilation (TTA) upconversion in thiol-activated
triplet-triplet annihilation (TTA) upconversion was studied with steady-state UV-vis
absorption spectroscopy, fluorescence spectroscopy, electrochemical characteriza-
tion, nanosecond transient absorption spectroscopy, and DFT/TDDFT computa-
tions [8]. The results indicated that 2,4-dinitrobenzenenesulfonyl-caged triplet
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photosensitizer shows a shorter triplet state lifetime (24.7 ls) than the uncaged triplet
photosensitizer (86.0 ls).

The photophysical properties of the triad

were studied with steady-state UV-vis absorption spectra, fluorescence spectra,
nanosecond transien tabsorption spectra, cyclic voltammetry, and DFT/TDDFT
calculation. Figure 7.1 illustrates the competing ISC and FRET (fluorescence res-
onance energy transfer) processes [9].

Along with experimental measurements, advanced theoretical calculations pro-
vide deep insight into intramolecular electron spin interactions. Ab initio molecular
dynamics including nonadiabatic and spin–orbit couplings on equal footing is used
to unravel the deactivation of cytosine after UV light absorption [10]. Intersystem
crossing Intersystem crossing was found to compete directly with internal con-
version in tens of femtoseconds and close degeneracy between singlet and triplet
states can compensate for very small spin–orbit couplings, leading to efficient ISC.
Deactivation pathways of keto-cytosine including IC and ISC is shown in Fig. 7.2.

Fig. 7.1 Photophysical
processes involved in N − 1
upon [9]
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The information on the spin-orbit interaction and intersystem crossing in various
molecules and their electronic structure was acquired in [11–13].

7.2.2 Intermolecular Singlet and Triplet Excited States
Quenching

7.2.2.1 Dioxygen as a Quencher

The phosphorescence (excited triplet state) quenching technique relies on changes
in the phosphorescence life time of a molecular probe when it is quenched by
oxygen [14–23]. The quenching process can be illustrated by using a Jablonski
diagram (Section X) and it can be described by the Stern–Volmer equation [4].

I0f
If

¼ 1þ kqs0 � Q½ � ð7:1Þ

where I0f is the intensity, or rate of fluorescence, without a quencher, If is the
intensity, or rate of fluorescence, with a quencher, kq is the quencher rate coefficient,
s0 is the lifetime of the emissive excited state of A, without a quencher present and
Q½ � is the concentration of the quencher

I0
I
¼ s0

s
¼ 1þKsv½O2� ¼ 1þ kqs0½O2� ð7:2Þ

where I and I0 are the luminescence intensities with and without quencher
(dioxygen), respectively, s0 and s are the corresponding luminescence lifetimes,
KSV is the Stern–Volmer constant and kq is the kinetic quenching constant that
reflects the efficiency of the quenching process and can be used to compare
luminophores with different lifetimes.

Fig. 7.2 Deactivation
pathways of keto-cytosine
including IC (in black) and
ISC (in gray). The propensity
of each path is sketched by
the thickness of the arrows.
The dotted line indicates
the deactivation pathway
of T1 [10]
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The study of oxygen quenching of the excited state offluorophores like porphyrins
and phthalocyanines with the consequent generation of the cytotoxic singlet oxygen,
has demonstrated potential applications in so-called PhotoDynamic Therapy (PDT)
[16, 17]. These types of probes have long lifetimes (100 ls) and quenching constant
values that make them well suited for measurement of physiological pO2.

Quenching of excited triplet states T1 of many substances by ground state
molecular oxygen O2 produces singlet oxygen [18]

�FþO2ðX3
X�
g

Þ ! FþO2ð1DgÞ or O2ð1
X
g

Þ ð7:3Þ

The two possible states of singlet oxygen differ only in the spin and occupancy of
the two degenerate antibonding pg* orbitals: in the case of O2(

1Dg) (the excited state
with lowest energy) two electrons are paired in the same pg* orbital, whilst in the
case of O2(

1Rg) two electrons with opposite spin occupy the two degenerate anti-
bonding pg* orbitals. As an example, on the base of measurement of rate constants
for a series of 10 biphenyl sensitizers of very different oxidation potential, Eox, and
constant and large ET it was demonstrated that the quenching of triplet states by O2

producing O2(
1Rg

+), O2(
1Dg), and O2(

3Rg
−), proceeds via two different channels [19].

One quenching channel originates from excited 1,3(T1�3R) complexes with no CT
character (nCT); the other originates from 1,3(T1�3R) exciplexes with partial charge
transfer character (pCT). A fast intersystem crossing equilibrium between 1(T1�3R)
and 3(T1�3R) is only observed in the nCT but not in the pCT channel.

7.2.2.2 Quenching by Organic molecules

Laser-flash photolysis was employed to determine absolute rate constants for
quenching of the 5-deazariboflavin (35DRF*) triplet excited state by amines and
phenols in methanol solution [20]. The observed reactivity order for triplet
quenching by aliphatic amines shows analogous behavior to the corresponding
trend in oxidation potentials for these reducing agents; quenching by aromatic
amines is significantly more efficient. In the case of phenols, the quenching rate
constants render a Hammett reaction constant (q) value of −1.2 ± 0.1. This neg-
ative q value is in accord with a mechanism in which hydrogen-atom transfer from
phenols to the 5-deazariboflavin triplet excited state takes place via an electron–
proton transfer sequence.

To validate mechanism of quenching of protein phosphorescence, the rate of
quenching of the buried Trp residues of RNase T1 and parvalbumin by acrylamide
and the bigger double-headed derivative bisacrylamide was experimentally com-
pared [21]. This study demonstrated that acrylamide quenching of superficially
buried Trp residues of RNase T1 and parvalbumin is due to long-range interactions
with the quencher in the solvent. It was suggested that the most probable mechanism
of the quenching is electron transfer from the tryptophane segment and the quenchers.
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In work [22] time-resolved laser spectroscopy was applied to measure the excited
triplet state quenching by Dissolved Natural Organic Matter (DOM) for the anionic
triplet sensitizers 4-carboxybenzophenone (CBBP) and 9,10-anthraquinone-
2,6-disulfonic acid (2,6-AQDS) and for the triplets of 2-acetonaphthone (2AN) and
3-methoxyacetophenone (3MAP). No quenching was detected for CBBP and
2,6-AQDS, while second-order quenching rate constants with DOM for 2AN
and 3MAP in the range of 1.30–3.85 � 107 L mol c−1 s−1 were measured.

7.2.3 Nitroxides as Quenchers

7.2.3.1 Intermolecular Quenching

The excited-state quenching of aromatic and other molecules by nitroxide radicals
has been extensively investigated by optical measurements [23–27]. Quenching of
triplet states of molecules by nitroxyl radicals can occur by charge transfer, inter-
system crossing and energy transfer from the triplet molecule to the radical. The
contributions of these mechanisms depends on the triplet energy of chromophors
and the electron donor ability of the radical. Quenching of triplet states of ketones
by nitroxyl radicals occurs by charge transfer and by energy transfer from the triplet
molecule to the radical.

By flash photolysis and fluorimetric measurements, it was established that
quenching of triplet states of ketones by nitroxyl radicals occurs by charge transfer
and by energy transfer from the triplet molecule to the radical [23]. The relative
contributions of of these processes depends on the triplet energy of the ketone and
the electron donor ability of the radical. In contrast, quenching of the triplet state of
anthanthrone by nitroxyl radicals occurs by charge transfer from the radical to the
triplet molecule. The quenching mechanism for pyrene fluorescence by
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) and galvinoxyl radicals has been
studied by measuring the time evolution of the transient absorption [24]. It was
demonstrated from an analysis of the dual exponential time profiles of the transient
absorption due to Sm ← S1 and Tn ! T1 transitions that radicals largely enhance
the intersystem crossing from the S1 state to triplet manifolds. Quenching mecha-
nisms of S1 and T1 coronene by the (TEMPO) radical were investigated by probing
absorptive (abs) and emissive (em) chemically induced dynamic electron polar-
izations (CIDEP), which are generated by interactions of S1 and T1 coronene with
TEMPO radicals, respectively [25] Coronene has a relatively long fluorescence
lifetime, and thus, it is easy to study both S1 and T1 quenching processes by using
the Cor–TEMPO system as a model system. The time-resolved electron spin res-
onance (TR-ESR) method, TR Thermal Lensing, Transient Absorption, and
Fluorescence Measurements were used in combination. It was shown that that
quenching of T1 coronene by TEMPO in benzene occurs through an
electron-exchange interaction in an RT encounter complex.
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The quenching mechanism of interactions between dendrimer-entrapped-gold
nanoparticles clusters and nitroxide radical was explored by combined fluorescence
and ESR spectroscopies—[26]. This system was suggested to be the fluorescence
probe for sensing ascorbic acid (AA) in living cells.

7.2.3.2 Quenching in Donor-Acceptor Pairs

Starting from the first publication by the Likhtenshtein group [28] on quenching of
excited states of a fluorophore by covalently linked radical in the supermoleculer
molecule, this field has attracted much attention because of the growing interest
of high-spin excited states of organic molecules such as quartet and quintet states
[29–40]. The property of stable nitroxide radical moiety to quench the excited state
of the chromophore segment was exploited for developing new molecular probes
and also for modeling intramolecular photochemical and photophysical processes in
the course of the light energy conversion and construction of new photoswitching
magnetic materials [29–41] and references therein.

Steady state and time-resolved absorption and fluorescence measurements were
used to probe the mechanisms of excited singlet state quenching by stable nitroxide
radicals in a series of fluorescamine-derivatized nitroxides with direct connection
between the donor and acceptor segments [41]. It was suggested that the rapid
singlet state quenching in this series of compounds thus appears to arise from
enhanced internal conversion. The rate constants of intramolecular fluorescence
quencing (kq) measured by the time-domain picosecond fluorescence technique,
fluorescence quantum yields of paramagnetic and diamagnetic forms and the rate
constant of photoreduction (kred) in various solvents for a series of dansyl com-
pound containing various nitroxides were measured [37–39]. A positive correlation
between the rate constant of the nitroxide fragment photoreduction kred and the
equilibrium constant Keq for the chemical exchange reaction between different
nitroxides depending on the nitroxide redox potential. was established
Nevertheless, the kq values were found not to be dependent on Keq. On the basis of
these and other available data, two mechanisms of IFQ were proposed: the domi-
nant mechanism is intersystem crossing and the ancillary mechanism is irreversible
intramolecular electron transfer (ET) from the excited singlet of the fluorophore
(donor D) to nitroxide (acceptor A) followed by fluorophore segment regeneration
and hydroxyl formation. The latter mechanism is responsible for photoreduction.

7.3 Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy (FCS) is a correlation analysis of fluctuations
of the fluoresence intensity [42, 43]. The analysis provides model parameters of the
physics underlying the fluctuations. One of the applications of these methods is an
analysis of the concentration fluctuations of fluorescent molecules in solution. In
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this application, the fluorescence emitted from a very tiny space in solution con-
taining a small number of fluorescent particles (molecules) is observed. The
fluorescence intensity fluctuates due to Brownian motion of the particles.

The transient dark state of the probe thiazole orange, 5′-d(T6D514T6)-3′, attached
to a specific DNA sequence, was investigated using FCS [42]. A laser technique
was employed to measure the fluorescence cross-correlation of the solution sample.
The transient dark state that was measured in a time scale of a few microseconds for
a triplet state. This proceess was found be dependent on photoisomerization, vis-
cosity, oxygen concentration, and hybridization. The photophysical and photo-
chemical behaviors of the thermodynamically stable conformation of the dye, At
analysis of experimental data, the energy levels for the ground singlet (S0), first
excited singlet (S1), and triplet states (T1), of the thermodynamically stable con-
formation of the dye were taking into consideration. On the basis of a detailed study
of the above mentioned processes the effective intersystem crossing rate (kisc′) and
triplet state deactivation rate (kT) ware determined.

An approach to study bimolecular interactions in model lipid bilayers and bio-
logical membranes, exploiting the influence of membrane-associated electron spin
resonance labels on the triplet state kinetics of membrane-bound fluorophores has
been introduced [43]. Singlet-triplet state transitions within the dye Lissamine
Rhodamine B (LRB) were studied, in aqueous solutions, with LRB bound to a lipid
in a liposome, and in the presence of different local concentrations of the electron
spin resonance label TEMPO. Both in solution and in membranes, the measured
relative changes in the singlet-triplet transitions rates were found to reflect well the
expected collisional frequencies between the LRB and TEMPO molecules.

7.4 Hole Burning Optical Spectroscopy

Spectral hole burning is the frequency selective bleaching of the absorption or
fluorescence spectrum of a material, which leads to an increased transmission (a
“spectral hole”) at the selected frequency [44]. Two basic requirements, were for-
mulated for the observation of this phenomenon, are: (1) The spectrum is inho-
mogeneously broadened and (2) the material undergoes, subsequent to light
absorption, a modification which changes its spectrum. The frequency selective
irradiation is usually accomplished by using an extremely narrow band
monochromatic laser. The electronic ground and lowest excited triplet states of
2,2-dinaphthylcarbene were explored using hole-burning spectroscopy [45]. The
hole-burning experiment on the 0,0 vibronic line of a T0 ! T1 fluorescence
excitation spectrum was performed on the substrate dispersed in n-hexane and
n-heptane at 1.7 K. The zero-field splitting (ZFS) of the ground T0 and excited T1

states was suggested to originate from the spin-spin interaction between two
unpaired electrons was suggested as a cause of the zero-field splitting (ZFS) of the
ground T0 and excited T1 states. In the frame of the accepted model, the holes and
antiholes located far from the central hole (13–15 GHz away) should reflect the
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ZFS of the ground T0 state, whereas the holes located in the neighborhood of the
central hole (within the (2 GHz range) should reflect the ZFS of the excited T1 state.
It was also suggested that intersystem crossing and both intersystem crossing steps,
T1 ! Sn and S1 ! T0, which contribute to the shape of the hole-burning spec-
trum, provide main depopulation channel of the excited T1 state.

The spectral position of the deep holes located far from the central hole provide
direct information about the energy separation between the ZFC triplet sublevels
[45].

DEðT0z;T0xÞ ¼D0 � E0 ¼ 13:65� 0:05GHz

DEðT0x;T0yÞ ¼ 2E0 ¼ 1:3� 0:05GHz
ð7:4Þ

where D0 and E0 are associated with anisotropic interaction.
Spectral hole-burning absorption spectroscopy on the 879 nm, 4I9/2 ! 4F 3/2

transition in Nd3+:YVO4 was performed [46]. Under the application of a small
magnetic field of 300 mT, the strong spectral holes with a homogeneous linewidth
of 63 kHz at 2.1 K were observed at an applied field The holes were found to be
long lived compared to the excited-state lifetime, indicating population trapping in
the Zeeman sublevels. The authors concluded that these results indicate that the
dominant relaxation process between the Zeeman levels at low magnetic fields is
not spin lattice relaxation but rather a magnetic spin interaction.

Thus, the hole-burning method has been demonstrated to be a useful technique
for studies of triplet-triplet transitions and can be extended to other systems with
triplet ground states.

7.5 Organic Light-Emitting Diode (OLED) Spectroscopy

Organic light-emitting diodes OLED, a device, which emits light in response to an
electric current is expected to be the next-generation solid-state lighting technology.
Since the pioneering work by Tang and Vanslyke in 1987 [47]. OLEDs have
attracted considerable attention in both basic and applied areas and is expected to be
the next-generation solid-state lighting technology. The organic light-emitting
diode (OLED) method was used for understanding the triplet state properties of
organo-transition metal compounds [47–53]. The lowest triplet state T1 of
organo-transition metal complexes plays a pivotal role in organic light-emitting
diodes. In a comprehensive review [50], the properties of the emitters were dis-
cussed with respect to the harvesting of singlet and triplet excitons that are gen-
erated in the course of the electroluminescence process.

In organic molecules, without heavy atoms, internal conversion, IC, from the S1
to the S0 state with the same multiplicity, takes place in about 10−12 s, while
intersystem crossing, ISC times can be as long as 0.1–1 s. On the other hand, in
organo-transition metal compounds, due to the small energy separation DE
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(S1 − T1), upward processes from T1 to S1 are effective at ambient temperature and
emission features from both states, triplet and singlet, can occur. As a result, the
emission is governed by a Boltzmann distribution [50]:

IntðS1 ! S0Þ
IntðT1 ! S0Þ ¼

krðS1 ! S0Þ
krðT1 ! S0Þ � exp �DEðS1 � T1Þ

kBT

� �
ð7:5Þ

Here Int (S1 ! S0) and Int(T1 ! S0), k
r (S1 ! S0) and kr(T1 ! S0) represent

the fluorescence and phosphorescence intensities and the corresponding radiative
rates, respectively. kB is the Boltzmann constant and T the absolute temperature.
Equation 7.5 allows the determination of the DE value, which is the energy of the
Zero Field Splitting (ZFS).

In electro-luminescence processes in the context of the OLED method, the
population of excited states occurs via a recombination of negatively charged
electrons and positively charged holes (Fig. 7.3) forming sinlet and triplet excitons
excitons in the emission layer of an OLED [50]. The intersystem crossing time
between these two states is expected to be significantly longer than relaxation times
to lower state because of the small SOC constants of the host molecules and the
very small energy splitting between the singlet (1CT) and triplet (3CT) charge
transfer states As a result of fast and separate relaxations without spin flips, the
lowest excited singlet state S1 and the triplet state of the emitter complex are
populated and ISC from both the S1 to the T1 state can occur.

As an example, the electroluminescent (EL) properties of, multilayered organic
light-emitting diodes (OLEDs) devices two emitting materials, 1,3-bis
(10-phenylanthracen-9-yl)benzene (1) and 2,6-bis(10-phenylanthracen-9-yl)pyr-
idine (2), fabricated in the following sequence: indium-tin-oxide (ITO) were

Fig. 7.3 The diagram displays electro-luminescence excitation processes for organic and
organo-transition metal emitters, respectively, and explains the effects of triplet harvesting and
singlet harvesting [50]
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investigated [53]. A device using 1 as an emitting material showed a white emission
with maximum luminance, luminous, power, and external quantum efficiency
values of 1727 cd/m2, while device using 2 exhibited a sky-blue emission with
maximum luminance, luminous, power, and external quantum efficiency values of
2279 cd/m2.

7.6 Mössbauer Spectroscopy

Mössbauer or gamma-resonance (GR) spectroscopy is a spetroscopic technique
based on the Mössbauer effect [54–57]. This effect, discovered by Rudolf
Mössbauer in 1957, consists of the recoil-free, resonant absorption and emission of
gamma rays in solids [54]. The principle of conservation of momentum requires a
nucleus to recoil during emission or absorption of a gamma ray. Nuclei in a solid
crystal, are not free to recoil because they are bound in place in the crystal lattice.
When a nucleus in a solid emits or absorbs a gamma ray, some energy can still be
lost as recoil energy of phonons. In Mössbauer spectroscopy, when gamma rays
emitted by one nucleus can be resonantly absorbed by a sample containing nuclei of
the same isotope, this absorption is measured. Three types of nuclear interaction
may be observed: an isomer shift (a chemical shift); quadrupole splitting; and
magnetic or hyperfine splitting (Zeeman effect).The latter is a source of information
of electron spin nuclear spins interaction. Due to the high energy and extremely
narrow line widths of gamma rays, Mössbauer spectroscopy is a very sensitive
technique in terms of energy resolution, capable of detecting changes in just a few
parts per 1011!. Therefore Mössbauer spectroscopy probes tiny changes in the
energy levels of an atomic nucleus in response to its environment.

Electron spin—nuclear spin effects are revealed in hyperfine splittings which
result from the interaction between the nucleus and the local magnetic field.
A nucleus with spin, I, splits into 2I + 1 sub-energy levels in the presence of
magnetic field. For example, a nucleus in 57Fe with spin state I = 3/2 will have
splitting is of the order of 10−7 eV into 4 non-degenerate sub-states with mI values
of +3/2, +1/2, −1/2 and −3/2 t. Only six possible transitions for a 3/2 to 1/2
transition are allowed because he selection rules for magnetic dipoles ensures that
transitions between the excited state and ground state can only occur where mI

changes by 0 or 1 The magnitude of the internal magnetic field in paramagnetic
compound can reach 1–50 T and therefore in a number of cases the splitting is
observed in the absence of a magnetic field. Application of a high-strength mag-
netic field can also reveal the hyperfine structure of GR spectra. Fast spin electron
relaxation and antiferromagnetic interaction between atoms would average the
magnetic field at the nucleus and the magnetic hyperfine structure would disappear.

Below a few typical examples of the Mössbauer spectroscopy application in
investigation of hyperfine interactions. EPR and Mössbauer Spectroscopy and
Density Functional Theory analysis of a High-Spin FeIV–Oxo Complex were
reported [58]. The work gave a detailed characterization of the structurally similar
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complexes [FeIVH3buea(O)]
−, [FeIIIH3buea(O)]

2−, and [FeIIIH3buea(OH)]
−

(H3buea = tris[(N′-tert-butylureaylato)-N-ethylene]aminato):

Using Mössbauer and dual-frequency/dual-mode electron paramagnetic reso-
nance (EPR) spectroscopies. Isomer shifts are reported relative to Fe metal at
298 K. High-field Mössbauer spectroscopy showed an 57Fe Adip tensor of (+5.6,
+5.3, −10.9) MHz and Aiso = −25.9 MHz for the [FeIVH3buea(O)]

− complex, and
the results of DFT calculations were in agreement with the nuclear parameters of
the complex.

Simulations of the Mössbauer spectra were calculated with least-squares fitting
using the program SpinCount and the standard spin Hamiltonian [58]

H ¼ beB:g:Sþ S:D:Sþ S:A:I� gnbnB:Iþ eQVzz

12
3I2z � IðIþ 1Þþ gðI2x � I2y Þ
h i

ð7:6Þ
57Fe Mössbauer spectroscopy was applied to investigate the superconductor

parent compound Fe1+xTe for x = 0.06, 0.10, 0.14, 0.18 within the temperature
range 4.2–300 K [59]. A transmission integral has been applied to account for the
absorption profile of a spin density wave (SDW) component by supposing that there
is a quasi-continuous distribution of the hyperfine field following the shape of SDW
Magneto-electric GaFeO3 was characterized by x-ray diffraction, dc-magnetization,
ac-susceptibility, low temperature and high field 57Fe Mössbauer spectroscopy and
dielectric constant measurements [60]. The zero-field Mössbauer spectra of 280 and
5 K were analyzed with the NORMOS-SITE program by considering one Fe site
for the estimation of the hyperfine parameters. A hyperfine field (BINT) of
49.2 ± 0.1 T is observed from the 5 K data. The values of the effective hyperfine
field Heff (vector sum of the applied and internal hyperfine fields external field (5 T)
for different GaFeO3 samples) were found to vary from 44.5 to 55.7 T. Advances in
Mössbauer spectroscopy with a high velocity resolution in biomedical, pharma-
ceutical, cosmochemical and nanotechnological research were revewed in.

The detailed information regarding interstitial site and hyperfine interaction in
non-magnetic Zn ion doped Ba3CO2Fe24O41 external-field Mössbauer spectroscopy
has been provided in [61]. Figure 7.4 shows the Mössbauer spectra of Ba2Co2–
xZnx Fe24O41 (x = 0.0, 0.5, 1.0, 1.5, and 2.0) at 4.2 K with applied field ranging
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from 0 to 50 kOe. The analysis of the spectra indicate that the presence of strong
external field affect the hyperfine structure, hyperfine structure of Fe ions has two
opposite effects to external field and all the spectra were least-squares fitted with
two-sextets.

Further examples of the Mossbauer spectroscopy application can be find in
references [62, 63].

7.6.1 Magnetic Measurements

Magnetic susceptibilitymeasurements for the investigation of electron spin effects in
magnetic materials have been reviewed in a variety of recent publications [64–71].
The magnetic susceptibility v is a dimensionless proportionality constant that
indicates the degree of magnetization of a material in response to an applied
magnetic field, The volume magnetic susceptibility, represented by the symbol vv is
defined in the International System of Units.

M ¼ vtH ð7:7Þ

Fig. 7.4 Mössbauer spectra of Ba3Co2–xZnxFe24O41 (x = 0.0, 0.5, and 2.0) at 4.2K with
applied field ranging from 0 to 50 kOe [61]
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where M is the magnetization of the material (the magnetic dipole moment per unit
volume), measured in amperes per meter, and H is the magnetic field strength, also
measured in amperes per meter. The Curie constant is a material-dependent prop-
erty that relates a material’s magnetic susceptibility to its temperature. For a
two-level system with magnetic moment l, the formula reduces to,

C ¼ 1
kB

Nl2 ð7:8Þ

where N is the number of magnetic atoms (or molecules) per unit volume, µ is the
Bohr magneton, and kB is the Boltzman constant. The constant C is used in Curie’s
Law, which states that for a fixed value of a magnetic field, the magnetization of a
material is inversely proportional to the temperature (7.8).

In a system with a zero field splitting D when the magnetic field is perpendicular
to the axial direction [67]:

v? ¼ 2Ng2?l
2
B

D
1� expð�D=kTÞ
1þ 2 expð�D=kTÞ ð7:9Þ

For triangle with the exchange integral |J|

v ¼ Ng2l2B
4kT

5þ expð�3J=kTÞ
1þ expð�3J=kTÞ ð7:10Þ

The Ru-Ru spin-singlet formation in La2−xLn x RuO5 (Ln = Pr, Nd, Sm, Gd, Dy)
was investigated by measurements of the specific heat and magnetic susceptibility
[69]. A field under cooled conditions of H = 1000 Oe was applied for all measure-
ments. It was found that the effective magnetic moments leff (in lB) of the
Ln3 + ions in selected La2 − x LnxRuO5 compounds vary from 0.27 to 3.05 and an
intradimer exchange of J0/kB � 260 K (23.5 meV) was reported. The mixed-valent
FeIIFeIII imido complexes Fe(iPrNPPh2)3Fe 	 NR (R = tBu Ad 2,4,6-
trimethylphenyl) have been characterized via X-ray crystallography, Mössbauer
spectroscopy, cyclic voltammetry, and SQUID magnetometry, and computational
methods [70]. The effect of the metal–metal interaction on the electronic structure
and bonding in diiron imido complexes was discussed.Solid state dc and ac magnetic
susceptibility measurements in Mn3O(O2CMe)3(dpd)3/2)]2(I3)2) revealed that each
Mn3 subunit of the dimer is a single-molecule magnet (SMM) with an S = 6 ground
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state [71]. In this structure the two units are very weakly ferromagnetically exchange
coupled. High-frequency EPR spectroscopy on a single crystal displays signal
splittings indicated quantum superposition/entanglement of the two SMMs. The
experimental data were found to fit to following parameters: J = +6.8(1) cm−1,
J = +26.3(4) cm−1, and g = 1.95(1), with temperature-independent paramagnetism
(TIP) held constant at 600 � 10−6 cm3 mol−1.

7.7 Neutron Scattering and Muon Spin Spectroscopy

7.7.1 Inelastic Neutron Scattering

The neutron is a subatomic particle, with no net electric charge and with magnetic
moment of the neutron to be ln = −1.93(2) lN, where lN is the nuclear magneton.
(https://en.wikipedia.org/wiki/Neutron) Inelastic neutron scattering (INS) observes
the change in the energy of the neutron as it scatters from a sample and can be used
to probe magnetic and quantum excitations or electronic transitions [72–74].
Inelastic neutron scattering echo techniques (neutron spin echo, NSE, and neutron
resonance spin echo), has a strong analogy to the Hahn spin echo because using the
quantum mechanical phase of the neutrons in addition to their amplitudes. In both
cases the loss of polarization (magnetization) due to dephasing of the spins in time
is restored by an effective time reversal operation, that leads to a rephasing of
polarization). In NSE, different neutron velocities in the incoming neutron beam is a
cause of the dephasing. Inelastic light scattering is an intensively used tool in the
study of electronic properties of solids. In work [72], the spectroscopic intensities of
the transitions within the ground-state multiplet were analyzed. The effects of a
mixing with higher-lying spin multiplets were investigated using the experimental
techniques of inelastic neutron scattering and electron paramagnetic resonance.
Three main effects of spin mixing are observed: (1) a pronounced dependence of
the INS intensities on the momentum transfer Q emerges in first order, signaling the
many-spin nature of the wave functions in exchange-coupled clusters; (2) the
intensities of the transitions within the spin multiplet are affected differently by spin
mixing; (3) the higher-order contributions to the cluster magnetic anisotropy which
come from the single-ion ligand-field terms and spin mixing, respectively. The
analytical results were illustrated by means of three examples: an antiferromagnetic
heteronuclear dimer; a Mn−[3 � 3] grid molecule; and the single-molecule magnet
Mn12.

A review [74], described the static and dynamic magnetic properties of
hole-doped cuprate superconductors measured with neutron scattering. Experiments
on the monolayer La2-x(Sr,Ba)xCuO4 and bilayer YBa2Cu3O6+x cuprates were
described in deteils. It was found that, at zero hole doping, both investigated classes
of materials are antiferromagnetic insulators with large superexchange constants of
J > 100 meV. The spin fluctuations in La_{2 − x}Sr_{x}CuO_{4} and YBa_{2}
Cu_{3}O_{7 − x} were the focus of a recent review [75].
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7.7.2 Spin Muon Spectroscopy

The muon is an elementary particle similar to the electron, with electric charge of
−1 e and a spin of 1⁄2, but with a much greater mass (https://en.wikipedia.org/wiki/
Muon). Muon spin spectroscopy is an experimental technique based on the
implantation of spin-polarized muons in matter and on the detection of the influence
of the atomic, molecular or crystalline surroundings on their spin motion [76–78].
The motion of the muon spin is due to the magnetic field experienced by the particle
and may provide information on its local environment in a very similar way to other
magnetic resonance[techniques, such as electron spin resonance (ESR) and, more
closely, nuclear magnetic resonance (NMR). If an external magnetic field is applied
in the direction of the initial muon spin, as it is in so called longitudinal field
experiments, the Hamiltonian for muonium can be written as [76]

H ¼ �clhI � Bþ cehS� Bþ hS� A� I ð7:11Þ

where cm and ce are the muon and electron gyromagnetic ratios, B is the applied
longitudinal field, I and S are the muons and electrons spins and A is the hyperfine
tensor The energy levels as a function of the applied magnetic field that originates
from this Hamiltonian for an isotropic hyperfine interaction are were also shown.

To generate radicals a light isotope of hydrogen called muonium (Mu = [l+ , e−])
was used. These radicals were investigated by so called avoided level crossing muon
spin resonance (ALC-lSR) techniques, is based on measuring the asymmetry of the
muon decay as a function of a magnetic field applied parallel to the initial direction of
the muon spin [77]. The techniques techniques involve injecting a beam of
spin-polarized positive muons into a sample and detecting the positron produced by
the decay of each muon. Muons can react with a radiolytic electron forming Mu,
which can react with unsaturated molecules to produce a muoniated radical. where
The ensemble of muons appeared to be 
 100 % polarized spin labels. The decay of
the muon occurs with lifetime (2.2 ls) which is comparable to many molecular
processes. An example of typical ALC-lSR spectrum of p-xylene is shown in
Fig. 7.5.

• The resulting radicals were identified by comparing the experimental proton
hyperfine coupling constants (Aexp) with values (Acal) calculated for the possible
structures using density function theory (Acal). For example for compound 2 the
A values (in MHz) were found as Aexp (benzene CH) == −11.8), Acal (benzene
CH) = −8.27 and Aexp (bridging CH2) == 2.86, Acal (bridging CH2) = 2.89.

• In published work [78] reactivity of the multifunctional cyclic silylene 4 and its
carbene complex 5 (Fig. 7.6) have been investigated by a combination of muon
spin spectroscopy and computation. Reaction of muonium with 5 produced two
radicals, but with markedly different hyperfine constants.
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Chapter 8
Electron Spin Effects in Chosen Chemical
and Physical Processes

Abstract This chapter illustrates the pivotal role of electron spin—electron spin and
electron—nuclear interactions in various areas of photochemistry and photophysics.
Advanced methods based on these interactions allow to elucidate detail mechanism
of radical reactions and also to control them. Long distance exchange interactions
govern the process of the photoinduced charge separation in donor-acceptor pairs,
which is in fact the act of conversion of light energy to chemical energy. Exchange
interaction also form a basis for triplet-triplet energy transfer and annihilation,
processes of great basic and applied importance. Analogy between spin exchange,
triplet-triplet energy transfer and electron transfer have been stressed.

8.1 Introduction

Exchange electron spin-electron spin interactions play decisive role in radical
chemical reactions, electron transfer, triplet-triplet energy transfer, annihihalation,
and magnetic field effects. More, molecular geometries, which are decisive in many
chemical and physical processes can be established on the basis of measurement of
the spin-spin exchange and dipole-dipole interactions. Though traditional experi-
mental physical methods such as continuous wave (CW) ESR and optical methods
are successively used, application of advance pulse methods opens new era in this
important basic and applied field (Chaps. 5 and 6). The time-domain nano-, pico-,
and femtosecond optical spectroscopies and other physical methods can also con-
tribute in solving dynamic and structural problems (Chap. 7).

8.2 Reactions Involving Radicals

Chemically induced electron spin polarization (CIDEP) of reactive radicals dis-
covered by Fessenden [1] can arise from a variety of mechanisms such as the triplet
mechanism (TM), radical pair mechanism (RPM), spin-correlated radical pair
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mechanism (SCRP), radical triplet pair mechanism (RTPM), or via cross-relaxation
(Chap. 4). Experimental measurement of the CIDEP parameters is a direct way to
investigation of kinetic and mechanism of radical reaction [1–8] and references
cited in Chap. 4.

The mechanism of formation and decay of low field chemically induced electron
spin polarization (CIDEP) in spin-correlated radical pairs (SCRPs) generated by
Photoexcitation of (2,4,6-trimethylbenzoyl) diphenylphosphine oxide (TMBDPO)
in low magnetic fields in viscous environments was investigated employing L-band
(1.5 GHz) time-resolved electron paramagnetic resonance (TREPR) spectroscopy
[5]. Figure 8.1 shows the TREPR spectra and kinetic decays after the laser flash.
The TREPR kinetics measured for the high and low field lines was found to be
different. A suggested reaction mechanism is related to the mixing of electron and
nuclear spin states of the radical due to S-T transition.

Peroxyl radicals formed from the addition of oxygen to carbon radicals of N-
acetyl glycine, serine, and diglycine was directly observed at room temperature via
TR-EPR spectroscopy [6]. A scheme of the spin-polarized peroxyl radical adducts
formed from the addition of oxygen to amino acid radicals is shown in Fig. 8.2. The
peroxyl radicals was shown to exhibit unusually strong chemically induced electron
spin polarization which was discussed in terms of the radical pair mechanism and
spin polarization transfer processes.

Fig. 8.1 TREPR spectra (a, b) and kinetic decays (c) measured in benzene, and TREPR spectra
(d, e) and kinetic decays (f) measured in poly(ethylene glycol) at L-band (1.5 GHz) for radicals 1
and 2 (see Scheme 8.1 for structures). Numbers shown in figures (a, b, d) and (f) refer to the time
delays of the boxcar integration window. The TREPR kinetics of radical 2 are marked by arrows,
and the kinetics of radical 1 are not marked [5]
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Starting from work [8], several publications were related to investigation of such
a complicated heterogeneous system as aerosol reverse micelles [9, 10]. X-band
time-resolved electron paramagnetic resonance spectra (X-band) of correlated
radical pairs created in aerosol AOT reverse micelles and microemulsions were
detected using the microreactor model [9]. According to proposed scheme, the
radicals are formed inside the water pool using photooxidation of diglycine by the
excited triplet states of two different anthraquinone sulfonate salts. The data cor-
relate with the diffusional properties of correlated radical pairs in regular aqueous
micelle solutions.

The case, in which spin-spin interactions between them are comparable to the
differences in their Zeeman interactions with the external magnetic field was ana-
lyzed on example of n-butylamine in work [11]. It was demonstrated that the a-CH2

protons are polarized directly, whereas the b-CH2, c-CH2 and d-CH3 protons get
polarized only indirectly due to the transfer of polarization from the a-CH2 protons.
Results of the measurement of the entire magnetic field dependence of CIDNP are
shown in Fig. 8.3.

Examples of recent application of modern ESR pulse techniques were described
in publications [14–16] and references therein.

8.3 Electron Transfer in Donor-Acceptor Pairs

8.3.1 Long Distance Electron Transfer and Spin Exchange

For a long time, researchers followed a paradigm that electron transfer between a
donor and an acceptor centers can occur only at a short distance (<6–7 Å). The
similar idea was accepted for electron spin exchange. Nowadays Long-range
Electron Transfer (LRET) up to 30 Å is a wide spread phenomenon of large number
chemical in biological reaction, in particular. LRET between donor (D) and
acceptor (A) centers can occur by three mechanisms: (1) superexchange via

Fig. 8.2 Peroxylation of amino acid residues along the peptide backbone. R = carbon or sulfur
atom [6]
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intermediate orbitals, this mechanism involves the direct electronic coupling
between adjusting D and A groups (Sect. 1.X), (2) consecutive electron jumps via
chemical intermediates and (3) mixing of the both mechanisms [12–25, 17–25].

Investigation the mechanism of efficient photoinduced electron-transfer pro-
cesses in donor–acceptor systems is essential for developing molecular systems for
artificial photosynthesis and for deeper understanding molecular aspects of the
natural photosynthesis.

The exchange integral value J is one of the important quantities governing the
efficiencies of the spin conversion processes, although its magnitude is usually
much smaller (typically |J| � 10−2 kJ mol−1) than the thermal energy at an
ambient temperature. Value of resonance integral (electronic coupling) VCRj j2 is
decisive parameter in theory of electron transfer (Sect. 1.4). It was suggested that
this parameter relates to the exchange integral J [17–19].

The singlet-triplet (S-T) splitting, ES-T, within the RP is given by the phe-
nomenological parameter, 2 J, the magnitude of the indirect exchange interaction.
A connection between spin exchange and electron if similar orbitals are involving in

Fig. 8.3 2 Magnetic field
dependence of CIDNP
obtained for different protons
of n-butylamine (a, b) and
total CIDNP (c) of the a-CH2

and b-CH2 protons (open
triangles) and of all seven
protons (full triangles). In a
CIDNP of different protons is
denoted by the following
symbols: full squares, a-CH2;
open squares b-CH2; in b full
circles, c-CH2; open circles,
d-CH3; asterisk denotes
positions of additional
features at 0.15 and 0.7 T [11]
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the both processes can be described by (1.9) which is a combination of the Anderson
equation for superexchange (X) and the Marcus equation (Y) for electron transfer.

A semi-empirical approach for the quantitative estimation of the effect bridging
the group on the long-distance electron transfer LDET was developed by
Likhtenshtein [21–24]. An analogy between superexchange in electron transfer
(ET) and such electron exchange processes as triplet-triplet energy transfer (TTET)
and spin-exchange (SE) was considered. Experimental data on long distance TTET
and ET processes were collected. As was shown in [22–26], experimental data on
the dependence of kTT and JSE on the distance between the centers (ΔR) lies on two
curves, which are approximated by the following equation

kTT ; JSE / expð�bDRÞ ð8:1Þ

For systems in which the centers are separated by a “non-conductive” medium
(molecules or groups with saturated chemicals bond) bTT = 2.6 Å−1. For systems in
which the radical centers are linked by “conducting” conjugated bonds, bSE is
0.3 Å−1. The data on exchange integrals for paramagnetic center separated by “non
conducting” media were obscured.

It was taken in account that TTET is a long distance process and above men-
tioned analogy can allow to predict corresponding distance dependent for SE and
therefore for ET. We suggest that in the first approximation

V2
ET ; JSE; JTT / expð�nbRÞ ð8:2Þ

where ( VCRj j2) is the square of the resonance integral, JSE ishe exchange integral
(JSE), JTT is the triplet-triplet transfer integral, Ri is the distance between the
interacting centers and bi is a coefficient which characterizes the degree of the
integral decay. In the first approximation, n = 2 for the ET and SE processes with
the overlap of two orbitals and n = 4 for the TT process in which four orbitals
overlap (of ground and triplet states of the donor and ground and triplet states of the
acceptor). The spin exchange and TT phenomena may be considered an idealized
model of ET without or with only a slight replacement of the nuclear frame. Thus,
the experimental dependence of exchange parameters kTT and JSE on the distance
between the exchangeable centers and the chemical nature of the bridge connecting
the centers may be used for evaluating such dependences for the resonance integral
in the ET equations (8.3).

The ratios

c ¼ J0SE
JxSE

ð8:3Þ

where J0SE and JxSE are the exchange integrals for two non-bridged radicals and
radicals tethered by a media x, can be considered as parameter of attenuation
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parameter or factor) of the exchange interaction of SE through the given bridge.
Taking into account (8.2) with value n = 2 for SE and ET, an expression for the
dependence of the attenuation parameters for SE and ET on the distance between
remote donor and acceptor centers DRDA can be given as

cET ¼ cSE ¼ expð�biDRÞ ð8:4Þ

with bET (nc) = 0.5 bTT = 1.3 Å−1 for a “non-conducting” medium and bET
(c) = 0.3 Å−1 for a “conducting” bridge. The value of bET (1.3 Å−1) is found to be
close to that obtained by analysis of kET, which is proportional to VCRj j2, on the
distance bR in model and biological systems (Fig. 1.3).

The observed linear dependence of the logarithm of the rate constant of the
electron transfer in RCs of purple bacteria and plant photosystem I (log kET) on the
edge-edge distance between the donor and acceptor centers (R) (circles) (Fig. 8.4)
corresponds to dependence predicted by (8.4) taken in consideration of similarity of
the electron transfer and spin exchange processes characterized by the exchange
integral J.

Similar but not identical approach was developed in [25, 26]. The authors also
paid attention on similarity of long-range intramolecular electron transfer and
positive ions (hole) transfer, and triplet energy transfer. They suggested that three
studies are closely related, and the processes can be summarized and designated as
(Scheme 8.1).

And that exchange or through saturated bridges, should be 2 times higher than
that for ET. The theoretical interpretation relied on a simple fact that the

Fig. 8.4 Dependence of
maximum rate constant of ET
on the edge-edge distance
between the donor and
acceptor centers. in
photosythetic RCs of bacteria
and plants: 1. A0

∙−!A1; 2. H
∙

− ! QA; 3.A1
∙− ! Fx; 4. H∙

− ! P+; 5. C559∙− ! P+; 6.
Fx∙− ! FA; and QA∙− ! P+.
The straight solid line is
related to the dependence of
the attenuation parameter for
spin exchange in
“non-conducting bridges with
bET = 1.3 Å−1 [22]

Scheme 8.1 .
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Dexter-type TT exchange can be viewed as a concerted transition of one electron
and one hole, moving in the same direction. The electron travels from the donor
LUMO to the acceptor LUMO, while the hole travels from donor HOMO to the
acceptor HOMO. The two transitions were represented by their own electronic
coupling matrix elements VET and VHT, for ET and hole transfer (HT), respectively,
which are considered to exhibit very close distance attenuation factors (bET � bHT).
Therefore, the coupling matrix element for the TT transfer (VTT) is approximated by
the product of the two: VTT � |VET||VHT| = C � exp(−2bETRDA), where C is a
system-specific constant, and RDA is the donor–acceptor distance. It follows that:
bTT/bET = 2.

In works [27], it was suggested that VCRj j2 is proportional to 2 J and is highly
sensitive to both the radical pairs distance and the structure of the intervening
bridge system. For example, for charge recombination (CR) when the reorganiza-
tion energy for the ET is small:

VCRj j2¼ 2JDECR ð8:5Þ

where VCRj j denotes the electronic coupling and DECR is the vertical energy gap for
the charge recombination.

The empirical data on the exchange integral values (JET) for the spin-spin
interactions in systems with known structure, that is, biradicals, transition metal
complexes with paramagnetic ligands and monocrystals of nitroxide radicals have
served as a basis for the estimation of the value of the attenuation parameter cX for
the exchange interaction through a given group X [22]. By our definition, the cX is

cX ¼ JRYZP
JRYXZP

ð8:6Þ

where R is a nitroxide or organic radical, P is a paramagnetic complex or radical
and X, Y, and Z are chemical groups in the bridge between R and P.

Table 8.1 shows the results of the calculation of parameter cX from empirical
data on the spin exchange in the nitroxide biradicals by (8.6)

Data presented in Table 8.1 and (8.4) may be used for the analysis of alternative
electron transfer pathways in chemical and biological systems.

Scheme 8.2 .
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We suggest the following equations for the spin exchange integral and rate
constant of electron transfer in donor-acceptor pairs:

JSE ¼ J0qS1qS2
Yi

c�1
i ð8:7Þ

and

kET ¼ k0qDqA
Yi

c�1
i ð8:8Þ

where J0 = 1014 s−1 exchange integral at Van der Waals contact, qS1;2—spin
density at Van der Waals contact, ci—attenuation factors, k0 ¼ 5 � 1010 s−1

rate constant of ET in a notbridged DA pair. Equations (8.7) and (8.8) predicted
ratio of values of exchange integral and ET rate constant JX=kX ¼ J0 /k0 = 200.

Equation (8.7) with values J0 � 1014s�1, qS1 � qS2 � 0:2; c1c2 ¼ 36 for the
donor-acceptor pair [27] and two phenyl bridged groups gave calculated
J2 = 1010 s−1 as compared with experimental J2 = 6 � 109 s−1 [27]. A good cor-
relation between experimental J values (n = 2–5) and that predicted by (8.7) take
place (Fig. 8.5, Formula 8.1).

For the rate constant of charge separation in with n = 1, (8.8) predicted k1CS = 3
�1010s�1 versus experimental k1CS = 5 �1010s�1

As one can see from Fig. 8.6, for compound I with n = 1–3 experimental data of
the charge recombination rate constant, kCS versus donor-acceptor distance fit to the
dependence predicted by (8.8), while the experimental dependence rate constant of
charge separation is steeper that for predicted one. This discrepancy can be
explained suggesting that the spin exchange and recombination involve the same
triplet orbitals, while charge separation occurs from singlet orbital.

Table 8.1 Attenuation parameter c X calculated from empirical data on the spin exchange in
nitroxide biradicals and complexes with paramagnetic ligands: 22 cx for individual group, chb for
hydrogen bond and cv for Van der Waals contact for spin exchange processes in nitroxide
biradicals and transition metals complexes with paramagnetic ligands [22]

Group, X cx Group, X cx
C6H4 6.00 ± 0.03

C = C 1.7 –NH–CO– 55

C ¼O

C

8.4 ± 0.4 cv 50

NH 6.5 chb 10

O 5 H 12

S = O 2.1 SO2 2.2

3.5 RP = O 2.40 ± 0.03
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For rate constant of recombination of charge separated primary and secondary
quinnons [28] (Fig. 8.7) in the photosynthetic reaction centers, employment (8.8)
led to following calculated value: calculated (this work) kETqq = 0.5 � 108 s−1 as
compare with kETqq = 0.9 � 108 s−1 calculated in Calvo et al. [28] and experi-
mental kETqq = 0.3 � 108 s−1 [29].

Aformentioned examples justified that (8.7) and (8.8) can be used of fast esti-
mation of spin exchange integrals and the ET rate constant in certain donor acceptor
pairs.

Triplet energy and electron transfer dynamics in Pt porphyrin–rhodamine B dyads
comprising platinum(II) meso-tetraarylporphyrin (PtP) and Rhodamine B piperazine
derivative (pRhB+), linked by oligo-p-phenylene bridges (Phn), upon selective
excitation of pRhB+ at a frequency below that of the lowest allowed transition of PtP,
T1 ! S0 phosphorescence of PtP was observed using Nanosecond Transient
Absorption Spectroscopy (NSTA), Femtosecond Transient Absorption Spectroscopy
(FSTA) and cyclic voltammetry [30]. The pathway leading to the emissive PtP triplet
state includes excitation of pRhB+, ET with formation of the singlet radical pair,
intersystem crossing within that pair, and subsequent radical recombination and ET
and TT rate distance dependence (Fig. 8.8).

The photochemistry of Zinc(II) phthalocyanine oligophenylene-ethynylene
based donor-bride-acceptor dyads: ZnPc-OPE-AuP(+) and ZnPc-OPE-C(60) was

Fig. 8.5 a Logarithmic plot
of the exchange integral 2 J
versus donor-acceptor
distance, rDA. Points
experimental data [27]. Solid
line predicted from (8.8)

Formula 8.1 .
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Fig. 8.6 a Logarithmic plot of the charge separation rate constant, kCS versus donor-acceptor
distance, rDA. b Logarithmic plot of the charge recombination rate constant, kCR versus
donor-acceptor distance, rDA [27], solid line predicted from (8.9)

Fig. 8.7 Segment of electron transfer chain of bacterial photosynthetic center [29]
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investigated [31]. A gold(III) porphyrin and a fullerene has been used as electron
accepting moieties. The results for ZnPc-OPE-AuP(+) indicated a strong electronic
coupling over a distance of more than 3 nm. The electronic coupling was mani-
fested in both the absorption spectrum and an ultrafast rate for photoinduced
electron transfer (kPET = 1.0 � 1012 s−1. The charge-shifted state in ZnPc-OPE-
AuP(+) recombines with a relatively low rate (kPET) = 1.0 � 109 s−1. In contrast,
the rate for charge transfer in the other dyad, ZnPc-OPE-C(60), is relatively slow
(kPET = 1.1 � 109 s−1, while the recombination is very fast (kBET � 5 � 1010 s−1.

Time-resolved electron paramagnetic resonance (TREPR) spectroscopy at the
X-band and Q-band microwave frequencies was used to investigate the spin
exchange interaction, J, in serious of biradicaloids [32]. The corresponding
spin-correlated radical pairs were formed by photoseparation in covalently bound
phenothiazine (PHZ) donor and methylviologen (V) acceptor compounds with
polymethylene chain spacers (C8, C10, C12) incorporated in a “through-ring”
(rotaxane) fashion to a-cyclodextrin hosts The analysis of TREPR spectra showed
that the J values are negative in sign and have absolute values range from 2 to 1000
Gauss.. The results were discussed in terms of through-bond (phenyl ether spacers
p-bonds assisting the electronic coupling) versus through-space electronic coupling
mechanisms.

Probing protein environment with dual fluorophore-nitroxide (FNO·) molecules
in which fluorophore is tethered with nitroxide, a fluorescence quencher opens
unique opportunities to study molecular dynamics and micropolarity of the med-
ium, intramolecular fluorescence quenching (IFQ), electron transfer, photoreduction
and light energy conversion [33–36]. The following scheme describes photophys-
ical and photochemical processes in the dual (Scheme 8.2).

Fig. 8.8 Energy diagram of bichromophoric antenna (A)–core (C) systems, in which the local
triplet state of the core (CT1) is populated via excitation of the antenna, electron transfer (ET) with
formation of the singlet radical pair (RPS), intersystem crossing (RP-ISC), and radical
recombination (RT) from the resulting triplet radical pair (RPT) ET and TT rate distance
dependence [30]
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The fluorophore and nitroxide segments of the probes allow monitoring of
molecular dynamics and also make it possible to measure micropolarity of the
medium in the vicinity of the donor (by fluorescence technique) and acceptor (by
ESR) moieties. Exchange, energetic and molecular dynamic factors affecting
photoinduced electron transfer in a donor-acceptor pair (D-A) incorporated into
bovine serum albumin were investigated (Fig. 8.9) [33–35]. The kinetics of
reversible and irreversible intramolecular electron transfer from the donor to the
acceptor were monitored by picoseconds time resolved fluorescent and ESR tech-
niques at temperature range from 70 to 300 K. On the basis of the obtained kinetic
data and of the data of the micropolarity in the vicinity of the donor and the
acceptor groups, the parameters of the Marcus–Levich theory standard Gibbs
energy change (DG0 = –1.7 eV, the reorganization energy (Er = 0.9 eV) the res-
onance integral (VDA = 1.5 � 10−3 eV) and the Frank—Condon factor for rever-
sible electron transfer were obtained. The electron transfer resonance integral
(VDA = 1.5 � 10−3 eV) was estimated using semiempirical methods described in
Section X. The role of supper exchange and molecular dynamics in the vicinity of
the donor and the acceptor groups in longdistance electron transfer was discussed
(Formula 8.2).

In work [37], he charge-transfer process from biphenyl to naphthalene was
determined for the radical anions and radical cations of molecules with the struc-
ture: (2-naphthyl)-(steroid spacer)-(4-biphenylyl) varied degrees of the spacer
unsaturation (Fig. 8.10). The experimental data were explained in framework of a
combination of two independent mechanisms: a single-step, superexchange
mechanism, and a two-step, sequential charge transfer. The superexchange rate was

Fig. 8.9 Model of the bovine serum albumin incrusted with the dual fluorescence—nitroxide
probe FN1 (Likhtenshtein personal communication)
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shown to have a weak dependence on DGI
0, changing 10-fold for a change in DGI

0

of 2 eV, compared to the sequential mechanism in which the rate can change over
103 for 0.5 V. It was concluded that superexchange is the dominant mechanism
when DGI

0 is large, but the sequential mechanism will dominate at small DGI
0.

The factors affecting electron spin polarization transfer from the photogenerated
D+•

–C–A–• spin-correlated radical pair (RP) to the stable nitroxide in the series of
compounds were revealed [38]. OK In the D–C–A–R• molecules, D is
4-methoxyaniline (MeOAn), 2,3-dihydro-1,4-benzodioxin-6-amine (DioxAn), or
benzobisdioxole aniline (BDXAn), C is 4-aminonaphthalene-1,8-dicarboximide,
and A is naphthalene-1,8:4,5-bis(dicarboximide or pyromellitimide (Fig. 8.11).

Continuous-wave time-resolved electron paramagnetic resonance (CW-TREPR)
spectroscopy using continuous-wave (CW) microwaves at 295 and 85 K and

Formula 8.2 .

Fig. 8.10 Sequential (charge hopping) and superexchange mechanisms illustrated for electron
transfer in an anion having a phenyl group in the spacer. See details in [37]
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electron spin–echo at 85 K were used to probe the initial formation of the
spin-polarized radical pair (RP)and the subsequent polarization of the attached R•

radical depending on the spin–spin exchange interaction (2JDA) of D+•
–C–A–•.

The TREPR spectra show that |2JDA| for D+•
–C–A–• decreases in the order

MeOAn+• > DioxAn+• > BDXAn+• as a result of their spin density distributions,
whereas the spin–spin dipolar interaction (dDA) remains nearly constant.

The spin–spin interactions in the triradical generated by photoexcitation of the
4-aminonaphthalene-1,8-dicarboximide (ANI) was investigated employing the
TR-EPR spectroscopy [39]. Results indicated that in the triradical spin–spin
exchange interaction (2JAR) negligibly small, whereas their short through-space
distance results in a strong dipolar interaction (DAR). Transient nutation experi-
ments (Fig. 8.12) revealed transitions belonged to a species with spin S = 1
(Formula 8.3).

Photoinduced electron transfer within a donor–acceptor dyad comprising a zinc
porphyrin donor and a tetracationic cyclobis(paraquat-p-phenylene) (CBPQT4+)
acceptor was investigated by femtosecond and nanosecond transient absorption
spectroscopy, as well as by transient EPR spectroscopy [40]. The experiments
showed, that photoexcitation of the dyad produced a weakly coupled ZnP+.–
CBPQT3+.spin-correlated radical-ion pair having a s = 146 ns lifetime and a spin–
spin exchange interaction of only 0.23 mT.

Interatomic currents exchange integral Jab providing full information about the
tunneling process related to the rate of electron transfer reaction by the classical
Marcus–Levich–Dogonadze equation were calculated using of the Hartree–Fock
approximation [41]. The total atomic current given as

J tota � 1
2

X
b

Ja;b
�� �� ð8:9Þ

is proportional to the probability that the tunneling electron in passing through this
atom; as such, it provides a convenient way, The tunneling flux theory to electron
transfer reactions was applied to a model system based on the low-potential heme
and high-potential heme (heme bL)/(heme bH) redox pair of ubiquinol:cytochrome
c oxidoreductase complex (Fig. 8.13).

Fig. 8.11 Schematic
illustration polarization
transfer in a donor acceptor
pair [38]
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In spite of remarkable progress in study elementary processes in donor acceptor
systems, the most important problems essential for understanding photosynthesis
and invention effective artificial chemical system of light energy transfer in which
photoseparated charges can be used for producing energy reached stable products
remains to be solved.

Fig. 8.12 a FS-ED spectrum of 1 prior to photoexcitation. b FS-ED spectrum of 1 900 ns after
photoexcitation. c Schematic illustration of the transient nutation pulse sequence. d Representative
comparison of the transient nutation spectrum of (black) dark state BPNO• radical, (red) 340.6 mT,
and (blue) 380.5 mT (see details in [39])

Formula 8.3 .
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8.4 Triplet-Triplet Energy Transfer and Annihilation

8.4.1 General

Control over emissivity and dynamics of triplet excited states of molecules is
central to practical utilization of these states in important areas of technology and
medicine. Triplet electronic spin states encompass applications medical photody-
namic therapy [42], energy up-conversion by triplet–triplet annihilation [43, 44],
biological oxygen sensors [45] and molecular probing [46].

Fig. 8.13 Total tunneling flux in model M1 across the dividing surface between the donor and
acceptor redox sites. The red color intensity indicates the relative importance of the atoms in the
tunneling process. The tunneling flux is expected to be relatively constant in the region between
the two redox site [41]
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Triplet-triplet energy transfer (TTET) is involved in many biological (e.g.
photosynthesis, biological quenching of singlet oxygen) and photosensitized reac-
tions. The principal aims of studies in this area are to develop a better understanding
for phot-harvesting systems in organisms, and to provide a base for designing
molecular photonic devices and synthetic solar energy conversion systems. The
possibility to optimize optoelectronic devices, such as organic light-emitting diodes
or solar cells, by exploiting the special characteristics of triplet electronic states and
their migration ability is attracting increased attention. Fundamentals and some
examples of the TTET processes were described in Chap. 2.

The following aspects of photophysical processes in donor-acceptor pairs
(D-X-A) has long been a matter of interest of researchers: (1) an origin of creation
of the donor triplet state, (2) quantum mechanical, structural and molecular dynamic
factors affected on TT interaction, (3) effect of intermediate X bridge, (4) mecha-
nism of long distance energy transfer, and (5) relationship between TTET and
energy transfer (ET) in system under investigation.

8.4.2 Triplet-Triplet Energy Transfer in Chemical Systems

Several six-membered cyclic and [2.2.2] bicyclic organosilanes with varying pro-
portions of silicon atoms in the bridges have been prepared and investigated [47].
Focus was placed on the bicyclic compounds which all have silicon atoms at the
bridgehead positions. The possibility to enhance the coupling through a single
cisoid tetrasilane cage segment by replacing one or two of the other −SiMe2SiMe2–
bridges with −CH2CH2– bridges was theoretically predicted. To evaluate the
properties of diabatic states of triplet–triplet energy transfer systems, in excited the
C-1,4ee molecule the validity of locally diabatic states for the approximations of
Marcus theory was employed [48]. The derivative couplings dIJ

[Q] / (EJ – EI)
−1,

where EJ and EI are the energy difference between the states that they couple, the
adiabatic and diabatic representations where compared (Fig. 8.14) It was shown
that the strictly diabatic states and the Condon approximation, assumed in the
Marcus theory, are valid for systems under consideration (Fig. 8.15).

Highly efficient energy transfer was observed from the naphthalenimide (energy
donor) to the perylenimide (energy acceptor) moiety (Fig. 8.16) [49]. It was found
that, this process run predominantly through Coulombic coupling, Dexter-type
interaction between the chromophoric units at carbon–carbon covalent distance
(1.49 Å) (1.49 Å) with a barrier about 100 kJ/mol. An estimate of the
energy-transfer rate from the naphthalenimide donor to the perylenimide acceptor
of kET = 2.2 � 1010 s−1 was in agreement with observations.
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8.4.3 Triplet-Triplet Energy Transfer in the Photosynthetic
Light Harvesting Antennas

Photosynthetic light harvesting is achieved by a variety of pigments, primarily
(bacterio)chlorophylls and carotenoids, bound to distinct types of antenna proteins
depending on the organisms. Unlike bacterial and plant reaction centers, the car-
otenoids light-harvesting complexes differ substantially in terms of structure,

Fig. 8.14 Magnitudes of the DC vector along the linearly interpolated reaction pathway between
A*D (f = 0) and AD* (f = 1) T1 states of the C-1,4ee molecule. DC magnitudes are presented in
both the adiabatic and diabatic (BoysOV) bases. While the DC magnitude is smaller in the
BoysOV basis for every point sampled, the degree of reduction is greatest near the avoided
crossing, where it peaks at 2:7� 103a�1

0 in the adiabatic basis, and 3:6� 10�2a�1
0 in the diabatic

basis [48]

Fig. 8.15 Scheme illustrating energy transfer from the naphthalenimide (energy donor) to the
perylenimide (energy acceptor) moiety [49]
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pigment composition, spectral properties and mechanism of energy transfer/
[50–53].

The high resolution X-ray structure of the main form of PCP (MFPCP) from the
dinoflagellate Amphidinium carterae (Fig. 8.16) [50] established the basis for detail
investigation mechanism of triplet energy transfer in this area. To elucidate the
details of the triplet–triplet energy transfer (TTET) mechanism, peridinin–chloro-
phyll–protein (PCP) complexes (Fig. 8.16), where the N-terminal domain of native
PCP from Amphidinium carterae has been reconstituted with different chlorophyll
(Chl) species, have been investigated [52]. The experimental TR-EPR spectra
(9.7 GHz) were close to spectra stimulated considering only one triplet state species
with average ZFS parameters |D| = 47.6 mT and |E| = 4.6 mT.

The pathways of excited-state energy transfer and relaxation in peridinin
chlorophyll-a protein (PCP) were identified by means of femtosecond visible-pump,
mid-infrared probe spectroscopy [53]. It was found that the singlet excited state of
Chl-a undergoes intersystem crossing (ISC) to the triplet state on the nanosecond
timescale, followed by rapid triplet excitation energy transfer (TEET) from Chl-a to
peridinin, without detecting Chl-a triplet. It was suggested that the main channels of
singlet and triplet energy transfer in PCP proceed through distinct peridinins. This
suggestion is consistent with an energy transfer scheme where the ICT state mainly
localizes on Per621/611 and Per623/613, the S1 state on Per622/612 and the triplet
state on Per624.

Fig. 8.16 Experimental TR-EPR spectrum of TPer for Chl a RFPCP (a) and ZnChl a RFPCP
(b) at 150 K with the corresponding calculated TR-EPR spectra of TPer614 after a 12° rotation of
the Per’s X, Y ZFS axes around the Z axis as described in the text. |Z| > |Y| > |X|. A = absorption;
E = emission [52]
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8.4.4 Triplet-Triplet Upconversion and Annihilation

Upconversion (Chap. 2) which creates population of excited states at higher energy
upon photoexcitation at lower energy and generates of emission has attracted much
attention due to its potential applications in photocatalysis, photovoltaics
(dye-sensitized solar cells), nonlinear optics, and molecular probes [54–63]. Among
these applications: wavelength shifting for spectroscopy, sensitized photoreaction
by low-energy photons, photovoltaic devices, luminescent probes for bioimaging
and improving the energy conversion efficiency of solar cells by harvesting photons
below the energy threshold. The upconversion process can occur at an encounter of
two chromophors, both in excited triplet state, and in a supramolecular structure in
which the chromophors are covalently linked or squeezed in a solid matrix.

The up-conversion approach, first reported in the early 1960s by Parker and
Hatchard [55] is based on sensitized triplet–triplet annihilation, which was per-
formed by low power and incoherent excitation sources in organic chromophores
absorbing and emitting in the UV region. Since then, a great variety of organic and
inorganic chromophores have been investigated both in solution and in polymer
matrix, spanning from UV to near infrared (NIR) spectral region [55–66].

In work [60], it was found that a substantial anti-Stokes energy gain up to
0.86 eV in the conjugated supermolecule ruthenium(II) [15-(4’-ethynyl-(2,2′;6′,2′′-
terpyridinyl))-bis[(5,5′,-10,20-di(2′,6′-bis(3,3-dimethylbutoxy)phenyl(porphinato)
zinc(II)]ethyne][4′-pyrrolidin-1-yl-2,2′;6′,2′′-terpyridine] bis(hexafluorophosphate)
(Pyr(1)RuPZn(2)) in solutions containing N,N-bis(ethylpropyl)perylene-3,4,9,10-

Fig. 8.17 a The excitation
dynamics in a hypothetical
dimer consisting of a donor
and an acceptor molecule: the
prePump pulse creates an
excitation on the donor;
during the time between the
prePump pulse and the Pump
pulse, the excitation is
transferred to the acceptor.
The pump pulse produces
another excitation on the
donor which then annihilates
with the existing excitation.
The process is monitored by
the probe pulse. b The pulse
timing scheme for the
prePump–Pump–Probe
experiment [64]
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tetracarboxylicdiimide (PDI) or tetracene was reached by a selective near-IR
excitation (780 nm). The Pyr(1)RuPZn(2)—causes producing this Upconverted
fluorescence signal in Pyr(1)RuPZn(2) was produced by sensitized triplet-triplet
annihilation photochemistry. For the PDI triplet sensitization process, the T(1) ! T
(n) excited state absorption decay of Pyr(1)RuPZn(2), monitored at 900 nm as a
function of PDI concentration, revealed Stern-Volmer and bimolecular quenching
constants of 10048 M−1 and 5.9 � 108 M−1 s−1, respectively. 3PDI* transient tri-
plet absorption dynamics run with observed bimolecular (3)PDI*-(3)PDI* TTA rate
constant kTT = 1.0 � 109 M−1 s−1.

The mechanism of triplet–triplet annihilation (TTA)-induced up-converted
(UC) delayed luminescence was studied by delayed luminescence spectroscopy in
two binary organic systems consisting of platinum(II) octaethyl porphyrin (PtOEP)
mixed with either poly(fluorene) (PF26) or ladder-type pentaphenylene (L5Ph)
[61]. It was found that the energy of the lowest excited triplet state of L5Ph is
0.20 eV and energy of the triplet state of PtOEP is 1.90 eV. The different phos-
phorescence PtOEP lifetime indicated differences in PtOEP aggregation in the
polymer matrices. A series of metal free organic triplet sensitizers derived from a
single chromophore (BODIPY) for triplet-triplet annihilation upconversion were
devised [62]. The systems absorption was optimized by chemical modification of
the sensitizer molecular structures. Long-lived triplet excited state (sT up to
66.3 ls), populated upon excitation of the sensitizers, was detected by nanosecond
time-resolved transient difference absorption spectra and DFT calculations. In this
work, with perylene or 1-chloro-9,10-bis(phenylethynyl)anthracene as the triplet
acceptors, upconversion (up to 6.1%) was observed for solution samples and
polymer films. The anti-Stokes shift up to 0.56 eV was detected. The principle of
TTA-based upconversion and the requirements of the sensitizer and its corre-
sponding acceptor was discussed in review [63].

Specific features of energy transfer dynamics from an excited donor to an excited
acceptor in an annihilation process was considered in [64]. on example of
carotenoid-zinc-phthalocyanine dyad and a naturally occurring light-harvesting
peridinin-chlorophyll protein complex from Amphidinium carterae. The energy
transfer and annihilation dynamics were monitored by a novel three-pulse fem-
tosecond prePump–Pump–Probe methods which can give 400 lJ, 60 fs, 790 nm
pulses. This process is similar to bimolecular chemical reactions, in the case of the
singlet–singlet annihilation (A + A ! A) or for singlet–triplet annihilation
(A + B ! B) [65] and can occur also in single bichromophoric molecules [66].
The designed pump–dump–probe setup The excitation dynamics in a donor and an
acceptor in a bichromophoric molecule and the pulse timing scheme for the
prePump–Pump–Probe experiment are shown in Fig. 8.17.

Examples of the sensitizer molecules, including iridium complexes, palladium
complexes, platinum complexes, ruthenium complexes as well as organic mole-
cules, and their corresponding acceptor molecules were also summarized.
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Chapter 9
Magnetic and Electromagnetic Fields
Effects on Chemical and Biological
Processes

Abstract This chapter described important aspects of static magnetic and elec-
tromagnetic field influence on chemical and biological reactions. The relevant
phenomena, physical principles, and main results in the area were the focus of
attention. A wide variety of advanced methods including time-resolved ESR and
NMR spectroscopy, luminescence and electrochemistry is based on the physical or
chemical response of a system under interest by switching an appropriate magnetic
field or fields, on or off. These methods allow one to shed light on mechanistic
details of radical and ion-radical reactions, that is, the chemical nature and physical
state of intermediates, its spin dynamic and kinetics. This knowledge paves the way
for a focused understanding of spin correlated radical processes. The radical pair
model for the molecular compass leads to a reasonable explanation of such phe-
nomena as the capacity of animals to navigate in the Earth’s magnetic field. Given
the constantly increasing anthropogenic radio- and microwave background in our
environment, the possibility of radiative impact on humans and animals is a concern
that should be carefully.

9.1 Introduction

Chemical and biochemical reactions that involve radical or radical ion intermediates
can be influenced by magnetic fields, which act to alter their rate, yield, or product
distribution. These effects have been studied extensively in liquids, solids, micelles,
nanoparticles and biological objects: naturally-occurring and photosynthetic model
systems, in particular [1–10]. Magnetic field effects (MFEs) occur at field strengths
ranging from upwards of 30 T, in superconducting magnets, to *40 lT, which is
comparable to the field strength of the Earth [7]. Considerable evidence now exists
that exposure to strong static high magnetic fields (SMFs) causes marked changes
in the properties of a number of biological systems, particularly those whose
function is linked to the properties of membrane ion channels, transmembrane ion
flux, for example [9].
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A great variety of theoretical and experimental work indicates the key impor-
tance of spin chemistry in both static magnetic field and electromagnetic field
effects (Chaps. 4, 5 and 6). Molecular compass models of magnetoreception of
birds and other living organisms is one of the existing challenging problems [7, 10].
Adequate data for proper human health risk assessment of static and electromag-
netic magnetic fields are sparse and uncertain (see details in [11]) Discussion of this
complicated area is beyond the scope of the present book.

9.2 Diamagnetic Effect of Strong Static Magnetic Fields

The effect of magnetic fields on lipid bilayers has been a subject of interest to
researchers in recent years [9, 12, 13]. The mechanism suggested to explain these
effects is based on the diamagnetic anisotropy features of membrane phospholipids.
The exposure to static magnetic fields (SMF)s can result in a rotational displace-
ment of the membrane’s phospholipid molecule by virtue of their collective dia-
magnetic properties and, therefore, electron spin effects are not directly involved in
the processes.

A fluctuation model of reactive bilayer membranes, taking into account the
composition-curvature correlation in the presence of a homogeneous magnetic field,
was proposed [12]. The model explained how the strength of the magnetic field in
combination with the intensity of reaction induces instability in this system. The
partial orientation of multilamellar vesicles (MLVs) in high magnetic fields has
been studied and a method to prevent such effects was proposed [13]. The orien-
tation effect was measured with 2H-, 31P-NMR and freeze-etch electron microscopy
techniques in MLVs composed of dipalmitoyl phosphatidylcholine with 30 mol%
cholesterol. The MLV samples that were frozen directly in the NMR magnet at a
field strength of 9.4 T were investigated using freeze-etch electron microscopy
techniques. These experiments showed that the MLVs in applied magnetic fields
have an ellipsoidal shape.

An experiment to clarify the effects of multiple rapid temperature changes and
magnetic fields (up to 8 T) on cell membrane fluidity by using red blood cell ghosts
and a fluorescence dye, 1-aminonaphthalene-8-sulfonic acid (ANS) was performed
[14]. The time course of ANS emission at 480 nm under the influence of a magnetic
field at 5 T was observed. The results indicated that the fluidity of the molecules in
the cell membrane was decelerated by exposure to magnetic fields at 5 T.

Though the aforementioned effects of the strong magnetic field are not directly
related to spin phenomena, they need to be taken into account when analyzing the
behavior of some specific spin systems.
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9.3 Static Magnetic and Electromagnetic Fields Effects
on Processes Involving Radicals and Radical Ions

9.3.1 General

The effect of an static magnetic field (SMF) on a system of singlet and triplet pairs
was briefly described in Sect. 5.8.1. In references [1, 4, 5, 15–23], this phenomenon
was considered in more detail. The observed static and electromagnetic field effects
arose from fundamental properties of spin correlated radical pairs (SCRP) (Sections
X and Y). In experiments on MFEs, the SCRP spins evolve according to a
Hamiltonian [5]

Ĥ ¼
X

N¼fA;Bg
�ceB0 � ŜN � ceB1ðtÞ � ŜN þ

X
i

aNiŜ
N � ÎNi

( )
� e�r=rJJ0Ŝ

A � ŜB

ð9:1Þ

where B0 denotes the static (time-independent) magnetic field and B0(t) its
time-dependent component, aNi is the isotropic hyperfine coupling constant for
interaction between an electron spin SN and nuclear spin I Ni. SA and SB are the
corresponding electron spins.

In a typical example, after photochemical excitation of the ground-state pre-
cursor species A–B, the transfer of an electron from A to B occurs, creating radical
ions in a singlet state, a spin-correlated radical pair (SCRP) (Fig. 9.1) [5].

For about 500 ps after the excitation, the radicals, so called geminate pairs, are
squeezed by a “cage” of surrounding solvent molecules forming spin correlated
pair. The strong exchange interaction at short separation inhibits S $ T intercon-
version and this step is insensitive to magnetic fields Then, the singlet SCRPs
undergo spin-selective reaction to produce the singlet initial product in the singlet
state (SP) or they react to give a back-reaction product. The singlet radical pairs
transforms back and forth into triplet radical pairs. Coherent evolution of the SCRP
spin state provides S $T interconversion, which is driven by magnetic interactions
in the SCRP and by the applied magnetic field.

The S $ T evolution can be characterized by the following three mechanisms
[4–6]. In the Dg mechanism, in order for S–T0 evolution to occur, the electron

Fig. 9.1 Radical pair
mechanism. AB round-state
precursor species, SP singlet
product, TP the triplet product
[5]
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spins must differ in their g values. The frequency of the S–T0 mixing is given by the
difference in precession frequency of the two electron spins. The S–T0 mixing
frequency increases with increasing external magnetic field. To illustrate the
hyperfine mechanism, a pair of radicals where only one of the electron spins, S1,
couples to a single magnetic nucleus of spin quantum number I = 1/2 was con-
sidered [4, 5, 16]. The magnetic moment of the nucleus induces an additional local
magnetic field on S1. In high magnetic fields, the magnetic moments of both
nucleus and electron, S1, are orientated along the field direction. While S2 precesses
with the unperturbed Larmor frequency, the precession frequency of S1 differs from
this value by a/2, where a is the hyperfine splitting constant. In low magnetic fields,
when applied fields are weaker than or comparable with the hyperfine field, the
hyperfine mechanism induces transitions between the singlet and all three triplet
levels cause diminish of the singlet state population.

The relaxation mechanism (RM) of the S $ T evolution takes place due to the
anisotropic g-tensor (dg), hyperfine interaction (HFC), and spin−spin dipolar
interactions of radical pairs and includes the following steps [4, 5, 16]: (1) The
spin–spin relaxation process leads to S–T+ mixing, (2) the triplet radical pairs
undergo their own spin-selective reaction to produce the triplet product TP or they
react nonselectively to give the back-reaction product X or singlet pair SP or triplet
pair TP, (3) internal convertion The system transfers back into the precursor A-B
allowing for subsequent instances of the process to occur, and (4) fast spin relax-
ation leads to incoherent transitions between the different RP states with conse-
quences for the RP kinetics in compounds.

9.3.2 Static Magnetic Field Effect

9.3.2.1 Theoretical Considerations

Understanding the aforementioned elementary processes allows one to predict
changes in the singlet yield as a function of static magnetic field strength (Fig. 5.12,
Sect. 5.8.1) The existence of a low-field effect (LFE) opposite in phase to the high
field MFE was first predicted in 1976 by Brocklehurs [18, 19]. In low fields,
B0 < 50 mT, the singlet–triplet interconversion is governed by the isotropic elec-
tron Zeeman and the hyperfine interactions. The hyperfine mechanism drives the
S ! T transition and, therefore, diminishes the singlet state population (Fig. 1.9)
[5]. For the low field effect, the following requirements should be fullfiled:
(a) radical–radical interactions should be small compared with the average hyper-
fine coupling in the radical pair and (b) relaxation in the radical pair must be slow
compared with both spin evolution and radical recombination.

Typical magnetic field effect in organic radical pairs is presented in Fig. 9.2 [5].
At higher fields where external static magnetic fields are much larger than the

local one in the system (B0 > 50 mT), the hyperfine interactions have practically
no effect on the singlet–triplet interconversion and only the aforementioned
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Dg-mechanism causes singlet–triplet interconversion [5, 20]. When the applied field
is further increased, the two triplet levels, T+ and T−, become progressively shifted
from one another. In such a condition, if the radical pair is originally created in a
singlet state, the singlet–triplet mixing at high fields decreases and the yield of the
singlet recombination product increases The effects of high magnetic fields on the
T–S spin conversion of radical pairs generated from a triplet precursor on the yield
of escaped radicals are illustrated by Fig. 9.3 [20].

Fig. 9.2 Typical MFEs in
organic RPs from zero field
up to a few Tesla [5]

Fig. 9.3 T–S spin conversion of the present radical pair generated from a triplet precursor at
a B = 0 T, b 0 T < B < 20 T, and c 20 T � B (see details in [20])
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A theoretical simulation was used to investigate the magnetic field/microwave
frequency dependence of the spin polarized EPR spectra of sequential spin corre-
lated radical pair [21]. To describe the kinetics the following expressions were used

Sðt;B0Þ ¼SA þ SB;

SAðt;B0Þ ¼aðB0Þe�ðkþwAÞt;

SBðt;B0Þ ¼bðB0Þ k
kþwA � wB

e�wgt � e� kþwAð Þt
n o

;

ð9:2Þ

where SA and SB are the contributions from sequential radicalpairs; a(Bo) and
b(Bo) are their spin polarization patterns, wA and wB are the corresponding
effective relaxation rates of the spin polarization and k is the electron transfer rate.

Figure 9.4 illustrates the magnetic field dependence of the net polarization
p generated in sequential radical pairs derived from (2.9).

Transition metal compounds are involved in many processes such as biological
and chemical redox reactions, corrosion, and catalysis [22]. In works [23–25],
specifics of magnetic field effects in processes with participating transition metal
complexes have been discussed In transition metal complexes, due to strong
spin-orbit coupling, radical pairs formed in electron transfer have wave functions
describing mixtures of the singlet or triplet multiplicities. In such systems spin
relaxation times can be very short (down to picoseconds). In contrast, in organic
radical pairs (RPs) the dominant interaction is the hyperfine interaction, with a
typical magnitude of 107–108 rad s−1, which can only affect kinetics of organic RPs
with lifetimes longer than several nanoseconds [4].

Fig. 9.4 Magnetic field dependence of the net polarization p generated in sequential radical pairs
The field dependence is shown for three different life times of the precursor state. The values of the
spin-spin coupling b = 2 J + d are 1 mT for the short lived precursor case (lifetime = 0.611 s) and
0.1 mT for the intermediate (10 ns) and long lived (290 ns) precursor cases. The difference in the
g factors of the precursor pair is Dg = 0.003. Bo is the value of magnetic field and in (9.2), and
q = Dg bBo [21]

208 9 Magnetic and Electromagnetic Fields Effects …

http://dx.doi.org/10.1007/978-3-319-33927-6_2


An external magnetic field changes the transition rates between the RP states
and, therefore, has an effect on the RP magnetic properties and kinetics. The
peculiarities of spin effects in fast RP recombination are illustrated in Fig. 9.5.

9.3.2.2 Experimental Data

Static magnetic field effects (SMFEs) on photochemical reactions through radical
ion-radical pairs have been studied extensively in the last decades [23–29] and
references therein. Some examples of investigations in this area are presented.

The radical pair recombination of an intramolecular electron-transfer system
Fcp-Nb+ bearing a ferrocenophane (Fcp) and a Nile blue (Nb+) moiety has been
investigated by femtosecond spectroscopy [23]. The radical pair was formed by
ultrafast electron transfer (90 fs) from a ferrocene residue to a photoexcited Nb+

moiety. Fast spin relaxation leads to incoherent transitions between the different RP
states with consequences for the RP kinetics in compounds shown in Fig. 9.2.
According to kinetics measurement, spin processes compete with electron transfer.
Observed magnetic field effects on kinetics allowed to disentangle the contributions
of spin processes competing with electron transfer (Fig. 9.6).

Fig. 9.5 Illustration of spin effects in fast RP recombination (top) and their influence on the RP
population in zero (central lines) and high (right lines) magnetic field (bottom) [23]. a Organic RP:
Starting from a singlet precursor (D A+)*, only the singlet-phase RP state is populated and decays
in single-exponential fashion. b RP bearing a transition metal moiety (static effect, no spin
relaxation). c RP comprising a transition metal moiety (fast spin relaxation)
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The MFE on the photoinduced electron transfer (PET) between phenazine
(PZ) and the amines, N,N-dimethylaniline, N,N-diethylaniline, 4,4¢-bis(dimethy-
lamino)diphenylmethane (DMDPM), and triethylamine was observed in micelles,
reverse micelles, and small unilamellar vesicles [26]. The experiments showed that
for different on the electron acceptors, the difference between optical density of
intermediates (DOD), recorded at 0.8 ls after the laser flash, in the presence and
absence of a magnetic field increases with an increase in field and then reaches
saturation (DODsat � 0.005–0.007) at a magnetic field strength around 0.04–
0.05 T. Experimental data were explained by the hopping electron transfer mech-
anism. For donor-acceptor pair PZ-DMA, the rate constants for the fast components
of the absorption decay profile after 5 ls varied from 2.2 � 106 s−1 to
0.96 � 106 s−1 as the applied magnetic field was increased to 0.04 T.

The magnetic field effects on the photoinduced electron transfer (PET) reaction
between the [Cu-(phen)2]

2+ complex (I) and DNA in homogeneous buffer medium
and in reverse micelles was also studied [25]. The sample was excited by 266 nm
laser light with 8 ns FWHM followed by measurements of the nanosecond transient
absorption spectra. The suggested mechanism of the reaction is as follows
(Scheme 9.1).

Electron transfer in photosynthetic reaction centers is a subject of special interest
[21, 27–30]. Magnetic field effects in photosynthetic reaction centers MFEs were
first independently detected by Blankenship et al. [27] and by Hoff et al. [28, 29].
Under chemically reducing conditions, the primary acceptor Z of the photochemical
reaction centers of Rhodopseudomonas sphaeroides was blocked [27]. An applied

Fig. 9.6 Scematic illustration of fast kinetics in the intramolecular ET system Fcp-Nb+ [23]

Scheme 9.1 Reaction mechanism between the [Cu-(phen)2]
2+ complex (I) and DNA

210 9 Magnetic and Electromagnetic Fields Effects …



magnetic field decreases the fraction of the transient state PF that decays by way of
the bacteriochlorophyll triplet state radical pair. At room temperature, a 2-kG field
decreases the quantum yield of a radical pair, which is generated in a singlet state and
undergoes a rapid transformation into a mixture of singlet and triplet states, by about
40 %. In one of pioneering work in the area [28] it was shown that the yield of the
triplet state in reaction centers of Rhodopseudomonas sphaeroides, in which the
electron transfer was blocked by removing functional iron in its complex with the
primary acceptor ubiquinone, is dependent on the strength of an applied magnetic
field. The effect is decreased about twofold when the value of the magnetic field was
about 50–100 G. The dependence of the triplet yield on magnetic field was discussed
in terms of the Chemically Induced Dynamic Electron Polarization mechanism. The
following factors were found to affect the dependence of the primary electron
transfer in the reaction centers on magnetic field and on the yield of triplet products:
(1) the rate constants of reversible electron transfer between the initially excited
singlet state of the reaction center and an intermediate radical ion pair state; (2) the
rate constants of irreversible electron transfer of the radical pair to the ground and
excited triplet state of the reaction center; (3) the electron exchange interactions
between the radical pair and the primary acceptor (QA).

Transient ESR and related theoretical simulations were used to investigate the
magnetic field/microwave frequency dependence of spin polarized X-band
(9.7 GHz) and K band (24 GHz) EPR spectra of the sequential spin correlated
radical pairs primary donor—primary acceptor (P+A−)1 and primary donor Pþ F�x

� �
in photosystem I (PSI) and reaction centres of heliobacteria [21]. In PSI, where the
precursor (9A−) lifetime (290 ns) is much longer than the characteristic time of
singlet-triplet mixing, the observable net polarization decreases with the field
strength in this region. In heliobacteria, where the precursor lifetime (600 ps) is
much shorter than the characteristic time of singlet-triplet mixing, state Pþ F�x is
observed the net polarization increases in the same range of magnetic field. In
another work, the spin exchange integral J = 10−3 cm in the bacterial reaction
center was estimated from magnetic field effects on recombination [30]. It was
suggested that in the system under investigation there are two sites for the electron
or for the hole, with hopping between sites.

In aforementioned works on photo-induced electron transfer in the reaction
centers, radical pairs can be detected only if forward electron transport is blocked by
some means.

9.4 Electromagnetic Microwave Irradiation Effects

Microwave technique widely used in organic and medical chemistry [31].
Commonly in the absence of applied static magnetic field trivial thermal and
sometimes specific non-thermal microwave effects in chemical reaction were
revealed [31]. The latter is still a controversial topic.
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The dependence of resonance absorption of electromagnetic irradiation in the
presence of static magnetic fields forms the basis for ESR spectroscopies and
related methods (Chaps. 5 and 6). Moreover, this phenomenon offers the possibility
not only to investigate in detail mechanisms of radical and ion-radical reactions but
also to understand these processes which play a key role in many fields of chemistry
and biology [4–9, 15, 32–35].

A brief outline of the behavior of a spin correlated pair in a static magnetic field,
which is a prerequisite for understanding microwave frequency effects on spin
selected radical processes and the MARY and RYDMR methods was presented in
[15]. The Hamiltonian I of the pair including only isotropic electron Zeeman and
hyperfine interactions in a magnetic field was written in the following form:

H ¼ gbHðS1 þ S2Þ
X

aiI1iS1 þ
X

ajI2jS2: ð9:3Þ

In this equation dipole-dipole, exchange interactions and all anisotropic contri-
butions were neglected and g-values for the two radicals were taken to be equal
only in the region of weak magnetic field. The time dependent probability of finding
the spin system in the singlet state qss(t, H) [MARY spectrum G(H)], was calculated
by solving the Hamiltonian I followed by convolution with the recombination
function f(t):

GðHÞ ¼
Z

qssðt;HÞf ðtÞdt: ð9:4Þ

As one can see from Fig. 9.7 microwave radiation effects on transition between
triplet and singlet states and therefore on yield and kinetics of the spin selected
radical processes.

Thus under conditions of normal ESR field strengths, applying microwave
pumping to the described system effects on the reaction yield and makes it possible

Fig. 9.7 Schematic energy
level |layout of spin system of
the pair showing the crossings
of the eigenlevels (top), and a
sketch of the magnetic field
dependence of the observed
signal that it would produce.
See details in [15]
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to detect the ESR signal by optical or other techniques. This also forms a theoretical
basis for understanding effects of microwave radiation on leaving organisms.

The recently developed pulse version of Reaction Yield Detected Magnetic
Resonance (RYDMR) based on refocusing the zero-quantum coherences in radical
pairs by non-selective microwave pulses provide deeper insight in mechanism of
microwave effects! [36]. In this approach, the population of a radical pair singlet
spin state [qSS(t)] depending on microwave radiation leads to the yield product. The
suggested pulse sequences for pulse RYDMR, the primary echo, stimulated echo,
Electron Spin Echo Envelope Modulation and pulse ENDOR are shown in Fig. 9.8.
It was assumed that the radical pairs are formed instantaneously with a short laser
flash and the refocusing of the zero-quantum coherences in radical pairs are pro-
duced by non-selective microwave pulses. Under such conditions, the spin evolu-
tion between pulses was described by means of the following Hamiltonian Hˆ:

Ĥ ¼ x1S1z þx2S2z þ JS1zS2z þAS1zIz þBS1zIx þx1Iz ð9:5Þ

Here, S1z and S2z are the operators for the z-projection of the electron spins; Iz
and Ix are the operators for the z- and x-projections of the nuclear spin, respectively;
w1 and w2 are the electron Zeeman interactions with the external field in frequency
units; J = J0 + D(1 − 3 cos2 h)/2 is the electron spin–spin interaction constant
including contributions from exchange, J0, and dipolar coupling, D; h is the angle
between the vector connecting the electron spins and the external field; A and B are
the secular and pseudo-secular parts of the HFC tensor, respectively; wI is the
nuclear Zeeman interaction.

Fig. 9.8 Pulse sequences for
RYDMR: primary echo (a),
ESEEM (b), stimulated echo
(c) and ENDOR (d). Laser
pulses are shown in black,
mw-pulses are shown in dark
grey, rf-pulse is shown in
light grey, echo is shown in
white; delays and flip angles
are indicated [36]
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Effect of microwave radiation on human health have been attracting growing
attention (see for example publication [33–35]. Discussion on this topic is out of
scope of this book.

9.4.1 Radiofrequency Magnetic Field Effects

In the low magnetic field region, when the energy of hyperfine couplings is close to
the radiofrequency (RF) irradiation frequency, a marked effect of the applied RF on
the yield of radical reactions can be expected [37–41]. In the early book [38],
Buchachenko and Frankevich considered the chemical generation and detection of
radio- and microwave modified chemical kinetics, theoretical chemistry and
metabolite chemistry. Experimental data on photoinduced electron transfer between
a donor and acceptor in the presence of static and radiofrequency magnetic fields,
can commonly be interpreted in the framework of the radical pair mechanism. This
mechanism suggested a singlet$ triplet interconversion in the cation- anion radical
pair when the oscillating field is in resonance with hyperfine splittings in the anion
radical.

For example, the influence of isotropic electron–nuclear hyperfine interactions
and the isotropic Zeeman interactions of the electron spins with a static magnetic
field strength of B0 = x0/ce, and a linearly polarized radio frequency field of peak
strength B1 = x1/ce and frequency xRF/2p on the evolution of a spin-correlated
radical pair was analyzed [42, 43]. The following spin Hamiltonian (in angular
frequency units) was suggested to govern the coherent evolution of the radical pair:

Ĥðt; cÞ ¼
X2
j¼1

XN
k¼1

ajkŜj � Îk þx1Ŝjx sinðxRFtþ cÞ
(

þ x0 Ŝjz sin hþ Ŝjx cos h
h i) ð9:6Þ

Here j and k label the electron and nuclear spins respectively, Ŝj and Îk are the
electron and nuclear spin angular momentum operators, ajk are the hyperfine cou-
pling constants, t is the time after the formation of the radical pair, h is the angle
between the two magnetic fields, and c is the phase of the RF field at t = 0. Ĥ(t;c)
was represented by a 4M � 4M Hermitian matrix of dimension M (=2N for
N spin-1/2 nuclei). It was assumed that anisotropic magnetic interactions are aver-
aged by molecular motion.

To demonstrate the sensitivity of a radical recombination reaction to the ori-
entation and frequency (5−50 MHz) of a � 300 lT radio frequency magnetic field
in the presence of a 0−4 mT static magnetic field, the photoinduced
electron-transfer reaction of chrysene with isomers of dicyanobenzene was inves-
tigated [43]. Figure 9.9 schematically illustrated the photoinduced electron-transfer
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reaction of chrysene with isomers of dicyanobenzene sequent processes. The
recombination yield was detected via the fluorescence of the exciplex formed from
the electronic singlet state of the radical ion pair (chrysene•+/dicyanobenzene•−).

The increase of the recombination probability of deuterated radical ion pairs
Py-d10

− /DMA-d11
+ (DMA is N,N-dimethylaniline, Py is Pyren) exposed to

radiofrequency magnetic fields (1–80 MHz) monitored via exciplex fluorescence
was observed [42]. This effect was detected only when the radiofrequency matches
energy-level hyperfine interactions in the radicals. The sensitivity of spin correlated
radical pairs as intermediates in radical reactions to different applied static or
oscillating magnetic fields was demonstrated on an example of photoinduced
electron transfer between pyrene and 1,3-dicyanobenzene [42]. The experiments
were performed using a linearly polarized radio frequency field of peak strength
B1 = 0.3 mT at three separate frequencies (5, 20, and 65 MHz) in the presence of a
static magnetic field of 0–4 mT. Measurements on the photoinduced
electron-transfer from perdeuterated pyrene (PY) to 1,3-dicyanobenzene (1,3-DCB)
in static and the radio frequency of the time-dependent magnetic fields revealed
factors affecting the singlet product yield detected via fluorescence of an exciplex
which appears as a result of singlet−triplet interconversion altering the population
of radical pairs. Scheme 9.2 of photochemical reactions of Pyren (Py) and
1,3-dicyanobenzene (DCB). S and T indicate singlet and triplet states of the radical
pair; Py* is the excited singlet state of pyrene. The curved arrows represent the
coherent interconversion of singlet and triplet radical pairs by hyperfine and elec-
tron Zeeman interactions.

Fig. 9.9 Illustratiion of the photoinduced electron-transfer reaction of chrysene with isomers of
dicyanobenzene and effect of radio frequency magnetic field in the presence of a static magnetic
field on radical pairs recombination [42, 43]

Scheme 9.2 The photo induced electron-transfer from perdeuterated pyrene (PY) to 1,
3-dicyanobenzene (1, 3-DCB)
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The regeneration of Py and 1,3-dicyanobenzene (DCB) occurs when the free
radicals that escape from the geminate radical pair eventually undergo back electron
transfer. It was concluded that the reaction product yield depends on the polarized
RF frequency, the strength of the applied static magnetic field, and the on the
relative orientation of the two fields.

9.5 Magnetic Isotope Effect

9.5.1 Theoretical Grounds

The first mass-independent isotope effect which chemically discriminates isotopes
by their nuclear spins and nuclear magnetic moments rather than by their masses
was detected in 1976 by Buchachenko et al. [44] and, independently, in 1977 by the
Sagdeev and Molin group [44].

In pioneered work [44], it was shown that photolysis of (phCH2)2CO (I) to
PhCH2CO

• and PhCH2
• radicals and recombination of the radicals leads to

enrichment of I in 13C, mainly at the carbonyl C atom. When the photolysis was
performed in a magnetic field, the enrichment decreases with increasing field
intensity. A magnetic 13C isotopic effect, which considerably exceeds the known
12C13C kinetic isotopic effects, was also detected in the triplet sensitized photolysis
of dibenzoyl peroxide [45]. This effect was explained in terms of the dependence of
the recombination probabilities of radical pairs in the cage on the electron-nuclear
hyperfine interaction.

This new phenomenon was named by Buchachenko as “the magnetic isotope
effect”, MIF and was independently confirmed within three years by the groups of
Buchachenko, Turro and Pines [45–48]. The discovery opened the way for a new
field of modern spin chemistry and led to an extensive literature [1, 49–51] and
references therein. Since its discovery in 1976, MIE was detected in many chemical
reactions, for many isotopic pairs and triads (H-D, 12C-13C, 16O-17O-18O,
28Si-29Si-30Si, 32S-33S-34S, 72Ge- 73Ge-74Ge, 235U-238U, 198,200Hg-199,201Hg,
24Mg-25Mg-26−Mg).

According to the fundamental spin conservation rule, the vast number of reac-
tions with the participation of radicals, ion-radicals, paramagnetic metal ions, and
molecules (such as NO, O2) are spin selective and reactions choose spin-allowed
channels. Nevertheless, for some processes, for example the recombination of the
triplet radical pair (R� �R) to produce the diamagnetic, zero-spin molecule R-R, a
triplet–singlet spin conversion of the pair is required (Section Y). One of the
magnetic interactions which transforms the nonreactive triplet radical pair (R� �R)T
into the reactive singlet pair (R� �R)S is the hyperfine coupling and the reaction
probability is a function of hyperfine coupling and nuclear magnetic moment. The
key idea for the Buchachenko mechanism of MIE is that “the radical pair functions
as an electron and nuclear spin-selective chemical nanoreactor, which sorts
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magnetic and nonmagnetic nuclei and directs them into the different reaction
products”.

For the simplest case of conversion between two states with zero-spin projec-
tions, S and T0, the rate of triplet–singlet spin conversion of the pair may be
estimated by solving the Schrodinger equation with spin Hamiltonian [52, 53]:

H¼bHðg1S1 þ g2S2Þþ aS1I ð9:7Þ

and wave functions

S ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðab� baÞ

p
T0 ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðab� baÞ

p ð9:8Þ

where the rate of triplet–singlet spin conversion x is determined as a matrix
element < T0|H|S >; resulting in the equation

x ¼ 1==2ðDgbHþ amÞ: ð9:9Þ

In (9.13–9.14), a and b are spin functions of unpaired electrons on the radicals of
the pair; S1 and S2 are spins of these radicals; g1 and g2 are their g-factors; I and
a are the nuclear spin and hyperfine coupling constant for one of the radicals
carrying a magnetic nucleus; b is the Bohr magnetic moment; H is a magnetic field
strength Dg is a difference of the g-factors of radicals in the pair, and m is a nuclear
spin projection. Thus the singlet triplet mixing and therefor reaction yield can be
depended on spin electron spin duclear interaction.

As an example, the MIE was shown to fractionate oxygen isotopes in the
photo-oxidation of water by molecular oxygen [54]. According to experimental
data, photolysis of 17,18O-labeled water in the presence of molecular oxygen is
accompanied by transfer of 17O and 18O isotopes from water to oxygen. The
reaction exhibits a magnetic isotope effect: oxidation of H2

17O is faster by 3.3 % (in
the Earth magnetic field) and by 3.7 % (in the field of 0.5 T) than that of H2

18O. The
effect was postulated to arise in the two spin-selective, isotope-sorting reactions—
recombination and disproportionation—in the pairs of encountering HO2

· radicals.
A multichannel kinetic description was used to study the magnetic isotope effect

in zero magnetic field [54]. It was found that the maximal isotope effect can be
realized via the hyperfine interaction and via the electron spin dipole-dipole
interaction of the intermediate radical pair. Quantum mechanical calculations
supported these conclusions and showed that a large MIE may be obtained even in
the presence of a strong exchange interaction. Photo-reduction of mercury (Hg) is
an important mechanism for removal of both Hg2+ species and monomethylmercury
(MMHg) from surface waters [55, 56]. The effects of different regions of the solar
spectrum on the expression of MIF caused by the MIE during Hg2+ and MMHg
photo-reduction were investigated [55]. The experiments indicate that MIF pro-
duced during photo-reduction of Hg2+ is significantly influenced by both 290–
320 nm and 320–400 nm radiation.
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On the basis of observed magnetic isotope and magnetic field effects in enzy-
matic ATP synthesis catalyzed by magnesium, a new, ion-radical mechanism of
ATP synthesis was formulated (Scheme 9.3) [1, 49].

The proposed mechanism was sustained by observed magnetic field effects on
the enzymatic adenosine triphosphate (ATP) and desoxynucleic acid
(DNA) synthesis by using catalyzing metal ions with magnetic nuclei (25Mg, 43Ca,
67Zn) and was additionally supported by energy and kinetic arguments.

The challenging problems of the role of magnetic isotope effect in mechanism of
the ATPase reaction and other enzymatic reactions and reproducibility of these
processes in vivo and vitro have been discussed in detail the literature [49, 57–59].
In comprehensive review [49] three possible sources of irreproducible and con-
tradictory of magnetic effects in enzymatic reactions were stressed: (1) the presence
of paramagnetic metal ions as a component of enzymatic site or as an impurity in an
uncontrollable amount, (2) the property of the radical pair mechanism to function
when two or several ions (cluster) catalyzing metal ions enter into the catalytic site,
and (3) the kinetic restrictions in chemical and spin dynamics in radical pair.

Scheme 9.3 Ion-radical mechanism of ATP synthesis
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9.6 Molecular Compass

9.6.1 Biological Effects and Theoretical Considerations

The ability of living organism, including birds, mammals, reptiles, amphibians, fish,
crustaceans and insects, to use the Earth’s magnetic field for orientation and nav-
igation is one of the most intriguing and challenging problem for biochemistry and
chemical physics [60–76]. Two dominant working hypotheses on the molecular
mechanism of the Earth’s magnetic field for bionavigation generated much dis-
cussion: one based on deposits of iron oxide particle magnetite (Fe3O4) [67, 68] and
the second based on a light dependent radical-pair mechanism [70]. In this section
we will confine ourselves to a brief discussion of the radical-pair compass mech-
anism which is directly related to the subject of this book.

Based on the finding that electron transfer processes generate radical pairs in
coherent electron spin states in weak magnetic fields, Schulten et al. [70] suggested
a reaction mechanism for a chemical compass, which allows biological species to
orient themselves in the geomagnetic field. According to this mechanism, a sen-
sitivity to the orientation of the Earth’s magnetic field originates from an anisotropy
of the hyperfine or fine interactions in a weak magnetic field experienced by
unpaired electron spins in a redox process. Taking into account the radical-pair
mechanism, by which a magnetic field alters the product yields of radical-pair
reactions,[4, 5, 10] (Sect. 5.8), a simple model providing evidence that the aniso-
tropic hyperfine interaction is a key phenomenon in magnetosensory capability for
an earth-strength magnetic field was considered.

In an attempt to explain the mechanism by which migratory birds are able to
sense the direction of the Earth’s magnetic field for the purpose of navigation, Ritz
et al. [77] proposed cryptochromes (Fig. 9.10) as potential magnetoreceptors [78].
This idea has gained strong support from recent experimental and theoretical
investigations [73, 79, 80] For example, signals generated by cryptochrome
(CRY) blue-light photoreceptors are responsible for a variety of developmental and
circadian responses. Structure of the domain of CRY-1 from Arabidopsis thaliana
and its complex with AMP-PNP is presented in Fig. 9.10.

The cryptochrome/photolyase family contain the redox-active cofactor flavin
adenine dinucleotide (FAD) triad of trytophans (Trp-triad) which are involved in
electron transfer initiated by blue light giving a flavosemiquinone radical, FAD•− or
FADH•, and a radical derived from the Trp-triad [80–87]. Proposed photochemical
reaction schemes for triad from Cry-1 of the plant Arabidopsis thaliana(AtCry) and
of Escherichia coli photolyase (EcPL) is shown in Fig. 9.11.

The following mechanism of the compass process was suggested (1) photo-
chemical electron transfer from the flavin cofactor to Trp 400, the electron “hoping”
Trp 377 and then to Trp 324. At this point, there is a competition between
back-electron transfer to the flavin or further reaction leading to generation of a
biochemically signalling state of CRY [88, 89]. A quantum mechanical calculation
of triplet yield decay rates in a radical pair with one electron and one nuclear spin
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on each radical, assuming anisotropic hyperfine coupling strengths was performed
[88]. According to the calculation, the time dependent triplet yield UT(t) defined as
the amount of product decaying via the triplet channel and the fraction of radical
pairs in the triplet state at any given time t, was given as

UTðtÞ ¼
Z 1

0
kTTðtÞdt; ð9:10Þ

where kT is a first-order reaction rate constant, and

Fig. 9.10 AMP-PNP binding
to CRY1-PHR. a Stereo
representation of the electron
density of the AMP-PNP
bound to CRY1-PHR. The
final refined coordinates for
AMP-PNP are shown, colored
as with the following changes:
yellow, carbon atoms; pink,
phosphorus atoms. b The
AMP-PNP-binding site.
Shown is a ball-and-stick
representation of the final
refined coordinates of
AMP-PNP and nearby protein
residues. Dashed lines,
hydrogen bonds. Atoms are
colored as in A, with the
following exceptions: green,
carbons belonging to the
protein; silver, carbons from
the FAD. Distances are given
in Ångströms. Both hydrogen
bonds from Arg-360 to the
b-phosphate of the AMP-PNP
measure 3.4 Å. c AMP-PNP
binding in the FAD-access
cavity. The AMP-PNP,
shown as spheres, is colored
as in A. A bound Mg2+ cation
is not shown [78]
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TðtÞ ¼ 1
N
e�kt �

X4N
m¼1

X4N
n¼1

QT
mnQ

S
mn cos wm � wnð Þt½ � ð9:11Þ

Here QT and QS are the triplet and singlet projection operators, respectively; N is
the number of nuclear spin states; and wi denotes the energy of the eigenstate of the
Hamiltonian H. The cosine term in (9.11) explains the orientational effect of a weak
magnetic field.

To elucidate the role of electron spin entanglement and coherence in determining
the origins of the directional response, a minimal model consisting of two electron
spins, one of which is coupled to a spin-1/2 nucleus, was considered [79]. It was
shown that the proposed Scheme 9.4 can explain the sensitivity of a radical
pair-based geomagnetic compass. In the case of an anisotropic mixed singlet-triplet
initial state in which the triplet component is 100 % polarized along the molecular z
axis and given an isotropic hf interaction, the fractional yield of the product formed
via the singlet pathway, US, “the reaction yield,’’ and DUS, the magnitude of its
anisotropy (DUS, = US (max) − US (min)) were given as

US ¼ 3
8
� 1
4
ð1� gÞ sin2 h; DUS ¼ 1

4
ð1� gÞ; ð9:12Þ

where h is the angle between the triplet polarization axis (z) and the magnetic field
vector. The anisotropy is maximized when η = 0 (pure triplet state, DUS = 1/4) and

Fig. 9.11 Proposed photochemical reaction schemes for (Cry-1 from the plant Arabidopsis
thaliana, AtCry) AtCry and EcPL. The black arrows and species are common to both proteins; the
blue and red features refer to AtCry and EcPL, respectively. kb and kf are first-order rate constants
for electron–hole recombination of RP1 and formation of RP2 from RP1, respectively. Although
RP2 in AtCry is here drawn as [FADH•Trp•], the protonation state of the Trp radical is not certain.
The curved green arrows indicate the coherent, magnetic field-dependent interconversion of the
singlet and triplet states of RP1 [91] (colour online)

Scheme 9.4 Formation of
mixed singlet-triplet initial
state
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is at a minimum when η = 1 (pure singletstate, DUS = 1/4). Thus, the reaction yield
is strongly depended on the orientation angle.

In work [82], it was assumed that the probability of radical pair formation
(p) from a molecule with a given orientation in a compass system in the retina is
proportional to the probability to absorb a photon. At the p calculation, the relative
directions of the molecular transition dipole, l, and the electric vector of the light
was taken in account. In a suggested model of the magnetic field effect on an
individual radical pair, two quantities—the p and the fractional yield of the reaction
product formed from the singlet state of the radical pair (US) give the yield of the
singlet reaction product:

S ¼ ph i � US:

A simplified version of US is

~US ¼ 3 cos2 n� 1;

in which n defines the direction of the magnetic field vector with respect to the
molecular axis system. Therefore, (9.10) represents the yield of the signalling state
and that its dependence on the direction of the magnetic field supplies the direc-
tional information required for the compass sens to the retina surface

computational model of the FADH-tryptophan chain system was analyzed The
suggested model was based on the available structure of Arabidopsis thaliana
cryptochrome-1 [78]. For intermediate radical-pairs [FADH + Trp-400+],
[FADH + Trp-377+], or [FADH + Trp-324+], the Hamiltonian was written as is the
sum of two Hamiltonians for each radical pair, a Hamiltonian Ĥint which takes into
account the exchange and dipolar interactions within the radical pair [73]:

Ĥ ¼ ĤFADH þ ĤTrp þ Ĥint: ð9:13Þ

The Zeeman interaction term and hyperfine coupling interaction terms of
Hamiltonians ĤFADH and ĤTrp, with dipolar and exchange interactions being
neglected, are

Ĥj ¼ lBð~B � ĝ �~SjÞþ lB
X
i

~Ii � Âi �~SjÞ; ð9:14Þ

Calculations was performed with quantum chemical simulations of hyperfine
coupling tensors for FADH and tryptophans, takin in 1on1ieration The stochastic
Liouville equation and suggested values of reaction rate constants for electron
forward and back transfers, and tryptophan deprotonation were taken in consider-
ation in calculation of hyperfine coupling tensors for FADH and tryptophans, It was
hown that the radical-pair mechanism in cryptochrome can explain an increase in
the protein’s signaling activity of � 10 % for magnetic fields of the order of 5G.
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Thus this work provides additional evidence that a radical-pair mechanism in
cryptochrome is responsible for the magnetic field effect.

A feasible radical-pair mechanism in cryptochromes from Drosophila melano-
gaster and Sylvia borin, formed by excitation and electron transfer between a
Trp-triad and FAD was analyzed on the base of modeling and molecular dynamics
(MD) for structure refinement, high-level ab initio theory, and MD simulations
using a polarizable force-field for prediction of pKa and the electron transfer rate
[90].

9.6.2 Experimental Data

Escherichia coli photolyase contains two noncovalently bound cofactors, FAD and
5,10-methenyltetrahydrofolate (MTHF), which are responsible for redox chemistry
and light harvesting, respectively [89, 91]. To identify transient intermediate species
and to detect a magnetic field effect on the photochemical yield of a flavin–tryp-
tophan radical pair in the EcPL, optical transient absorption spectroscopy with
picosecond time resolution was used. to record The light induced decay signals in a
non-MTHF binding mutant of E. coli DNA photolyase (EcPL) with and without an
applied magnetic field (39 mT) were detected [89]. On the basis of the observed
absorbance changes in EcPL the following mechanism was suggested: (1) FAD
previously oxygenated by ferricyanide (FADox) is excited by blue light to its
excited state (FAD*); (2) an electron is transferred to the flavin from a nearby
tryptophan forming a radical pair within a few picoseconds; (3) the generation of a
radical pair comprising a flavosemiquinone anion radical and the W306 cation
radical [FAD•− − Trp(H)•+] by electron transfer between W306 and FADH•,
probably via the neighboring two other tryptophans of the triad, W382 and W359
results in (4) in EcPL releases a proton for 0.3 ms and Formation of the secondary
radical pair, [FAD•− − Trp•], which is stable for several hundred microseconds,
after releasing proton from he surface-exposed Trp(H)•+, (5) [FAD•− − Trp•],
decays to the ground state.

As an illustration of implication of cryptochromes in multiple blue
light-dependent signaling pathways, comparative photochemistry studies of
magnetic-field effects on radical-pair kinetics in cryptochromes (Cry-1) from the
plant Arabidopsis thaliana, AtCry, with that of Escherichia coli photolyase, EcPL,
were performed [91] was found that photo-induced radical pairs in cryptochromes
are sensitive in vitro to weak applied magnetic fields. The maximum magnetic field
at the position of the sample was 29 mT. Experiments on transient absorption
kinetic time profiles of AtCry and EcPL recorded at 510 nm with and without a
28 mT applied magnetic field up to 29 mT revealed effects at the level of 12–17 %.
The electron transfer processes were described by Scheme 9.5, where WA, WB,
and WC are the proximal, intermediate and distal tryptophans, respectively; kET
and k0ET are the rate constants for interconversion of radical pair (RP0 and RP1),
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The interradical electron exchange interactions have been estimated as
J(RP0) � 10−3 mT and J(RP1) � 10−1 mT. The authors stressed that magnetic
sensitivity is a general feature of the cryptochrome/photolyase protein family,
which can provide a mechanism for molecular magnetoreception.

Another challenging problem appeared to be findings that oscillating magnetic
fields can disrupt the magnetic sense of migratory birds, and this effect strongly
dependent on the angle between the geomagnetic and the oscillating fields [77]. For
example, it was found that the bird migratory orientation can be disrupted by a
radiofrequency 15 nT oscillating field matching the staticfield-induced energy-level
splittings within the radical pair. The resonance feature of the rf effect was dis-
cussed in a recent publication [92].

A new principle step in the area was taken in recent works [93, 94] in which a
carotenoid–porphyrin–fullerene triad (CPF) (Formula 9.1) was synthesized and
investigated using newly developed time-resolved Low-Frequency Reaction Yield
Detected Magnetic Resonance (tr-LF-RYDMR) technique adapted to application of
radiofrequency (RF) fields. The CPF system was shown to function as a chemical
compass. Figure 9.12 presents suggested photochemistry of the CPF triad which
includes the following steps: (1) light generation a singlet state of exited the por-
phyrin, (2) rapid and irreversible electron transfer forming the primary radical pair
and (3) a rapid electron transfer to produce secondary spin correlated pair in high
yield. It is important that the final charge-separated state has a considerably lower
electronic exchange coupling (J = 0.17 mT) allowing efficient singlet–triplet mix-
ing. A radiofrequency field of strength B1 and frequency mrf = 36 MHz was applied
perpendicular and parallel to a static magnetic field (B0 = 0–4 mT). It was shown

Scheme 9.5 Mechanism of
the electron transport process
in cryptochromes

Formula 9.1 Carotenoid–porphyrin–fullerene triad
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that in the case of perpendicular orientations of static and oscillating magnetic
fields, sharp resonance of LF-RYDMR spectra centered at B0 = 1.3 mT, along with
a broader signal was observed (Fig. 9.13), while only the broad signal was detected
for parallel orientations. The strength of the oscillating magnetic field was found to
be the main factor affecting on the relative orientation of applied static and 36 MHz
oscillating magnetic fields on the photogenerated carotenoid-fullerene radical pair.

Fig. 9.12 a Photochemistry of the CPF triad. b Electron spin states of a radical pair under high
field conditions. kS = 2 � kd = 1.8 � 107 s−1 	 kT, kdi is the decay rate of the signal [93]

Fig. 9.13 Time-resolved LF-RYDMR spectrum of the carotenoid-porphyrin-fullerene triad in
MeTHF with static field B0 perpendicular to the oscillating field B1 = 0.1 mT, rf = 36 MHz (see
details in reference [93]

9.6 Molecular Compass 225



References

1. A. Buchachenko, Magneto-Biology and Medicine (Nova Biomedical, New York, 2015)
2. F.S. Barnes, B. Greenebaum, Bioengineering and Biophysical Aspects of Electromagnetic

Fields (CRC Press, 2007)
3. H. Hayashi, Introduction to Dynamic Spin Chemistry: Magnetic Field Effects upon Chemical

and Biochemical Reactions. World Scientific Lecture and Course Notes in Chemistry, vol. 8,
(World Scientific Pub Co Inc, 2004)

4. K.M. Salikhov, Y.N. Molin, R.Z. Sagdeev, A.L Buchachenko. Spin Polarization and
Magnetic Field Effects in Radical Reaction (Elsevier, 1984)

5. C.T. Rodgers, Pure Appl. Chem. 81, 19 (2009)
6. J.R. Woodward, C.R. Timmel, K.A. McLauchlan, P.J. Hore, Phys. Rev. Lett. 87, 077602/1

(2001)
7. K. Maeda, K.B. Henbest, F. Cintolesi, I. Kuprov, C.T. Rodgers, P.A. Liddell, D. Gust, C.R.

Timmel, P.J. Hore, Nature 453, 387 (2008)
8. D.T. Edmonds, Electricity and Magnetism in Biological Systems (OUP, Oxford, 2001)
9. A.D. Rosen Studies on the effect of static magnetic fields on biological systems.

PIERS ONLINE, 6(2) (2010)
10. C.T. Rodgers, P.J. Hore, Proc. Natl. Acad. Sci. U.S.A. 106, 353 (2009)
11. Possible effects of Electromagnetic Fields (EMF) on Human Health. Scientific Committee on

Emerging and Newly Identified Health Risks. SCENIHR. March 2007
12. S. Dutta, D.S. Ray, Phys. Rev. E 75, 016205 (2007)
13. T. Brumm, A. Möps, C. Dolainsky, S. Brückner, T.M. Bayerl, J. Phys. Chem. A 109, 8113

(2005)
14. M. Iwasaka, M. Yaoita, T. Iwasawa, S. Ueno, J. App. Phys. 99, 08S104 (2006)
15. E.V. Kalneus, D.V. Stass, YuN Molin, Appl. Magn. Reson. 28, 213 (2005)
16. C.R. Timmel, K.B. Henbest, Phi. Trans. R Soc. Lond A 362, 2573 (2004)
17. D.I. Stass, S.V. Anishchik, V.N. Verkhovlyuk, Coherent Spin Control of Radiation-generated

Radical Ion Pairs in Liquid Alkanes, ed. by D.I. Stass, V.I. Feldman, Selectivity, Control, and
Fine Tuning in High-Energy Chemistry (2011), p. 143

18. B. Brocklehurst, J. Chem. Soc., Faraday Trans. 72, 1869 (1976)
19. B. Brocklehurst, K.A. McLauchlan, Int. J. Radiat. Biol. 69, 3 (1996)
20. M. Wakasa, K. Nishizawa, H. Abe, G. Kido, H. Hayashi, J. Am. Chem. Soc. 121, 9191 (1999)
21. E. Yu, W. Kandrashkin, D. Vollmann, K.Salikhov Stehlik, A. Van Der Est, Molec. Phys. 100,

1431 (2002)
22. F.E. Mabbs, D.J. Machin, Magnetism and Transition Metal Complexes (Dover Publications

Inc., 2008)
23. T.P. von Feilitzsch, P. Harter, O. Schiemann, M.E. Michel-Beyerle, U.E. Steiner, P. Gilch,

J. Am. Chem. Soc. 127, 15218 (2005)
24. Hironobu Tahara, Hiroaki Yonemura, Satoko Harada, Akio Nakashima, Sunao Yamada,

Chem. Phys. Lett. 524, 42 (2012)
25. D. Dey, A. Bose, N. Pramanik, S. Basu, J. Phys. Chem. A 112, 3943 (2008)
26. S. Dutta Choudhury, S. Basu, J. Phys. Chem. A 109, 8113 (2005)
27. R.E. Blankenship, T.J. Schaafsma, W.W. Parson, Biochim. Biophys. Acta 461, 297 (1977)
28. A.J. Hoff, J.H. Rademaker, R. van Grondelle, L.N.M. Duysens, Biochim. Biophys. Acta 460,

547 (1977)
29. A.J. Hoff, J. Deisenhofe, Phys. Rep. 287, 2 (1997)
30. R. Haberkorn, M.F. Michel-Beyerle, R.A. Marcus, Proc. Natl. Acad. Sci. U.S.A. 76, 4185

(1979)
31. O. Kappe, A. Stadler, D. Dallinger, R Mannhold, H. Kubinyi, G. Folkers, Microwaves in

Organic and Medicinal Chemistry, 2nd, Completely Revised and Enlarged Edition
(Wiley-VCH, Weinheim, 2012)

226 9 Magnetic and Electromagnetic Fields Effects …



32. V.I. Borovkov, I.S. Ivanishko, V.A. Bagryansky, Y.N. Molin, J. Phys. Chem. A 117, 1692
(2013)

33. A.M. Domijan, D. Flajs, M. Peraica, Int. J. Hyg. Environ. Health 214, 59 (2011)
34. P.S. Deshmukh, N. Nasare, K. Megha, B.D. Banerjee, R.S. Ahmed, D. Singh, M.

P. Abegaonkar, A.K. Tripathi, P.K. Mediratta, Cognitive impairment and neurogenotoxic
effects in rats exposed to low-intensity microwave radiation. Int. J. Toxicol 34, 284 (2015)

35. M.K. Razavi, A.R. Raji, M. Maleki, H. Dehghani, A. Haghpeima, Comp. Clin. Pathol. 24,
1271 (2015)

36. E.A. Nasibulov, L.V. Kulik, R. Kaptein, K.L. Ivanov, Phys. Chem. Chem. Phys. 14, 13325
(2012)

37. J.M. Canfield, R.L. Belford, P.G. Debrunner, K.J. Schulten, Chem. Phys. 182, 1–18 (1994)
38. A.L. Buchachenko, E.L. Frankevich, Chemical Generation and Reception of Radio- and

Microwaves (VCH Publishers, N.Y., 1994)
39. B. Brocklehurst, Magnetic fields and radical reactions: recent developments and their role in

nature. Chem. Soc. Rev. 31, 301–311 (2002)
40. C.J. Wedge, C.T. Rodgers, S.A. Norman, N. Baker, K. Maeda, K.B. Henbest, C.R. Timmel, P.

J. Hore, Phys. Chem. Chem. Phys. 11, 6573 (2009)
41. K.B. Henbest, P. Kukura, C.T. Rodgers, P.J. Hore, C.R. Timmel, J. Am. Chem. Soc. 126,

8102 (2004)
42. C.T. Rodgers, K.B. Henbest, P. Kukura, C.R. Timmel, P.J. Hore, J. Phys. Chem. A 109, 5035

(2005)
43. J.R. Woodward, C.R. Timmel, P.J. Hore, P.J. McLauchlan, Mol. Phys. 100, 1181 (2002)
44. A.L. Buchachenko, E.M. Galimov, V.V. Ershov, G.A. Nikiforov, A.D. Pershin, Dokl. Akad.

Nauk SSSR 228, 379 (1976)
45. R.Z. Sagdeev, T.V. Leshina, M. Kamkha, O. Belchenko, Y.N. Molin, A.A. Rezvukhin, Chem.

Phys. Lett. 48, 89 (1977)
46. V.A Belyakov, V.I. Mal’tsev, E.M. Galimov, A.L. Buchachenko, Dokl. Akad. Nauk SSSR

243, 924 (1978)
47. L. Sterna, D. Ronis, S. Wolfe, A. Pines J. Chem. Phys. 72, 5493 (1980)
48. N.J. Turro, B. Kraeutler, Acc. Chem. Res. 13, 369 (1980)
49. A.L. Buchachenko, Bioelectromagnetics 37, 1 (2016)
50. A.L. Buchachenko, J. Phys, Chem. B 117, 2231 (2013)
51. V.K. Koltover, Russian Chemical Bulletin 63, 1029 (2014)
52. V.L Berdinskii, L.L. Yasina, A.L. Buchachenko, Khim. Fiz 24, 35 (2005)
53. A.S. Letuta, V.L. Berdinskii, Dokl. Phys. Chem. 457, 120 (2014)
54. A.L. Buchachenko E.O. Dubinina, J. Phys, Chem. A 115, 196 (2011)
55. C.H. Rose, S. Ghosh, J.D. Blum, B.A. Bergquist, Chemical Geology 405 (2015)
56. H. Hintelmann, W. Zheng, in Environmental Chemistry and Toxicology of Mercury, ed. by G.

Liu, Y. Cai, N. O’Driscoll, (2015) p. 293
57. D. Crottya, G. Silkstonec, S. Poddara, R. Ransonc, P.M. Adriele, M.T. Wilsonc, J.M.D.

Coeya, Proc. Natl. Acad. Sci. 109, 1437 (2012)
58. P.J. Hore, Are biochemical reactions affected by weak magnetic fields? Proc. Natl. Acad. Sci.

109, 1357–1358 (2012)
59. A.R. Jones, N.S. Scrutton, J.R. Woodward, J. Am. Chem. Soc. 128, 8408 (2006)
60. A. von Middendorff, Mem. Acad. Sci. St. Petersbourg VI, Ser. Tome. 8, 1 (1859)
61. W. Wiltschko, R. Wiltschko, Science 176, 62 (1972)
62. M. Iwasaka, Y. Mizukawa, J. Appl. Phys. 115, 17B501/1 (2014)
63. I. Chaves, R. Pokorny, M. Byrdin, N. Hoang, T. Ritz, K. Brettel, L.O. Essen, G.T. van der

Horst, A. Batschauer, M. Ahmad, Annu. Rev. Plant Biol. 62, 335–364 (2011)
64. G. Hong, R. Pachter, J. Phys. Chem. B 119, 3883 (2015)
65. S. Johnsen, K.J. Lohmann, The physics and neurobiology of magnetoreception. Nature. Rev.

Neurosci. 6, 703 (2005)
66. S. Johnsen, K.J. Lohmann, Phys. Today 61, 29 (2008)

References 227



67. J.M. Kirschvink, M.M. Walker, S.-B. Chang, A.E. Dizon, K.A. Peterson, J. Comp. Physiol. A.
157, 375 (1985)

68. M. Iwasaka, Y. Mizukawa, J. Appl. Phys. 115(17), 17B501/1 (2014)
69. J.L. Kirschvink, M. Winklhofer, M.M. Walker, Biophysics of magnetic orientation:

strengthening the interface between theory and experimental design. J. Roy. Soc. Interface
Roy. Soc. 7(Suppl 2), S179 (2010)

70. K. Schulten, C.E. Swenberg, A. Weller, Z. Phys, Chem. Neue. Fol. 111, 1 (1978)
71. O.E. Efimova, P.J. Hore, Biophys. J. 94, 1565 (2008)
72. E.M. Gauger, E. Rieper, J.J.L. Morton, S.C. Benjamin, V. Vedral, Phys. Rev. Lett, 106,

040503 (2011)
73. I.A. Solov’yov, D.E Chandler, K. Schulten, Biophys. J. 92, 2711 (2007)
74. H. Mouritsen, U. Janssen-Bienhold, M. Liedvogel, G. Feenders, J. Stalleicken, P. Dirks, R.

Weiler, Proc. Natl. Acad. Sci. USA 101, 14294 (2004)
75. J.A.S. Lau, C.T. Rodgers, P.J. Hore, J.R. Soc, Interface 9, 3329 (2012)
76. T. Ritz, M. Ahmad, H. Mouritsen, R. Wiltschko, W. Wiltschko, J.R. Soc, Interface 7(Suppl.

2), S135 (2010)
77. T. Ritz, P. Thalau, J.B. Phillips, R. Wiltschko, W. Wiltschk, Nature 429, 177 (2004)
78. C.A. Brautigam, B.S. Smith, Z. Ma, M. Palnitkar, D.R. Tomchick, M. Machius, M.

Deisenhofer, Proc. Natl. Acad. Sci. USA 101, 12142 (2004)
79. H.J. Hogben, T. Biskup, P.J. Hore, Phys. Rev. Lett. 109, 220501 (2012)
80. M. Ahmad, P. Galland, T. Ritz, R. Wiltschko, W. Wiltschko, Magnetic intensity aVects

cryptochrome-dependent responses in Arabidopsis thaliana. Planta 225, 615–624 (2007)
81. S. Weber, T. Biskup, A. Okafuji, A.R. Marino, T. Berthold, G. Link, K. Hitomi, E.D. Getzoff,

E. Schleicher, J.R., Jr. Norris, J. Phys. Chem. B 114, 14745 (2010)
82. R. David, Nat. Rev. Mol. Cell Biol. 14, 547 (2013)
83. Z. Dominguez, H. Dang, M.J. Strouse, M.A. Garcia-Garibay, J. Am. Chem. Soc. 124, 2398

(2002)
84. H. Senoo, M. Iijima, Commun. Integr. Biol. 6, e27681 (2013)
85. Y.M. Gindt, E. Vollenbroek, K. Westphal, H. Sackett, G.T. Babcock, Biochemistry 38, 3857

(1999)
86. T. Biskup, E. Schleicher, A. Okafuji, G. Link, K. Hitomi, E.D. Getzoff, S. Weber, Angew.

Chem. Int. Ed. 48, 404 (2009)
87. M. Liedvogel, H. Mouritsen, Cryptochromes—a potential magnetoreceptor: what do we know

and what do we want to know? J Roy. Soc. Interface 7, S147 (2010)
88. T. Ritz, S. Adem, S, and K. Schulten. Biophys. J. 78, 707 (2000)
89. K.B. Henbest, K. Maeda, P.J. Hore, M. Joshi, A. Bacher, R. Bittl, S. Weber, C.R, Timmel

Schleicher E. Magnetic-field effect on the photoactivation reactionof Escherichia coli DNA
photolyase. Proc. Natl. Acad. Sci. USA 105, 14395–14399 (2008)

90. Y. Zhang, G. Berman, S. Kais, Int. J. Quant. Chem. 115, 1327 (2015)
91. K. Maeda, A.J. Robinsona, K.B. Henbesta, H.J. Hogbenb, T. Biskup, M. Ahmad, E.

Schleichere, S. Webere, C.R. Timmela, P.J. Hore, Magnetically sensitive light-induced
reactions in cryptochrome are consistent with its proposed role as a magnetoreceptor. Proc.
Natl. Acad. Sci. 109, 4774–4779 (2012)

92. S. Engels, N.-L. Schneider, N. Lefeldt, C.M. Hein, M. Zapka, A. Michalik, D. Elbers, A.
Kittel, P.J. Hore, H. Mouritsen, Nature 509, 353 (2014)

93. K. Maeda, J. Storey, P.A. Liddell, D. Gust, P.J. Hore, C.J. Wedge, C.R. Timmel, Phys. Chem.
Chem. Phys. 17, 3550 (2015)

94. G. Kodis, P.A. Liddell, A.L. Moore, T.A. Moore, D. Gust, Synthesis and photochemistry of a
carotene-porphyrin-fullerene model photosynthetic reaction center. J. Phys. Org. Chem. 17,
724 (2004)

228 9 Magnetic and Electromagnetic Fields Effects …



Chapter 10
Electron Spin Interactions
in Investigations of the Structure and Spin
State of Organic and Metalloorganic
Compounds

Abstract This chapter has briefly reviewed recent progress in the investigation of
electronic structure and spin effects in various compounds such as bi-and
polyradicals, paramagnetic metal complexes, molecular magnets, doped and
undoped conjugated polymers and super-paramagnetic compounds. To study such
systems, a whole arsenal of advanced physical methods including magnetic sus-
ceptibility, CW and pulse ESR, NMR, neutron scattering, Mossbauer spectroscopy,
X-ray and photoelectron spectroscopy, resonance absorption of phonons, etc. has
been used. It is a measure of the complexity of the magnetic structure of these
systems that such a variety of techniques must be brought to bear. Applications and
new research fields will surely continue to expand and develop from this active area
of research.

10.1 Introduction

Organic and, in particular, metalloorganic compounds bearing spins appear to be
promising materials for optical data storage, spintronics applications (spintronic-
logic devices, semiconductor-based devices, magnetic-tunnel transistor, antiferro-
magnetic storage media), optical sensing, spin valves, magnetic switching systems,
optical information processing devices, conducting and semiconducting magnetic
materials, catalyzers, drugs, etc. [1–3]. X-ray crystallography, a structural method
of great importance, is extensively used in physics and chemistry. The achieve-
ments of this technique are especially striking particularly for establishing the
structure of such huge molecular machines as nitrogenase and ribosomes.
Nevertheless, X-ray crystallography suffers a number of significant limitations. The
X-ray analysis of a species can only be performed using stable monocrystals labeled
with heavy atoms to address, e.g., phase ambiguities, the preparation of which is
often a time consuming and complicated limiting step. Compounds in solution,
amorphous objects and biological systems are beyond the capabilities of the
technique. Molecular dynamics, properties of spin states, and spin dynamics
problems are also out of side the framework of X-ray crystallography.
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On the other hand, approaches based on the measurement of electron spin
interactions, especially advanced pulse techniques, described in previous chapters,
are able to cover the aforementioned gap in investigations of the structure and spin
states of a large number of objects including radicals, transition metal complexes,
polymers, surfaces, and biological systems.

10.2 Spin State of Excited Radicals. Spin Switching
Systems

Photo-magnetochromism can be defined as the light-induced reversible transfor-
mation of chemical species between two isomers having different magnetic prop-
erties. Magnetization reversal in organic compounds, as a basis for magnetic data
storage, has attracted substantial attention [4–10]. The references in these works are
also a good resource for further study.

With a goal to control the intramolecular magnetic interaction by irradiation of
photochromic diarylethenes having two nitronyl nitroxides, 1,2-bis[6-
(1-oxyl-3-oxide-4,4,5,5-tetramethylimidazolin-2-yl)-
2-methyl-1-benzothiophen-3-yl]hexafluorocyclopentene (2a), were synthesized and
investigated (Fig. 10.1) [8]. An increase of the antiferromagnetic interaction
between two nitronyl nitroxides from 2 J/kB = −2.2 K to 2 J/kB = −11.6 K, when
the diarylethene spin coupler was switched from the open-ring isomer 2a to the
closed-ring isomer 2b, was revealed by magnetic measurements and ESR.

The results indicated that the intramolecular interaction was switched by the
photochromic spin couple.

The compound 2,5-bis(arylethynyl)-4-methyl-3-thienyl with two tethered
nitroxide radicals showed an efficient photochromic reactivity as monitored by ESR
spectroscopy [4]. Three kinds of aryl groups, 2,5-thienylene, p-phenylene, and
m-phenylene groups, were used in the arylethynyl moiety. It was found that the

Fig. 10.1 Photochromic diarylethenes used in work [8]
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photochromic reaction of the diarylethenes is accompanied by a change in the
magnetic interaction between two unpaired electrons due to the change of the
hybrid orbital at the 2-position of the thiophene ring from sp(2) to sp(3). At room
temperature, the following values of exchange integrals were calculated:
J = 540.6 cm−1 for the NN-TTF diradical with 15,16-dinitrile pyrene as the coupler
in dihydropyrenes form; 2 J/kBT * −2.6 for the substituted and unsubstituted
cyclophanediene form; and 2 J/kBT * 5.4 for the DHP species.

Time-resolved electron spin resonance (TRESR) spectra of the first excited states
with resolved fine-structure splittings of a series of nitronyl derivatives, the purely
organic p-conjugated spin system were detected [9]. Figure 10.2 shows the sche-
matic diagram of the spin alignment utilizing the excited molecular field in the
nitroxide biradical. Two mechanisms for the intramolecular spin alignment, a spin
polarization, and spin delocalization mechanism, as well as the relationship between
the spin alignment in the excited states and the topology of the p-electron networks
were discussed.

In the ground state, when the diphenylanthracene spin coupler is a closed shell,
antiferromagnetic coupling between the two dangling radical spins takes place. In
the photoexcited states the spin coupler becomes an open-shell triplet excited state
and the spin delocalization mechanism leads to ferromagnetic coupling between the
two dangling radical spins in the photoexcited state. In work [11]. CW ESR, echo
detected pulse ESR, time-resolved ESR (TRESR), the molar magnetic susceptibility
vmol, and laser-excitation pulsed ESR techniques were employed to establish
electronic structures in the ground state and photoexcited states, and spin alignment
in biradical 1 (Fig. 10.3).

On photoirradiation, a lowest photoexcited state with intermediate spin (S = 1)
arising from four unpaired electrons with low-lying quintet (S = 2) photoexcited

Fig. 10.2 Schematic diagram of the spin alignment utilizing the excited triplet molecular field in
in the nitroxide biradical [9]
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state was detected. For compound 1, values of g = 2.0061, D = 0.036 cm−1,
E = 0.0 and hyperfine coupling constants AN(1) = 0.465, AN(2) = 0.210;
AN(3) = 0.414, AN(4) = 0.250 were found in the ground state. In the triplet, the
excited state was characterized by the following parameters: g = 2.0045, D = 0.036
cm−1, E = 0.0.

Spin crossover, which refers to the transitions between high to low, or low to
high, spin states, can be belonged to spin switching phenomena [12–15]. An arsenal
of physical methods such as electron microscopy, powder X-ray diffraction, optical
reflectivity, Raman, FTIR, 57Fe Mössbauer, and broadband (10−2–106 Hz) dielectric
spectroscopies were utilized for investigation of structure charge transport, and spin
transition properties of the [Fe1–xZnx(Htrz)2(trz)](BF4) (trz = triazole, x = 0, 0.26, or
0.43) compound [12]. The following metal substitution effects were revealed for
increasing values of x: (1) the thermal hysteresis width decreases from 45 to 8 K,
(2) a strong overall decrease in conductivity. Additional important result of this work
is a detection of the electrical conductivity droping when the iron(II) electronic
configuration is switched from the low-spin to the high-spin state. The strong
spin-state dependence of the electrical properties in this compound was explained by
the direct participation of ferrous ions participate directly in the charge transport
mechanism. Another illustration of the spin inversion process is the reaction of
nonheme FeIVO species [(N4Py)FeIV(O)]2+ and [(Bn-TPEN)FeIV(O)]2+,
used in study [13] (N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methy-
lamine, Bn-TPEN = N-benzyl-N,N′,N′-tris(2-pyridylmethyl)-1,2-diaminoethane.])
(Fig. 10.4). It was shown that selective hydrogen atom transfer reactions with C═C
epoxidation occurs in reaction of these complexes with cyclohexene. Experiments
and DFT calculations revealed that an interplay of tunneling and spin-inversion
probability prefers exclusive S = 1 hydrogen atom transfer, over mixed selective
hydrogen atom transfer and epoxidation on S = 2.

General trends in the magnetic behavior, spin alternation, effect of planarity and
absorption wavelength in the system of interest were discussed in [10].

Fig. 10.3 Molecular structure of 1 and schematic picture of the expected spin alignment in the
lowest photoexcited state [11]
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10.3 Structure and Spin State of Transition Metal
Complexes

10.3.1 Mono- and Binuclear Complexes

Data on investigations of structure and the electronic state of mono binuclear
transition metal complexes derived using ESR, and Mossbauer techniques in
combination with other methods can be found in recent publications and references
therein [15–20].

The electronic structure of cationic electron-rich ethynylpyridyl Fe(III) of the
formula [(η2-dppe)(η5-C5Me5)FeC � C(x-C5H4N)][PF6] (x = 4, 3, 2; 1a − c[PF6])
and [(η2-dppe)(η5-C5Me5)FeC � C(2,5-C5H3NX)][PF6] (X = Cl, Br; 2a,b[PF6]
(Fig. 10.5) was characterized by Mössbauer, NMR, and ESR techniques and ver-
ified by DFT calculations [16].

The positive spin density delocalized on the pyridylethynyl ligand of 1a−c[PF6],
which depends on the position of the nitrogen in the heterocycle, was established by
ESR or Mössbauer spectroscopy. The contact hyperfine coupling constants and the
spin densities were derived for selected protons of the pyridylalkynyl linker from the
1H NMR contact shifts. The large asymmetry of the rhombic ESR spectra observed
for 1a−c[PF6] (Dg � 0.53) indicated the metallic character of the unpaired electron.
In work [17], a combine approach including X-ray crystallography, EPR, and
Mössbauer spectroscopy was used for characterization of the diiron(II,III) centers in
the active sites of diiron enzymes, the (l-alkoxo)(l-carboxylato)diiron(II,III) com-
plexes [FeIIFeIII(N-Et-HPTB)(O2CPh)(NCCH3)2](ClO4)3 (1) and [FeIIFeIII(N-

Fig. 10.4 Schematic
illustration of reactions
reaction of C═C epoxidation
by nonheme FeIVO species.
HAT—hydrogen atom
transfer, OAT—oxygen atom
transfer [13]
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Et-HPTB)(O2CPh) (Cl)(HOCH3)](ClO4)2 (2) (N-Et-HPTB = N,N,N′,N′-tetrakis(2-
(1-ethyl-benzimidazolylmethyl))-2-hydroxy-1,3-diamino propane. From the exper-
imental data 16 spin Hamiltonian parameters, including the exchange coupling
constant J, zero-field splitting parameters, local g-values, (hyper)fine structure
parameters for individual irons. DFT studies further were revealed. The anisotropy of
the g-values for the iron(II) site, an admixture of excited S > 1/2 states into the ground
S = 1/2 state through D/Jmixing as the origin of the anisotropies of the g values were
discussed.

The structure and spin properties of a series of coordination binuclear com-
pounds comprising manganese, iron, nickel, and zinc bound by a hexaanionic
cryptand (Fig. 10.6). where carboxamides are anionic N-donor, were investigated
by a combined approach including IR, NMR, ESR Mössbauer spectroscopy, X-ray
crystallography and SQuID magnetometry [18]. It was shown that (1) The anti-
ferromagnetic coupling between the diiron(II) and the dicobalt(II) centers when
bridged by cyanide does not increase significantly relative to the unbridged con-
geners, (2) a one-site model satisfactorily fits Mössbauer spectra of unbridged

Fig. 10.5 Selected Pyridyl- and Aryl-Based Fe(III) Compounds investigated in [16]

Fig. 10.6 Solid state
structure of the core of
compound 10. Thermal
ellipsoids at 50 % probability
level. H atoms,
dipropoxyphenoxyl
substituents, crown ethers,
and solvents of crystallization
omitted for clarity. One
phenylene spacer has been
grayed for ease of viewing
[18]
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diiron(II) and diiron(III) complexes, and a two site fit was needed to model the iron
(II) centers that are bridged by cyanide.

Mössbauer spectroscopy and magnetic susceptibility were utilized for investigating
the structure and exchange interactions in the dinuclear complex [Fe (III)2(l-OH)2
(bik)4](NO3)4 (1) (bik, bis(1-methylimidazol-2-yl)ketone) [19]. experimental datawere
consistent with the presence of two identical high-spin iron(III) sites and revealed
antiferromagnetic exchange (J = 35.9 cm−1, H = JS1 � S2) of the metal ions.

In work [20], the spin multiplicities of inverse sandwich-type complexes (ISTCs) of
ethylene and dinitrogen molecules with 3d transition metal elements (Sc to Ni),
(l-C2H4)[M(AIP)]2 and (l-N2)[M(AIP)]2 (AIPH = (Z)-1-amino-3-iminoprop-1-ene;
M = Sc toNi were established. It was found that in both ethylene and dinitrogen ISTCs
of the early 3d transitionmetals (Sc to Cr), sandwiched ethylene and dinitrogen ligands
coordinate with two metal atoms in an η2-side-on form and their ground states have an
open-shell singlet spin multiplicity. For the late 3d transition metals (Mn to Ni),
ethylene and dinitrogen ISTCs: in ethylene ISTCs of Mn to Ni, the ground state has an
open-shell singlet spin multiplicity like those of the ISTCs of early transition metals.

10.4 Molecular Magnets

10.4.1 General

Molecular magnets are systems showing long-range magnetic order and exhibit a
spontaneous magnetization [21–25]. Molecular magnets can be used as magnetic
sensors and in magneto-optic applications. They are also useful as core materials in
transformers, for guiding magnetic fields, and magnetic shielding of low-frequency
magnetic fields, and in magnetic data storage applications by aligning the magnetic
moments perpendicular to the plane of the substrate of magnetic disks, and in
optical disks relying on the magneto-optic effect [25]. Four major classes of
magnetism, paramagnetism, ferromagnetism, antiferromagnetism, and ferrimag-
netism, describe the macroscopic magnetic behavior of adjacent magnetic moments
interacting with each other at absolute zero. Scheme 1.10 presents tow-dimensional
representations of possible spin alignments: ferromagnetic ordered spins), antifer-
romagnetic ordered (opposed) spins and ferrimagnetic ordered (opposed) spins of
different magnetic moments. The alignments govern the macroscopic magnetic
behavior of systems at absolute zero.

In ferromagnetic systems with bulk magnetism, all spins align in the direction of
the internal magnetic field. A weak ferromagnetism appears in an antiferromagnetic
structure in which there exists a canting angle between the magnetic moments of
different sub-lattices with opposite signs of different magnetic moments.
Ferrimagnets are composed of spins of different magnetic moments (Scheme 10.1).
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In the case of three nonlinear spins in which two of the spins align antiferro-
magnetically, the third spin cannot be aligned antiferromagnetically with both of the
spins. This situation is termed antiferromagnetic spin frustration (Fig. 10.7) [27].

A great diversity of known molecular magnets fall into the following classes:
single molecular magnets, single chain magnets and bulk magnets. Molecular
magnets are classified on the basis of their chemical structure as pure organics and
metallorganics. The former are divided into three groups: undoped conjugation
polymers, doped conjugation polymers, and high-spin superparamagnetic polymers.

Scheme 10.1 Left Ferromagnetism, Center Antiferromagnetism, Right Ferrimagnetism [26].

Fig. 10.7 Schematic representation of spin frustration in spin triples [27]
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In purely organic molecular systems, Heisenberg exchange can be responsible
for magnetic anisotropy of the such systems because in these molecules the mag-
netic dipolar interactions and spin-orbit coupling are relatively weak compared to
spin exchange interactions. In paramagnetic metal containing systems the magnetic
dipolar interactions and spin-orbit coupling may need to be taken into
consideration.

In McConnell molecular magnetic model 1 [28, 29], the spin polarization phe-
nomenon can arise from the different exchange interactions between the unpaired
electron in the singly occupied molecular orbital (SOMO) with the ‘spin up’ (a) and
spin down’ (b) electrons in the fully occupied molecular orbitals (FOMO) and
between the a SOMO spin and the a FOMO spin. This leads to different spatial
distributions of the a and b spins. A ferromagnetic coupling is expected, when a
region of negative spin density in one molecule overlaps with a region of positive
spin density in another molecule. Exchange interaction charge-transfer salts com-
posed of chains of alternating electron-donor and electron-acceptor molecules in
which the SOMO orbitals of the donor in the neutral state are degenerate is the basis
of the McConnel model 2 [30].

According to Miller and Epstein [31], the following molecule-based magnet
structure types have been pointed out: magnets with (a) only p orbitals, (b) isolated
p and d orbitals, (c) isolated d orbitals (d) p and d orbitals connected via covalent
bonds and (e) only d orbitals connected via covalent bonds. In molecular magnets,
the following spin-coupling mechanisms were considered: (1) Ferromagnetic
ordering caused by ferromagnetic coupling and is governed by exchange interac-
tions in a system of spins residing in orthogonal orbitals. This state can be stabilized
by through-space, dipole–dipole spin interactions and (2) Antiferromagnetic cou-
pling of adjacent spin sites a and b, each with a differing number of spins per site
can stabilize magnetic ordering and lead to ferrimagnetic behavior (abab).

10.4.2 Single Molecular Magnets. Transition Metal Clusters

Due to the unique physical properties of transition metal clusters, single molecular
magnets on the length scale of approximately 1–100 nm have driven a large number
of experimental and theoretical investigations with promising practical applications
in high-density storage, catalysis and molecular electronics [32–34]. Typical tran-
sition or rare metal clusters consist of magnetic ions surrounded by ligands.
Commonly the exchange interaction between magnetic ions inside of a cluster
(J * 102 K) is stronger then that between molecules in a crystal (*10– 3 K).
Because in many cases the exchange interaction is found to be antiferromagnetic, on
the molecular level nanoclusters can be considered as molecular ferrimagnets.
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A whole arsenal of physical methods including magnetic susceptibility [35] ESR
[33], Electron Spin Transient Nutation spectroscopy [33], NMR [34], neutron
scattering [35], Mossbauer spectroscopy [36], X-ray and photoelectron spec-
troscopy [37], resonance absorption of phonons [38], muon scattering [39], and
electro chemistry [40], in conjunction with advanced theoretical and experimental
approaches has been utilized for the detailed investigation of electron spin inter-
actions in molecular magnets [41–44].

A combined approach using Mössbauer spectroscopy, magnetic susceptibility
measurements, infrared spectroscopy, thermogravimetric analyses and single-crystal
X-ray analysis was used for investigating pentanuclear, cyanide-bridged clusters
[M(tmphen)2]3[M′(CN)6]2 (M/M′ = Zn/Cr (1), Zn/Fe (2), Fe/Fe (3), Fe/Co (4), and
Fe/Cr (5); tmphen = 3,4,7,8-tetramethyl-1,10-phenanthroline) (Fig. 10.8) [45].
Magnetic susceptibility measurements were carried out in an applied field of 0.1 T in
the 2–300 K range an reiel The contribution of the low spin FeIII sites in the
FeII3 Fe

III
2

� �
core was revealed by the vT measurement and byMössbauer spec-

troscopy. These results indicate that a low spin state for three FeII sites of the cluster
3 up to 100 K. The exchange integral value J, derived from the temperature
dependence of the internal field at the Fe sites measured at 8 T by Mössbauer
spectroscopy and the magnetic susceptibility measured at 0.1 T, was found to be
J = 0.65 cm−1.

In work [46], high resolution ESR experiments showed that a single molecule
magnet, Mn12O12(CH3COO)16(H2O)4] � 4H2O � 2CH3COOH, (Mn12Ac), a cluster
of S4 symmetry consisting of eight manganese(III) ions, bearing S = 2, is antifer-
romagnetically coupled to the remaining four manganese(IV) with S = 3/2, to give
a ground S = 10 state. A very large magnetic anisotropy of the cluster was EPR of
molecular nanomagnets was revealed a large negative zero field splitting of D/
k = −0.65 K. Another molecular mesoscopic magnet [(C6H15N3)6Fe8O2(OH)12]
Br7(H2O)Br � 8H2O were investigated in [47]. By measuring the temperature,
magnetic field, and angular dependences of the magnetization of a single crystal of

Fig. 10.8 a Trigonal bipyramidal cluster [M(tmphen)2]3[M‘(CN)6]2 viewed approximately along
the axis of the bipyramid and showing the general atom labeling scheme for compounds 1–5. For
the sake of clarity, only four atoms of each tmphen ligand are shown; X, Y = C, N. b, c The TBP
clusters in the structures of 5 and 4 in panels b and c, respectively. Intramolecular p − p contacts
are shown with black arrows. H atoms are omitted for the sake of clarity [45]

238 10 Electron Spin Interactions in Investigations …



a molecular mesoscopic magnet, it was found that the cluster consists of eight Fe3+

ions with spins of S = 5/2 with total spin S = 10. The experimental results of the
magnetization at low temperatures showed a large anisotropy which is characterized
by D = −0.276 K and E = −0.035 K. In other work [48], for V154, the existence of
a zero-field gap of 30 mK and strong anisotropy in the angular dependence of the
resonance field was established by low frequency ESR (0.6−3 GHz) at temperature
(� 0.5 K). The value of the symmetric exchange coupling was estimated as
J = 1.22 K.

The polyoxovanadate K6[V15As6O42(H2O)] � 8H2O (V15) (Fig. 10.9) cluster
synthesized in [49] was demonstrated to be a convenient model system for the
investigation of the magnetic properties of clusters using modern experimental
physical methods and quantum mechanical approaches [41]. The stable cluster
comprises a lattice of molecules with 15 VIV ions of spin S = 1/2 placed in a
quasi-spherical layered structure forming a triangle, sandwiched by two hexagons
possessing overall symmetry D3 and possesses antiferromagnetic couplings of 15
spins ½. Each hexagon contains three pairs of strongly coupled spins
(J ≅ −800 K). In low fields, susceptibility measurements give the following
effective paramagnetic moments leff = 1.75 ± 0.02 lB: below 0.5 K, and leff = 3
±0.02 leff corresponding to three independent spins S = 1/2 below 100 K. The
experimental magnetization data agreed with theoretical results calculated with an
exchange integral corresponding to isotropic exchange J0 = −2.445 K. When the
applied field reaches −3J0/(2 glB) the system ground state switches from S = /1/2
to S = 3.2.

Figure 10.10 illustrates characteristic features of the energy levels of the V15

cluster [41].
Effects of isotropic and asymmetric spin exchange (AS) and Jahn-Teller dis-

torsion (JT) on the instability and magnetic anisotropy of spin-frustrated systems
exhibiting non-collinear spin structure have been considered within the context of

Fig. 10.9 The cluster anion
[K6[V15As6O42(H2O)] �
8H2O] (V15): ball-and stick
representation without the
water central molecules
emphasizing the V3 triangle
[49]
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the three-spin model of the V15 cluster [50]. It was shown that in the V15 single
crystals, the vibronic interaction is small and the orientation of the AS exchange
vector affects the magnetic behavior of spin-frustrated systems. In this system, AS
exchange plays a crucial role in understanding the field and temperature depen-
dence of the adiabatic magnetization The best fit parameters are as follows:
J = 0.855 cm−1, g = 1.94, D┴ = 0.238 cm−1, Dn = 0.054 cm−1.

10.4.3 Purely Organic Magnets

In organic molecular systems, the magnetic dipolar interactions and spin-orbit
coupling are relatively weak compared with spin exchange interactions. Therefore,
only Heisenberg exchange can be responsible for magnetic anisotropy of purely
organic systems. A number of studies have been done on single-chain magnets
(SCMs), which are superparamagnet-like, isolated, one-dimensional (1D) materials.
Stability of these magnet is important for: the development of new devices, for use in
data storage, light and heat sensing applications, and switching applications [51–60].
To design SCMs, three requirements should be fulfilled [31] (1) The spin carriers
must exhibit a strong uniaxial anisotropy, (2) the material needs to exhibit a spon-
taneous magnetization, and (3) the chains must be isolated magnetically to avoid
tridimensional ordering.

In an investigation of a purely organic molecule-based magnet, a crystal of the
thiazyl radical 1,3,5-trithia-2,4,6-triazapentalenyl, TTTA, [51],

the main result of the calculation is that the strongest inter-chain interaction is
the exchange JAB interaction (JCN = 183.8 cm−1) for the contact S-N (p-p). All
other interactions have a value smaller than 11 cm−1. It was suggested that a 1D
magnetic alignment gives the origin of the stability of this material. In this analysis,
the inter-stack interactions as well as the difference in packing within the stacks was
takin in consideration.

Fig. 10.10 Energy levels of
the V15 cluster calculated in
[47]. The levels are grouped
according to the total spin.
Inset the two lowest
levels = 1/2 and S = 3/2 [41]
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Neutral organic radicals based on nitronylnitroxide(p-NPNN radical) (2-substituted
4,4,5,5-tetramethyl-4,5-dihydro-3-oxido-1H-imi-dazol-3-ium-1-yloxyl) synthesized
in [52] were proved be a suitable reporter group in many organic magnets.. Kinoshita
and coworkerswere thefirstwhodemonstrated ferromagnetic properties of p-NPNNAn
organic radical molecule p-NPNN1–3) [2-(40-nitrophenyl)-4,4,5,5-tetramethyl-4,5-
dihydro-1H-imidazol-1-oxyl 3-N-oxide [53]. A transition to a ferromagnetic
long-range ordered statewas found at 0.60 K in the orthorhombicb-phase crystal and in
the triclinic c-phase crystal of p-NPNN. In work [54], the crystal structures and bulk
ferromagnet properties of the a- and d-phases of an organic radical p-NPNN were
compared with those of the b- and c-phases. These phases show distinct magnetic
ordering due to intermolecular ferromagnetic couplings of J/kB = 0:3 K in the AC
plane of -p-NPNN.

In another investigation [55], it was found that the quasi-one-dimensional organic
ferromagnet 2-benzimidazolyl nitronyl nitroxide (2-BIMNN) with the intrachange
exchange interaction undergoes a phase transition to long-range magnetic order below
TC = 1.0 K Electron-spin-resonance and muon-spin rotation measurements provided
evidence for the one-dimensional character of the magnetic fluctuations in 2-BIMNN
and for the broad phase transition in thematerial. These results, discussed in the context
of spin-1/2 quasi-one-dimensional Heisenberg ferromagnets, demonstrated that
2-BIMNN behaved as a typical spin-1/2 one-dimensional Heisenberg ferromagnet.
Magnetic behavior of binary compositions of 2-(4,5,6,7-tetrafluorobenzimidazol-2-yl)-
4,4,5,5-tetramethyl- 4,5-dihydro-1H-imidazole-3-oxide-1-oxyl (F4BImNN) and
2-(benzimidazol-2-yl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole-3-oxide-1-oxyl
(BImNN) (Fig. 9.11) crystallized as solid solutions was studied in [56]. Measurements
carried out by the Magnetic dc-susceptibility techniques over 1.8–300 K allowed to
measure magnetization versus field temperature of over 1.8–300 K. The data were
fitted to spin quantum numbers ranging over S = 6–11 because the spins in the chain
are strongly oriented by the intrachain. Magnetic analysis over 0.4–300 K indicated
ordering with strong one-dimensional 1D positive ferromagnetic exchange along the
chains with J/k = 12–22 K). It was suggested that, the effective spin orbital overlap at
the Cb���Oa contact provided ferromagnetic exchange coupling (Fig. 10.11).

The use of liquid crystals (LC), as an ordered environment for chiral nitroxides,
provides possibilities for the formation of magnetic domains in applied magnetic
and electric fields. and for the realization of [57–60]. and references therein. The
main goal of this research is to enhance the effect of magnetic fields on the electric
and optical properties of liquid crystals. Realization of paramagnetic susceptibility
anisotropy (Dvpara)-controlled molecular orientation by weak magnetic fields
opened the way for the design of soft materials with such properties. An anisotropic
and inhomogeneous magnetic interaction, with the average spin–spin interaction
constant �J[ 0, was observed in the various liquid crystalline (LC) phases of
nitroxides 1a and 1b (Fig. 10.12) [58].
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For 1a and 1b, the and the temperature dependence of the magnetic suscepti-
bility vpara between 25 and 115 derived from g-value, and peak-to-peak line width
(DHpp) of X-band ESR spectra indicated An anisotropic and inhomogeneous
magnetic interaction in 1a and 1b was proved by a series of physical investigations
including the measurement of temperature dependence of the magnetic

Fig. 10.11 Spin orbital overlap at the Cb���Oa contact that leads to ferromagnetic chain exchange
coupling [56]

Fig. 10.12 Molecular
structures and phase transition
temperatures determined by
DSC analysis of racemic and
(2S,5S)-enriched 1. Cr, SmC,
SmC*, N, N*, and Iso denote
the crystalline, smectic C,
chiral smectic C, nematic,
chiral nematic, and isotropic
phases, respectively racemic
and nonracemic all-organic
radical LC compounds 1a and
1b [58]
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susceptibility vM using superconducting quantum interference device (SQUID)
magnetometry at a magnetic field of 0.05 or 0.5 T A and the temperature depen-
dence of the magnetic susceptibility vpara derived from g-value, and peak-to-peak
line width (DHpp) of X-band ESR spectra. Suggested schematic representation of
the spin–spin dipole interaction in a paramagnetic SmC phase is presented in
Fig. 10.13.

Figure 10.14 demonstrates that a rod-like rare-earth magnet (0.5 T) attracted all
of the four LC droplets enriched with 1a and 1b are floating on water, whereas the
non-modified crystallized particles on water never moved under the influence of the
same magnet.

Fig. 10.13 Schematic representation of the spin–spin dipole interaction in a paramagnetic SmC
phase. a Rod-like molecules form layered (x–y plane) structures in the SmC phase, and their
director (n) is not parallel to the layer normal (z-axis). b–e Possible spin–spin dipole interactions
between two spins. A magnetic field is applied perpendicular to the direction of the side-by-side
interaction between two spins in (b) and (c), while it is applied parallel to the direction of the
head-to-tail interaction between two spins in (d) and (e). f Spin–spin interaction between spins
localized in radical moieties in the SmC phase [58]

Fig. 10.14 Motion of LC
droplets on water under the
action of a permanent magnet
(maximum 0.5 T).
a Schematic representation of
the experimental setup for
observing the attraction by a
permanent magnet of a
paramagnetic LC droplet on
water in a shallow laboratory
dish. b Photographs showing
the attraction of the yellow
paramagnetic N droplet of
(±)-1b on water at 73 °C to
the magnet. c Photographs
showing the repulsion of the
white diamagnetic N droplet
of ZLI-1132 on water at 25 °C
from the magnet. See details
in [58]
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10.4.4 Magnetic Metallorganics

Metallorganic chemistry provides a practically unlimited diversity of structures with
synthesized and conjectured magnetic materials [21–25]. This section is restricted
to several recent illustrative examples.

The AC magnetic susceptibility method has revealed a magneto-structural cor-
relation in a single-chain magnet (SCM) of complex [Mn(TBPP)- (TCNE)] �
4 m-PhCl2 (1) (Fig. 10.15) where TBPP2 − = meso-tetra(4- biphenyl)porphyrinate;
TCNE• − = tetracyanoethenide radical anion; m-PhCl2 = meta-dichlorobenzene
with a one-dimensional alternating MnIII(porphrin)—TCNE [61]. On the basis of
the DC susceptibility data, the following results were obtained for complex 1:
exchange integral (J/kB = −136 K and Cuirie-Weiss constant h′ = +91 K),

Fig. 10.15 a ORTEP drawing with 30 % probability thermal ellipsoids of the single-crystal X-ray
crystal structure and b chain motif of 1. Hydrogen atoms and interstitial solvent molecule are
omitted for the sake of clarity [61]
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magnetic anisotropy (DMn/kB = −3.7 K), magnetic relaxation with energety barrier
Ds/kB = 146.3 K, and s0 = 4.1 � 10−10 s.

A comparison of the static magnetic properties of 1 with other MnIII(porphyrin)–
TCNE•—chains allowed to suggest a model of a magneto-structural correlation
between the intrachain magnetic exchange and the dihedral angle between the mean
plane on [Mn(TBPP)(TCNE)] and Mn–N � C.

Magnetic susceptibility and ESR parameters of two six-coordinated high-spin
Co(II) complexes, [Co(dpamH)2(5-NO2-salo)]NO3 (1) and [Co(dpamH)2(3-OCH3-
salo)]NO3 � 1.3 EtOH � 0.4H2O (2) were measured in the temperature range 2–
300 K [62]. Obtain results are consistent with a suggestion about existing a spin
quadruplet with largely unquenched angular momentum. This suggestion was
supported by values vMT is 2.75 emu mol−1 K for complex 1 and vMT is 3.68 emu
mol−1 K for complex 2 measured at room temperature. In zero-field, dynamic
magnetic susceptibility measurements show slow magnetic relaxation below 5.5 K
for compound 2 characterized by an Arrhenius law with a single energy barrier Dr/
kB = 55 K and so = 1.15 � 10−11 s. An analysis of the powder EPR spectrum of
compound 2 indicated a ferromagnetic exchange interaction between the Co(II) ions
with |J| = 4.5 cm−1.

A technique based on frequency-dependent out-of-phase signals of alternating
current magnetic susceptibilities were applied to the investigation of magnetic
properties of a mononuclear lanthanide–nitronyl radical complex [Tb(hfac)3-
(NITPhSCH3)2] (1) [63]. In this compound, two NITPhSCH3 radicals are coordi-
nated as monodentate ligands to the Tb(III) ion through their NO groups to form a
tri-spin complex, and a one-dimensional chain complex [Tb(hfac)3(NITPhSCH3)]
n (2) {hfac = hexafluoroacetylacetonate, NITPhSCH3 = 2-[4-(methylthio)phenyl]-
4,4,5,5-tetramethylimidazolin- 1-oxyl 3-oxide. The temperature dependence of the
magnetic susceptibilities of complexes 1 and 2, measured in the 2–300 K range
under an applied magnetic field of 2000 G at room temperature showed the
vMT = 12.87 cm3Kmol−1 for 1. This value is consistent with an uncoupled Tb(III)
ion (S = 3/2) and two nitroxide radicals (S = 1/2). The observed relaxation time s0
value supports the super-paramagnetic-like character of the relaxation dynamics.

Magnetic properties of the metal-free radicals and the metal complexes of
Rare-earth-metal (M = Nd, Gd and Dy) complexes of 15-crown-5-Ph nitronyl
nitroxide 1 and 15-crown-5- or 18-crown-6-Ph iminonitroxide 2, studied using
SQUID magnetometry, have also been studied [64]. Antiferromagnetic
(AFM) intrasublattice and ferromagnetic (FM) intersublattice interactions with
Curie constant of C 10–100 K over the temperature range between 1.8 and 300 K
were inferred. The metal-free radicals exhibit only weak AFM intermolecular
interactions with the Weiss constant h < −1 K. Magneto-structural anomalies
observed in “breathing crystals” composed of exchange-coupled copper two
nitroxide [Cu(hfac)2LR] (hfac is hexafluoroacetyl acetonate) were discussed in [65].
The experimental leff(T) and vT(T) dependences showed that the polymer exhibits
reversible thermally induced structural rearrangements. A strong exchange
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interaction (J � 10–100 cm−1) takes place in the “head_to_tail” coordination
one-spin systems >N–Cu2+–N < and three-spin clusters > N–•O–Cu2+–O–
N < coupled in different complexes.

Metallorganic molecules can serve as effective spin filters (devices with capacity
to put specifically polarized electron current) -in molecular spintronics because of
the large spin polarization of their electronic structure. For example, for molecule
FeCoCp3 containing a Co and an Fe atom stacked between three cyclopentadienyl
rings, (Fig. 10.16), which presents a large magnetic anisotropy and a S = 1, was
theoretically predicted excellent spin-filtering properties both in tunnel and contact
transport regimes [23].

10.4.5 Magnetic Polymers

10.4.5.1 Undoped Conjugation Polymer

In magnetic light sensitive conjugated conducting polymers, such as polyaniline,
polyacetylene, polypyrrole, polythiophene, polyphenylene, and many others, strong
pairwise exchange couplings between unpaired electron spin are mediated through
the conjugated system [21, 25, 55–77]. Their physical properties, magnetic sus-
ceptibility, luminescence and conductivity offer possibilities for diverse practical
applications in microelectronic devices, photodiodes, sensors, batteries, techno-
logical membranes, etc. Electron spin interactions in conjugated polymers are
closely related to the nature of light induced charge carriers, positive and negative
bearing spin polaron (electron with the accompanying deformation of atoms), and
to fine details of polymer structure. In these systems the singlet triplet splitting
controls optoelectronic properties through spin-dependent dissociation and
recombination of charge carriers. The light sensitive conjugated polymers and
doped conjugation polymers form the basis for spintronics, a technology which

Fig. 10.16 Schematic illustration of filtering properties of FeCoCp3 [23]
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exploits spin-dependent electron transport phenomena in solid-state devices. The
following examples illustrate some specific properties of undoped conjugation
polymer.

The dynamics of electron and hole spins in a film of MEH-PPV (poly
[2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylene-vinylene]) (Fig. 10.17) in which
optical excitation of the polymer leads to the formation of tightly bound excitons
with subsequent emission of a photon was investigated by optically detected mag-
netic resonance (pE/ODMR) [69]. Spin beating in the polymer was detected directly
by its photoluminescence. polymer. Two principle findings in a conjugated polymer
were pointed out: the equivalence of spin-dependent observables under optical and
electrical excitation, proved by pulsed electrically and pE/ODMR techniques and
effect of charge carriers and deuteration on the hyperfine field strength.

A method for obtaining the polaron spin-lattice relaxation time in p-conjugated
polymers by measuring the ODMR dynamics as a function of microwave power and
laser intensity was applied to 1/2 ODMR in films of pristine 2-methoxy-5-(2{′}-
ethylhexyloxy) phenylene vinylene [MEH-PPV] polymer, as well as MEH-PPV

Fig. 10.17 Effect of deuteration of the polymer side groups on the ODMR resonance spectrum
and on spin beating. a, b Structures of the polymers studied (C8X17 = 2-ethylhexyl, where X = H
or D). c, d The differential resonance spectrum is accurately described by a superposition of two
Gaussians, representing electron and hole resonances. e, f Fourier analysis of the beating transients
allows the extraction of the spin-1 (red) and spin-1/2 (blue) contributions to the resonance [69]
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doped with various concentrations of radical impurities [70]. The experimental results
were fit to a spin dependent recombination model where both recombination and spin
relaxation rates determine the response dynamics. In work [71], the photoconductivy
of poly(p-phenylenevinylene) and 2 derivative, poly[1,4-phenylene-1,2-bis
(4-methoxyphenyl)vinylene] and poly(2-phenyl-1,4-phenylenevinylene) at temper-
aturs 130–350 K were attributed to the formation of interchain pairs involving a
negative polaron and a positive polaron [71]. Thermal dissociation of a polaron pair
with a lifetime of 10−8–10−9 s produced free charge carriers, and recombination of the
pair regenerated a singlet or triplet exciton on a single conjugated segment of a chain.

Light-induced ESR action spectra of polarons in two dialkoxy derivatives of
poly(p-phenylenevinylene) (PPV), MEH-PPV and CN-PPV, with cyano groups
detected in [72] showed a threshold energy around 3 eV [Evidence that the spin
density of the polaron predominantly resides on the vinylic carbons was also
provided. In another work, the frequency response of the photoinduced absorption
(PA) and the spin-1/2 photoluminescence-detected magnetic resonance (PLDMR)
in the archetypal p-conjugated polymer poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] was consistent with a quenching model mediated by
spin-dependent interactions between triplet excitons and polarons [73]. Short-lived
paired polarons that may recombine after spin-dependent collisions with triplet
excitons, and long-lived unpaired polarons that are unaffected by microwave res-
onance were identified. The recombination and escape yields of the carriers caused
magnetic field effects (MFEs) on the charge-transfer fluorescence and transient
photocurrent of a 1,2,4,5-tetracyanobenzene-doped poly(N-vinylcarbazole) film
were observed in [74]. Two types of magnetic field effects, growth with increasing
B due to the hyperfine mechanism (HFM) and a negative dip due to the
level-crossing mechanism (LCM) were underlined. Values for the recombination of
separated charges and hole transfer rate were obtainedas 7.0 � 107 and
4.5 � 108 s−1, respectively,

10.4.5.2 Doped Conjugation Polymers

Since the e discovery of highly conductive doped polyacetylene, magnetic prop-
erties of conducting doped polymers such as polyacetylene, polyaniline (PANI),
polypyrrole (PPy), and polythiophene, etc. have been extensively studied [78–91].
In pioneering works of the MacDiarmid, Heeger and Shirakawa groups [78] an
essential increase in the magnetic susceptibility and metallic behavior of doped
polyacetylene compared with undoped samples was detected. This discovery led to
a program of work on the synthesis of organic polymers being p- or n-doped
chemically, electrochemically, or with photo-doping and charge-injection doping
acid-base chemistry to states possessing magnetic, optical and electronic properties
of metals including significant conductivity. It was found that the doping induced
electrical conductivity of conducting polymers results from mobile charge carriers
introduced into the p-electron system [87–89].
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In conducting polymers, the experimental susceptibility vT can be divided into
two components: a temperature independent part vPT and a part obeying the Curie
law v = C/T (data for polyaniline [79]. Polythiophene [80], and polypyrrole [81].)
The origin of these two components was explained within the context of the
“metallic” model, which treats doped conducting polymers as highly ordered
metallic domains immersed into amorphous domains. It was suggested that the
temperature-independent component (the Pauli susceptibility) is attributed to
metallic domains while the Curie susceptibility arises from defects in the amor-
phous domains. In the framework of the “metallic” model, the field dependence of
the magnetization of conducting polymers at helium temperatures is described by
the Brillouin function with S = 1/2. This function describes the dependency of the
magnetization M on the applied magnetic field B and the total angular momentum
quantum number J of the microscopic magnetic moments of the material under
interest.

An alternative “triplet” mode [82] suggested that conducting doped polymers
polyaniline, polypyrrole, polyacetylene and polythiophene, consist of fragments
solely in the singlet or triplet state with a wide distribution of singlet-triplet split-
ting. In this model, magnetic properties of conducting polymers are described by an
integral over the fragment magnetizations. The model explains features of magnetic
properties of conducting polymers obtained by ESR and SQUID The analysis
shows that the field dependence of the magnetization of conducting polymers at
helium temperatures was described by the Brillouin function with S = 1, whereas
the “metallic” model predicts S = 1/2. The “triplet” model also explains the non-
linearity of the temperature dependences of vT, and the effect of heating and gases
on these dependences.

Magnetic measurements at different temperatures and magnetic force micro-
scopy of polymer, PANiCNQ produced from polyaniline (PANi) and an acceptor
molecule, tetracyanoquinodimethane (TCNQ) provided evidence for ferri- or
ferro-magnetic domain wall formation and motion [83]. A Curie temperature of
over 350 K, and a maximum saturation magnetization of 0.1 JT−1 kg−1 were
determined by magnetic susceptibility methods. In addition, the spin density dis-
tribution was estimated from integrated electron spin resonance lines. In work [84],
a poly[(N-vinylimidazole)-co-(1-pyrenylmethyl methacrylate)] (VI-co-PyMMA)
ferric complex prepared by complexing a VI-co-PyMMA copolymer with
1-chlorobutane and FeCl3 was synthesized and its super-paramagnetic magnetic
properties were characterized. The authors suggested that the developed
single-component fluorescent–magnetic polymer material they may find biotech
applications.

Effects of temperature and magnetic field on magnetic susceptibility in con-
ducting polyaniline and polypyrrole nanostructures were investigated [85]. This
parameter was measured from 300 K down to 3 K at a dc magnetic field of 10 or
0.5 kOe with different dopant type and doping level. The magnetic field dependence
of the magnetization was also observed from −90 to 90 kOe at different tempera-
tures. The following important results were established: (1) The dc susceptibility
vdc = Mdc/B is dependent on the applied magnetic field for samples in which the
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magnetic field dependence of the magnetization was also detected, (2) The tem-
perature dependence of the susceptibility showed unusual transitions which can be
explained by the coexistence of paramagnetic polarons and spinless bipolarons and
the possible formation of bipolarons (or polarons) with changes in doping level and
temperature.

In work [82], the samples of polyaniline films with camphorsulfonic acid (CSA),
exhibiting a conductivity of 100 S cm−1, were characterized by ESR spectroscopy
at 133–423 K and by optical spectroscopy in the range k = 350–1100 nm. It was
found that the interchain distances correlate with the conductivity of the films and
with the broadening of their ESR lines. Detail studies of charge transfer in H2SO4-
doped polyaniline employing 3-cm (9.7 GHz) and 2-mm (150 GHz) EPR spec-
troscopy, and AC, SQUID, and DC conductometries were performed in [86].. A
steady-state saturation method at 2-mm waveband EPR at 90–330 K showed the
existence in non-doped polyaniline (PA) polarons with different relaxation and
mobility and values of spin-lattice and spin-spin relaxation times. Intrachain dif-
fusion and interchain hopping rates of these centers was also observed. When the
polymer was doped H2SO4, the effective spin relaxation decreases due to the
possible formation of metal-like domains of well-coupled chains with
three-dimensional (3D) delocalized charge carriers. To explain the detected
macroconductivity and microconductivity of the medium-doped PA, models 3D
interdomain and intradomain hopping of charge carriers were suggested. A strong
interaction of the charge with lattice phonons and a bipolaron as the preferred
charge carrier were proposed to explain Observed specificity of a heavily doped
polymer.

A number of organic solid-state spin transport electronics (spintronics) experi-
ments, exploring the intrinsic spin of the electron, its magnetic moment and its
electronic charge have been designed using doped polymers [87–91].

10.4.5.3 Super Paramagnetic Compounds and Polymers

In the last two decades, p-conjugated superparamagnetic organic compounds
including polymer magnets with stability at ambient temperature and/or higher
magnetic ordering temperatures have been attracting attention as models of mul-
tispin systems and potential magnetic devices [92–97]. Figure 10.18 demonstrates
the progress in the area [93]. Bellow a few typical examples are described.

In pioneering work by Rajca et al. [92], the synthesis and investigation of
high-spin polyradicals (Fig. 10.19), in which multiple radical sites coupled by
exchange produced large net values of S in the ground state were presented. In these
compounds, the multiple radical sites are coupled by exchange to produce large net
values of S in the ground state. Studies of high-spin polyradicals, single molecular
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Fig. 10.18 16 Structure polyradicals and corresponding spin number S in the chronological order
[94]
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Spin clusters, polyarylmethyl tri-, penta-, hepta-, and hexadeca radicals showed that
the strong ferromagnetic coupling through via 3,4′-biphenylene (or 3,5,4′-biphe-
nylyne) units 1,3-phenylene units and weak ferromagnetic spin coupling between
the component spins for tri- and pentaradical. The magnetization versus temperature
data were fit to the value of J/k � 90 K for tri- and pentaradicals. Data for hepta-
and hexadecaradical were characterized as a dimer of the S′ = 5/2 and 1 component
spins and a trimer of the S′ = 5/2, 3 and 5/2 component spins, respectively with
respective values of J/k of 13 and 4 K. Measurement of the hexadecaradical.
magnetization vs magnetic field data to Brillouin functions at low temperatures,
showed S = 7.2 for the high-spin ground states in a good agreement with theoretical
value S = 8. Star-branched polyradicals were characterized by values of large total
spin S = 5 − 10. The spin values and arrangement of pentamer, heptamer, and
hexadecamer as well as the energy eigenvalues from the Heisenberg Hamiltonian
for pentaradical 2 are presented in Fig. 10.19 [93].

A series of polyradicals and two high-spin polymers 12 and 13, in which bis
(biphenylene)- methyl groups link calix [4] arene macrocycles (Fig. 10.20) were
prepared and investigated [94]. The polymer 12 quasi-linear chain is composed of
unequal spins of S = 3 and S = ½ possessing an average value of S = 18 per
macromolecule, while cross-linked polymer 13 is a network of unequal spins, with
individual modules having S = 2 and linking modules having S = 1/2. For a long
polymerization time, values of the total spin on a macromolecule can reach
S = 7000!

Fig. 10.19 Pentamer, heptamer, and hexadecamer of spins 1/2, corresponding to pentaradical 2,
heptaradical 3, and hexadecaradical 4. Energy eigenvalues from the Heisenberg Hamiltonian for
pentaradical 2 are shown for J, J′ > 0 (both couplings ferromagnetic). J and J′are spin coupling
through 3,4′-biphenylene and 1,3-phenylene units, respectively [93]
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Fig. 10.20 Polyradicals and polymers with the ferromagnetic-ferromagnetic coupling scheme:
a pentadecaradical 6 as a trimer of spins 7/2, 1/2, 7/2; b linear, branched, and annelated
polyradicals 7–11; c polymers 12 and 13 with the ferromagnetic—ferrimagnetic coupling scheme
with the macrocyclic (S = 3 and S = 2) and cross-linking (S = 1/2) modules [94]
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Chapter 11
Electron Transfer in Biological Systems.
Light Energy Conversion

Abstract In this chapter, two aspects of fundamental importance not only for
biology but for modern chemistry and for artificial photosynthesis related to spin
phenomena are briefly considered. The first aspect is the structure and action
mechanism of the system of conversion of light energy into chemical energy in the
primary charge photoseparation in bacterial and plant photosynthesis. This system
is an unique device which almost ideally organized for collection and goal-direction
of light upon combination of active groups into an ordered structure. Light energy
conversion in the photosynthetic reaction centers is characterized by the high
energetic efficiency and the quantum yield close to 100 %. The second aspect is
structure and the possible mechanisms of the participation of polynuclear man-
ganese systems in the photooxidation of water. This system accomplishes one of the
most surprising reactions that occur in nature, the production of a strong reducing
agent from water on account of the quanta of low energy. Here we survey the recent
progress in understanding electron spin effects in the processes of light biological
energy conversion.

11.1 Introduction

Nature captures and stores solar energy through photosynthesis—a biological
process of converting light into chemical energy—that is ultimately responsible for
all the biomass on earth. The photosynthetic organisms are represented by diverse
classes of bacteria, algae, and plants that are very well adapted to a wide range of
environmental conditions [1–3].

While different species store chemical energy differently, the primary process of
capturing photons by reaction centers (RC), which are membrane proteins, involves
the same molecular mechanism. Specifically, absorption of light by pigment
molecules like chlorophyll a and b and carotenoids produces an electronic excited
state that quickly (<0.1 ps) decays via vibrational relaxation to the first excited
singlet state. This energy is then transferred by resonant dipolar mechanism to the
neighboring RC protein that serves as a trap for the exciton. Chemical energy is
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generated by RC through formation of charge separation in the donor-acceptor
(D-A) pair. Such (D+A−) pair is formed by D+ cation-radical, which is a strong
oxidant, and A− anion-radical, which is a strong reducing agent. The (D+A−) pair
should be relatively long-lived in order to enable subsequent chemical reactions
eventually producing such stable chemical compounds as ATP and NADPH. The
most important problems essential for understanding photosynthesis as well as
developing biomimetics and synthetic light-harvesting systems are the exact
molecular structure and specific physical mechanisms that prevent immediate
recombination of D+ and A− centers. Over the years, essential details on dynamics
and molecular structures involved in electron transfer reactions continue to emerge
owing to the progress in time-resolved and multi-frequency EPR [4–16].

In this text, we start with reviewing electron transfer in proteins and model
systems and then proceed with more detailed consideration of three major natural
light-harvesting and light conversion systems: bacterial reaction center (BRC),
photosystem I (PS I), and photosystem II (PS II) and conclude with the oxygen
evolving complex [17–38].

11.2 Electron Transfer in Model Systems and Proteins

Numerous biological processes including photosynthesis involve electron transfer
(ET)—a process that usually occurs via a quantum mechanical tunneling of an
electron from one spatial location (at an atom or a chemical moiety) to another. For
a simple barrier of a constant height the rate of quantum tunneling decays expo-
nentially with the length of the barrier but is also affected by the height of the
barrier in the energies of the initial and the final states (see Sect. 1.3 for funda-
mentals of modern theories of ET). In proteins, a majority of electron transfer
occurs over relatively long distances and, therefore, is affected by molecular
structure of the tunneling bridge. The latter aspects have been comprehensively and
elegantly studied by Gray and coworkers using experimental and theoretical
approaches [17–20] and references there in. Those authors employed an electronic
excitation of ruthenium complexes and redox-active sites of metalloproteins to
demonstrate effects of a number of factors on the electron tunneling rate, kET, that
could be described by semiclassical Marcus-Levich equation (1.39). In this equa-
tion chemical composition and the structure of redox centers is given by (−DGo),
the contribution to the Gibbs free energy describing the driving force of the electron
transfer, and by parameter k accounting for the extent of nuclear orientation in the
D-A pair. The distance between the redox centers contributes to the parameter HAB,
which is the electronic coupling between the reactants [D, A] and products [D+, A−]
at the transition state (see also 1.33, 1.39). Data for the electron tunneling
demonstrate nearly perfect exponential distance dependence for through proteins
(Fig. 11.1).

Redox cycles are typically completed by proteins within a few milliseconds or
even microseconds. This scale of electron tunneling time limits the maximum

260 11 Electron Transfer in Biological Systems. Light Energy Conversion

http://dx.doi.org/10.1007/978-3-319-33927-6_1
http://dx.doi.org/10.1007/978-3-319-33927-6_1
http://dx.doi.org/10.1007/978-3-319-33927-6_1
http://dx.doi.org/10.1007/978-3-319-33927-6_1


distance of a single tunneling event to about 20 Å as evidenced by the experimental
data of Fig. 11.1. However, the distance range could be expanded and the time of
transfer decreased substantially by hopping mechanism in which ET is achieved by
a chain of short tunneling events. For example, ET over the same 20 Å distance is
about two orders of magnitude faster if it proceeds via a hole hopping through an
intervening tryptophan residue. Multiple electron hopping events would result in
even faster ET. Indeed, nanosecond ET was measured between a Ru-diimine wire,
[(4,4′,5,5′-tetramethylbipyridine)2Ru(F9 bp)]2

+ (tmRu-F9 bp, where F9 bp is
4-methyl-4′-methylperfluorobiphenylbipyridine), bound tightly to the oxidase
domain of inducible nitric oxide synthase (iNOSoxy) [20]. Photoreduction of an
imidazole-bound active-site heme iron in the enzyme-wire conjugate
(kET = 2 � 107 s−1) was seven orders of magnitude faster than that in the
non-modified enzyme (Figs. 11.2 and 11.3).

However, ET in proteins does not always follow the exponential dependence
upon the donor-acceptor distance as has been shown in recent studies of cyto-
chrome c absorbed on a self-assembled monolayer (SAM) formed on silver elec-
trodes [20]. ET kinetics was measured by time-resolved surface-enhanced
resonance Raman and resonance Raman spectroscopy. Mutation the positively
charged K87 of WT cytochrome c to a neutral amino acid allowed for elucidating
the role of the strength of the interfacial electric field. The observed anomalous
nonexponential distance dependence (Fig. 11.4) was explained by suggesting a
coexistence of at least two protein conformations with distinctly different average
electronic couplings. Indeed, conformations of cytrochrome c could affect orien-
tation of the heme with respect to the electrode plane (defined by two angles a and
u) and this would change the ET rate.

The influence of the mutual orientation of the donor and acceptor orbitals in the
Ru(bpy)2 in HisX-cytochrome c on the ET rate transfer was also analyzed by the

Fig. 11.1 Tunneling
timetable for intraprotein ET
in Ru-modified azurin (•),
cytochrome c (□), myoglobin
(}), cytochrome b562 (D),
HiPIP (∇). The solid black
lines illustrate distance decay
factors of 1.3 (lower) and
1.0 Å− 1 (upper); the dashed
blue line illustrates a 1.1 Å−1

decay [19]
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Fig. 11.2 Sensitizer wires (top to bottom bpyRu-C13-Im, bpyRu-C11-Ad, bpyRu-C11-EB,
bpyRu-F8bp-Im, tmbpyRu-F8bp-Im, and bpyRu-F8bp-Ad) [17, 18]
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artificial intelligence-superexchange method that takes into account details of the
protein electronic structure [21]. Calculations of the superexchange matrix element
between the donor and acceptor states in seven electron-transfer ferroproteins:
Fe(heme)-cyt-Ru(HisX)(bpy)zim, where X = 79, 72, 66, 62, 58, 39, 33 that
included all the atoms in the systems were carried out. The results were analyzed to
establish the most effective electronic coupling pathways in these proteins. The
distances between donor (Fe2+) and acceptor (Ru3+) varied in the range 13–20 Å.
An approximate quantitative agreement within a factor of two was found between
all-atom calculations and a reduced model that included a small number of amino

Fig. 11.3 Electron transfer (ET) pathways in the Ruthenium-modified Pseudomonas aeruginosa
azurins that incorporate 3-nitrotyrosine (NO2YOH) between Ru(2,2′-bipyridine)2(imidazole)
(histidine) and Cu redox centers [14]

Fig. 11.4 Nonexponential
distance dependence of kET

app

for both the oxidation (red)
and reduction (blue) processes
of WT cytochrome c (circles)
and K87C (triangles). Full
and half-filled triangles
represent the fast and slow
component of kET

app for K87C,
respectively [20]
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acids. Effect of the mutual orientation of the donor and acceptor orbitals in the
Ru(bpy)2 in HisX-cytochrome c on the rate of electron transfer was also analyzed.

Overall, these studies illuminate effects of several factors that control electron
transfer in proteins that in addition to the distance in the donor–acceptor pair
include [19–24]: (i) ET mechanism (single tunneling or hopping), (ii) contributions
of multiple pathways, (iii) effect of immediate chemical environment of D and A as
well as the properties of the tunneling channel, and last but not least, (iv) the mutual
orientation of the D and A that provide control of ET through electric field effects.
These finding should guide researchers to uncover further details of molecular
mechanisms that allow for effectively controlling and possible switching electron
transfer in proteins.

11.3 Light Energy Conversion

The process of photosynthesis embrace practically all the aspects of modern bio-
chemistry, biophysics and molecular biology [1–3]. In all living organisms the
photosynthesis is carried out by photosynthetic reaction centers (RCs) that represent
a remarkable examples of how assembly of different functional groups evolved into
an ordered structure with fundamentally new properties.

As has been noted by several authors [25–31], for a system containing a cascade
of tightly packed of donor and acceptor pairs, the reactions of charge separation and
recombination are expected to be very fast and the efficiency of the light energy
conversion to be very low. Further, for suggested cascade structures with optimal
distance between the centers, the forward electron transfer between adjacent D-A1

and Ai-Ai+1 pairs was predicted to slow down with the distance compared with the
electron transfer in a system having close contacts between the centers.
Nevertheless, for the optimum length of the “nonconducting” zones not exceeding
0.5–0.7 nm, the direct electron transfer can be sufficiently fast. Essential feature
enabling the photosynthetic cascade to function is that recombination of the each
D+-Ai

− pair becomes progressively slower as Ai moves away from the donor. The
aforementioned cascade mechanism is fulfilled in all the biological RCs and, thus,
should be taken into consideration when designing artificial system of light energy
harvesting

This brief analysis yields following two conclusions. (1) A fast high-
quantum-yield conversion of light into energy of chemical bonds is provided by
cascade photochemical systems in which photo-and chemically active cen-
ters (aromatic photo chromophores, transition metal clusters) are separated by
“insulating” 6–10 Å long zones consisting of nonsaturated molecules and bonds.
(2) The electron transfer between the donor and acceptor centers has to occur by a
long-range, most likely, nonadiabatic mechanism.

This principal scheme of the mechanism realized in photosynthetic RCs for the
effective light energy conversion has been further supported in subsequent
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experiments with a bacterial system R rubrum, in which electron transfer can be
described by the following sequence of events [1]:

ðBChlÞ2 ! BCl ! BPh ! QA ! QB
I II III IV V

where QA and QB are the primary and secondary quinine acceptors, respectively.
The distances between donor–acceptor components of this cascade were estimated
from EPR measurements. Specifically, by evaluating effect of QA

−-Fe on the
spin-lattice relaxation time of (Bchl)2

+, the distances between (Bchl)2
+ and QA

− was
shown to be 32–35 Å [26, 27]. Other distances, r, were estimated using an (8.3) that
relates r with experimentally measured spin exchange coupling (JSE) [27]. The
estimated distances (r [BPh−-Q1−] = 1.45 nm, r[BChl)2

+ -BPh−] = 1.37 nm,
r[BChl)2

+ Bcl− = 0.3 nm) were found to be in good agreement with structural data
obtained several years later by x-ray of RC monocrystals [32].

It should be noted here that some of the most important chemical reactions for
sustaining the Earth ecosystem (photosynthesis, water splitting, nitrogen fixation)
require multiple ET events. The concept of four electron mechanism was first
suggested back in seventies [33, 34] and then applied to such energy-demanding
enzymatic and chemical reactions as reduction of molecular nitrogen and water
splitting under mild conditions [28–31].

For example, the biological oxygen evolution complex (OEC), CaMn4Ox,
achieves water splitting into O2 and H2 by withdrawing four electrons from two
water molecules and realizing four protons [35–38]. The oxidation of two water
molecules into dioxygen proceeds in a stepwise manner as described in the four
S-state cycle with the following intermediate states:

S0 ! S1 ! S2 ! S3 ! S4

The radical cation P680[sup+] serves as a primary acceptor and has a very high
oxidizing potential, estimated to be 1.13 V [39]. Potentials of oxidation of water by
one, two and four electron mechanisms are equal to 2.7 V (hydroxyl radical), 1.36
(hydrogen peroxide) and 0.81 (dioxygen). Thus, the only thermodynamically
favorable mechanism of the photosynthesis has to involve a four-electron oxidation
of deprotonated water molecules in a four-nuclear cluster, which was previously
positively charged in course of the photocycle.

11.3.1 Bacterial Reaction Center (RC)

The primary photochemical processes of photosynthesis take place within
membrane-bound complexes of pigments and protein, reaction centers [1–3].
Currently, a wealth of structural data on bacterial RCs is readily available with over
50 x-ray crystal structures of RC from Rhodopseudomonas (Blastochloris) viridis,
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Rhodobacter sphaeroides, and Thermochromatium tepidum published. Further,
these structures have been compared on the basis of data quality and quantity,
resolution, and structural features revealed [40, 41]. The structure of the principal
components of RC from Rb. sphaeroides is shown in Fig. 8.3.

The process of photosynthesis starts with an accumulation of light quanta by the
light-harvesting complex (LHC) [3]. The singlet electronic excitation migrates
along the antenna and enters the primary acceptor P870, the dimer of bacteri-
ochlorophyl (DA) that also passes over into the singlet state. This is followed by the
following chain of events: (1) an electron from the excited P870 is transferred to
bacteriochlorophyl (Bcl) within a femtosecond and then (2) to bacteriopheophytin
(Bph) in picoseconds, (3) to the primary acceptor ubiquinone (QA) in ca. 200 ps,
and (4) to the secondary acceptor QB in milliseconds. During this time the electron
from the secondary donor, which is the type c chytochrome, transforms from the
reduced cytochrome c to P870

+. As a result, the energy of a solar photon is trans-
formed into chemical energy of the reduced secondary (Fig. 11.5).

Method of time-resolved strongly enhanced nuclear polarization with laser-flash
13C photo-CIDNP magic-angle spinning NMR was used to study of spin effects in
the carotenoid-less mutant R26 composed of the two bacteriochlorophyll cofactors,
PL and PM, in bacterial reaction centers of purple bacteria of Rhodobacter
sphaeroides [42]. A photocycle of processes under investigation and values of time
constant for of corresponding spin dynamic processes is presented in Fig. 11.6.
From the photochemically excited primary donor P*, an electron is transferred to

Fig. 11.5 Structure of principal components and sequential electron transfer mechanism of the
RC from Rb. sphaeroides. The cofactors are arranged around an axis of two-fold symmetry (dotted
line) running perpendicular to the plane of the membrane and comprise of four BChls (BA, BB, PA,
PB), two BPhes (HA, HB), two quinones (QA, QB), a carotenoid (Crt), and an iron atom (Fe).
Arrows show the route of electron transfer [41]
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the primary acceptor. This light-induced spin-correlated radical pair is created in a
nonstationary and highly electron polarized singlet state. The radical pair undergoes
two processes: (1) Intersystem crossing (ISC) driven by the isotropic iteration aiso
and the difference in g values of the electrons leads to a coherent oscillation
between the singlet (S) and the triplet (T0) states of the radical pair and (2) Electron
back-transfer to the special pair can occur in the S and T0 states having different
lifetimes of the two decay channels. It was found that in the radical cation state, the
ratio of total electron spin densities between PL and PM is 2:1, 2.5:1 for the pyrrole
carbons, 2.2:1 for all porphyrin carbons, and 4:1 for the pyrrole nitrogen.

In the reaction centers of Rb. sphaeroides, the excited singlet state of the primary
donor P, *P, donates an electron to the initial electron acceptor QA to form the
initial radical-pair state P+∙ QA

− [43]. When P+∙ QA
−∙ is blocked for the latter reaction,

either by removal or prior reduction of the quinine, this pair lives for 10–20 ns
before the charge recombination occurs. Over this time the singlet electron spin
states of the radical pair can evolve into a triplet. Such an evolution would occur
through singlet-triplet mixing in the initial radical-pair state by the hyperfine
mechanism at low magnetic fields and by both the hyperfine and Δg mechanisms at
high magnetic fields (>1 kg). Since the hyperfine field felt by the electron spins, P+∙

QA
−, is dependent upon the nuclear spin state in each radical, the nuclear spin

configuration would affect the relative probabilities of charge recombination to the
triplet state of the primary electron donor. As a result, these recombination products
will have non-equilibrium distributions of nuclear spin states (nuclear spin
polarization).

Fast time-resolved EPR spectroscopy was used to study electron spin polarization
(ESP) in perdeuterated native, Fe2+-containing reaction centers (RCs) of photo-
synthetic purple bacteria [44]. The proposed spin-correlated radical pair model
included the large anisotropy arising from the magnetic interactions between Fe2+

and the reduced primary electron–acceptor quinone (QA
∙−), which results in different

quantization axes for the P∙+ and the (QA
∙−Fe2+) spins. The ESR spectra were cal-

culated with the point–dipole approximation for P∙+ and QA
∙− taken yields

Fig. 11.6 Kinetics and spin
dynamics of electron transport
in quinone-depleted RCs of
Rb. sphaeroides R26 (See
details in [42])
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DPQ = −0.12 mT and JPQ = 0. It was shown that the stimulated ESP spectrum is
solely due to the P∙+ part of the spin-correlated radical pair [P∙+(QA

∙−Fe2+)],
whereas the rapid decay of the spin-polarized signal is due to spin-lattice relaxation
of the (QA

∙−Fe2+) complex. Simulations obtained for the lowest two quartets of states
of [P∙+(QA

∙−Fe2+)], associated with the mS,Fe = −2 and mS,Fe = −1 levels,
Photochemically induced dynamic nuclear polarization (photo-CIDNP) was

observed in photosynthetic RCs of the carotenoid-less strain R26 of the purple
bacterium Rb. sphaeroides by 13C solid-state magic-angle spinning (ssMAS) NMR
at three different magnetic fields (4.7, 9.4, and 17.6 T) [45]. The spectra were
simulated assuming lifetimes of triplet radical and singlet radical pairs to be 1 and
20 ns respectively, exchange coupling of J = 7 G, and dipole-dipole coupling
d = 5 G. The principal advantage of time-resolved photo-CIDNP MAS NMR as an
experimental method to study electron transfer in photosynthesis, is that enables to
elucidate spin dynamics of spin-correlated radical pairs and map the corresponding
spin densities at the atomic resolution and at microsecond time scales. Specifically,
NMR signals of the donor showed an absorptive (positive) enhancement while the
enhancement for the acceptor was emissive (negative) (Fig. 11.7). Time-resolved
photo-CIDNP ssMAS NMR data of reaction centers of quinine-depleted Rb.
sphaeroides were also reported [45]. It was demonstrated that the build-up of
nuclear polarization on the primary donor and the bacteriopheophytin acceptor
depends on the presence and lifetimes of the molecular triplet states of the donor
and carotenoid. The electron-nuclear spin dynamics in the solid state is governed
by a combination of electron-electron nuclear three-spin mixing (TSM), electron-
nuclear differential decay (DD), and differential relaxation (DR) mechanisms. The
mechanisms of photochemical reactivity of the special pair in the bacterial RC have
been further studied by ssNMR in conjunction with density functional theory
(DFT) modeling.

Fig. 11.7 13C photo-CIDNP ssMAS NMR spectra of RCs of Rb. Sphaeroides and a scheme of
electron transfer [45]

268 11 Electron Transfer in Biological Systems. Light Energy Conversion



The first pulsed EPR detection of quantum oscillations in photosynthetic RCs,
initially predicted in [46], was achieved using an electron spin echo (ESE) sequence
[47]. The latter study was focused on spin-correlated radical pair ½Pþ Q�

A � in pro-
tonated zinc-replaced reaction centers of Rb. sphaeroides R26. Upon applying a
(flash-t-pulse 1-s-pulse 2-T) pulse sequence, it was found that the shape of the echo
at T = s is influenced markedly by the delay t, for 0 < t < 40 ns. In addition a
second echo signal was found at T = 2s for t = s. The change in shape of the first
echo (T = s) is ascribed to quantum beats; the second echo (T = 2s) is due to
double-quantum coherence. D = −175 mT J = 0.0016 mT at 20 K from ESEEM
(electron spin echo envelope modulation).

Marked advances in understanding charge separation in photosynthetic RCs was
achieved by high frequency (HF) TR-ENDOR and high time resolution pulsed EPR
[6]. These authors studied completely deuterated or protonated Rb. Sphaeroides
RCs, in which Fe was removed and substituted by Zn and the primary quinone
acceptor, QA, ubiquinone-10, was substituted by deuterated ubiquinone-10.
Pulsed TR EPR spectra of the spin-correlated radical pair (SCRP) were recorded as
a function of magnetic field by monitoring two pulse ESE which followed a 5 ns
laser pulse at a fixed delay after laser flash (DAF) time. Pulsed ENDOR spectra
were recorded using a Mims-type sequence of microwave (MW) and radiofre-
quency (RF) pulses (laser- DAF- rt/2Mw-r-n/2Mw-nRv-n/2Mw) by monitoring the
ESE intensity as a function of the frequency of the RF pulse. A new phenomenon
manifesting in HF TR-ENDOR spectra was observed and described.

Spin-correlated radical pairs formed in course of photosynthesis are known to
produce quantum oscillations that is a pure quantum mechanical phenomenon [48].
This phenomenon was rationalized by an analytical EPR model developed by the
density matrix approach for these short-lived intermediates. The suggested mech-
anism of the nuclear spin oscillations is based on electron–electron–nuclear
three-spin mixing and implies that the nuclear modulation amplitude depends on the
static magnetic field of the EPR experiment [49]. The formation of the quantum
oscillations was explained in terms of the non-adiabatic change of the spin
Hamiltonian at the instant of the laser pulse. At time zero, the radical pair is created
in singlet state as a consequence of spin conservation in an ultra-fast photochemical
reaction. The radical pair emerges as a coherent superposition of the eigenstates that
manifest themselves as quantum oscillations in an EPR experiment with adequate
time resolution. At higher microwave frequencies, the modulation amplitude
rapidly decreases with increasing the magnetic field and, at Q- (34 GHz/1.2 T) and
W-band (95 GHz/3.4 T) resonant frequencies/field, only the electron spin oscilla-
tions are expected.

The main advantages of EPR methods lay in ability to provide structural data
(distances and mutual orientations) on SCRPs from non-crystalline samples so
RCs could be studied in native lipid environment. For example, a combination
of pulsed HF EPR W band (95 GHz, 3.4 T), pulsed electron-electron double
resonance (PELDOR), and relaxation-induced dipolar modulation enhancement
(RIDME) led to three-dimensional structure of laser-flash-induced transient radical
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pairs P865
∙+ QA

∙− in frozen-solution RCs derived from Rb. Sphaeroides (Fig. 11.8)
[50]. The structural parameters derived from EPR were found to be in a good
agreement with those obtained from x-ray crystal structures (Table 11.1) (ibid).

11.3.2 Reaction Centers of Photosystem I

In oxygenic photosynthetic organisms, plant and green bacteria, the reaction centers
of two systems Photosystem I (PS I) and Photosystem II (PS II) convert the
absorbed four light quanta into energy of stable products, that is ferredoxin in
reduced state and dioxygen [3, 51–59] PS I from plants and cyanobacteria mediates
light-induced electron transfer from plastocyanin to ferredoxin (flavodoxin) at the
stromal membrane side, while PS II is a photoenzyme that catalyzes oxidation of

Fig. 11.8 Relative positioning of coordinate frames of radicals RQ (xQ, yQ, zQ) and RP (xP, yP, zP).
a Conventional representation in terms of distance rQP, two polar angles ηQ and uQ, and three
Euler angles a, b, c. The polar angles h and u define the orientation of the external magnetic field
director h in the Q frame. b Representation involving the intermediate dipolar axis system (xD, yD,
zD) in terms of the angles ηQ, uQ, ηP, uP, and the angle fQP = fQD − fPD, which defines the
relative turn of the Q and P frames around the dipolar axis [50]

Table 11.1 Comparison of the geometry parameters characterizing the paired radicals P865
∙+ QA

∙− of
RCs from Rb. Sphaeroides as determined by dipolar HF EPR and x-ray methods [50]

Structure RQP (nm) uP (°) ηP (°) uQ (°) ηP (°) fQP (°)

Dipolar EPR 2.89(2) 82 59 242 110 50

x-ray 2.84(2) 79 66 246 97 49

Turned quinine model 2.84(3) 79 66 245 110 44
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water in a water-splitting Mn-containing system. PS I from cyanobacteria consist of
11 protein subunits and several cofactors. After the photoexcitation of the primary
donor, a dimer of chlorophyll a (Chla)2, P700, an electron is transferred via a
chlorophyll (A0) to a phylloquinone (A1) and then to the iron sulfur clusters, Fx, FA
and FB (Fig. 11.9) [52].

An improved electron density map of Photosystem I yielded the location of an
additional ten beta-carotenes as well as five chlorophylls and several loop regions,
and eventually revealed the locations of and interactions among 17 protein subunits
and 193 non-covalently bound photochemical cofactors.

Mechanism of the electron transfer and the spin dynamic effects in were dis-
cussed in [53]. The energy transfer and charge separation kinetics in core
Photosystem I (PSI) particles of Chlamydomonas reinhardtii has been studied using
ultrafast transient absorption in the femtosecond-to-nanosecond time range. For the
first time, the transient difference spectrum for the excited reaction center state and
the formation and decay of the primary radical pair and its intermediate spectrum
directly from measurements on open PSI reaction centers were directly resolved.
Several possibilities are discussed for the intermediate redox states and their
sequence which involve oxidation of P700 in the first electron transfer step or only
in the second electron transfer step, which would represent a fundamental change
from the presently assumed mechanism. Three different redox intermediates on the
timescale up to 100 ps were distinguished. Formation and decay of the primary

Fig. 11.9 The arrangement of 167 chlorophyll molecules of plant PSI as seen from the stromal
side (See detail in [52])
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radical pair and its intermediate spectrum were also observed. The data were
rationalized by a likely inclusion of an additional redox state in the electron transfer
pathway.

A new electron transfer mechanism for PS I where the accessory chlorophylls
function as the primary electron donor(s) and the A0 Chl(s) are the primary electron
acceptor(s) was proposed [54]. This new mechanism resolved in a straightforward
manner the difficulty with the previous scheme, where an electron would have to
overcome a distance of approximately 14 Å in <1 ps in a single step. The decay of
the light-induced SCRP [P700

+A1
−] and the associated ESEEM have been studied in

thylakoid membranes, cellular membranes, and purified PS I prepared from the
wild-type strains of Synechocystis sp. PCC 6803, Chlamydomonas reinhardtii, and
Spinaceae oleracea. [55]. Complete reduction of the iron-sulfur electron acceptors
FA, FB, and FX and a partial photo-accumulation of the reduced quinone electron
acceptor A1A was observed in presence of a reductant at and T < 220 K. It was
found that when all of the iron-sulfur centers are oxidized, only the echo modu-
lation associated with the A branch [P700

+A1A
− ] radical pair is observed. In all of the

systems investigated the time dependences of the out-of phase ESEEM can be
interpreted in terms of different proportions of the signal associated with the
[P700

+A1A
− ] and [P700

+A1B
− ] radical pairs, suggesting that bidirectionality of the

electron transfer in PS I is a common feature of all species. An electron
spin-polarized signal of the P800

+A1(Q)
− state in the homodimeric reaction center

core complex of Heliobacterium modesticaldum was detected in [56].
The first successful detection of quantum oscillations in photosynthetic RCs of

plant PS I was achieved by combining transient EPR with pulsed laser excitation
[57]. In this experiment the sample was irradiated with a short laser pulse and the
time evolution of the transverse magnetization was monitored in the presence of a
weak microwave magnetic field. The experiments were carried out using fully
deuterated samples to improve signal-to-noise ratio required to reveal the quantum
oscillations.

13C MAS and photo-CIDNP ssNMR provided essential data for local electron
spin densities of the ground state of a photoinduced radical pair formed in PS I
particles (nuclear spins in natural abundance) in the dark state and under continuous
illumination with white light [58]. The photo-CIDNP signals were assigned to a
single Chl a molecule, which is probably the P2 cofactor of the primary donor
P700. According to the photo-CIDNP data of PS I, all 13C NMR signals are
emissive (Fig. 11.10). These data were analyzed in the framework of two alter-
native mechanisms: (1) three-spin mixing (TSM) mechanism in which, the coupling
between the two electron spins provides for enhanced polarization of the two
constituent radical ions followed by a transfer of polarization to the nuclear spins by
an anisotropic hyperfine coupling; and (2) the differential decay (DD) mechanism,
when, due to different g-factors of the radicals and hyperfine couplings of the two
electron spins, the polarization of the constituent radical ions can arise from evo-
lution to a superposition of the singlet and triplet state of the pair and subsequent
decay of the pairs in a triplet state. It was concluded that the TSM dominates over
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the DD mechanism and the former is responsible for the remarkable strength of the
photo-CIDNP in PS I.

HF EPR/PELDOR/RIDME methodology that led to establishing three-
dimensional structure of the transient radical pairs P865

∙+ QA
∙− in frozen-solution

RCs derived from Rb. Sphaeroides has been extended to the transient radical pair
pairs P700

∙+ A1
∙− [59], where P700 is the primary electron donor and A1 is phylloqui-

none electron acceptor in the fully deuterated PS I from the cyanobacterium
Synechocystis sp. PCC 6803 (Fig. 11.11). By combining and analyzing data of
these three different magnetic resonance experiments, the interspin distance and

Fig. 11.10 Photo-CIDNP spectra and patterns of Chl a molecules observed in PS I. The size of
the circles is semiquantitatively related to the signal intensity. All the observed photo-CIDNP
enhanced NMR signals are negative (emissive) [58]

Fig. 11.11 a Arrangement of the cofactor radicals pairs P700
∙+ and pairs A1

∙− within PS I.
b Geometrical representation of the respective g-tensor frames of A(xA, yA, zA) and P(xP, yP, zP) in
terms of the polar angles ηA, uA and ηP, uP and the dipolar vector rAP. The inset shows the g-value
selection in the A-frame of reference by the external magnetic field [59]
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relative orientation of the radical pair components have been established. Details of
angular arrangement of these cofactor radicals within PS I and graphical solution
for angles can been seen in Fig. 11.10.

It should be noted that this HF EPR/PELDOR/RIDME study established
geometry of SCRP without the need of any a priori data on the pair structure (such
as, for example x-ray structure) and only relied on approximate locations of the
molecules forming the radical pair.

11.3.3 Reaction Centers of Photosystem II

PS II is the largest and the most complex photosynthetic machinery when compared
with bacterial RC and PS I. PS II can be found in cyanobacteria and plants and
consists of about 20 different protein subunits and 14 integrally bound lipids [3, 60–
63]. Specifically, PS II includes six redox cofactors that are capable of trapping trap
electrons (or holes) in minima of Gibbs energy These cofactors are the
oxygen-evolving complex, the amino acid residue tyrosine (Tyr), the reaction centre
chlorophyll, pheophytin the plastoquinone molecules, QA and QB All these
cofactors except QB are bonded to a twisted pair of hydrophobic proteins known as
D1 and D2. The D1 and D2 proteins form the scaffolding of the PS II complex.

A schematic view of the photosystem II (PSII) complex in the thylakoid
membrane is shown in Fig. 11.11 [64].

The reaction centers of PS II of higher plants and cyanobacteria to a large degree
resemble that of the purple photosynthetic bacteria (bRCs) [62]. Similar to bacterial
RC and PS I, magnetic resonance techniques, and EPR in particular, were found to
be especially useful in investigating structure and electron transfer processes in
PS II. One example involves establishing the role Mn2+ ions are playing in pho-
tosynthesis and PS II. Investigation of effects of Mn2+ on saturation curves of EPR
spectra of pheophytin anion radical and P680

+∙ from 15 to 200 K and photoinduced
changes of the fluorescence yield of chlorophyll in samples with different contents
of Mn led to a conclusion that PS II contains a cluster of four Mn atoms, two of
which can be replaced by Mg2+ or any other divalent metal [66]. The distances
between Mn and pheophytin as well as between Mn and P680 were estimated from
these EPR data (ibid).

The other fruitful avenue of investigation of PSII by EPR includes studies of
SCRPs [67]. For example, a light-induced spin-polarized triplet state has been
detected in a purified PS II by EPR at liquid helium temperature. The electron spin
polarization pattern was attributed to the triplet originating from radical pair
recombination between the oxidized primary donor chlorophyll, P-680+ and the
reduced intermediate pheophytin, I−. A stable light-induced EPR signal was also
reported in PS II particles and in chloroplasts at 5 K. It was concluded that the
signal is formed when the reaction center is in the state D+P680Ph

− (D+ is an
oxidized donor to P680). The signal has been simulated by assuming the presence of
at least two distinct radical pairs that differ slightly in the distance separating the
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radicals of the pairs. The distance between the radicals of the pair was calculated to
be 6–7 Å (ibid) (Fig. 11.12).

Other types of PSII reaction-center core, such as those isolated from pea and the
green alga Scenedesmus, were examined by EPR [68]. These studies revealed two
types of triplet spectrum in addition to the spin-polarized reaction-center triplet: (1) a
triplet formed upon continuous illumination at 4.2 K and attributed to a monomeric
phaeophytin molecule; and (2) a triplet that was stable in the dark at 4.2 K following
an illumination. The latter was assigned to the radical pair Donor +I−. This study
provided evidence that an electron donor to chlorophyll P680 is present in the
polypeptide D1-polypeptide D2-cytochrome b-559 core complex.

Spin-polarized transient EPR spectra of 3P680 in D1D2cytb559-complexes of PS II
were studied as a function of temperature [69]. The spin polarization as well as the
rise time of the EPR signals, which are characteristic of A triplet formation via
recombination from the primary radical pair P680

+∙ Pheo−∙, was characterized via the
spin polarization and the rise time of the EPR signals. Below 100 K the EPR
spectrum of 3P680 revealed characteristic zero-field splittings (zfs) and was asso-
ciated with the triplet state of monomeric chlorophyll-a (Chl). The data indicated a
transition between the two triplet states of different electronic origin. A narrowing
of the spectrum at high temperature was interpreted as thermally activated delo-
calization of the triplet excitation over at least two Chl units with different orien-
tations with respect to the PS II reaction center.

Another example was an EPR study of the triplet state of chlorophyll generated
by radical pair recombination in PS II reaction center [70]. The spin state of the
non-haem Fe2+ was varied using the CN–binding method. Polarization transfer
from the radical pair to QA-in PSII, where the Fe2+ was low spin, was detected. It
was suggested that both the short triplet lifetime in the presence of QA

− and the lack
of polarised QA-might be explained in terms of the electron transfer mechanism for
triplet quenching involving the semiquinone. It was proposed that this mechanism
may occur in PS II due the triplet-bearing chlorophyll being adjacent to the
pheophytin at low temperature as suggested from structural studies.

Particular emphasis of several studies has been placed on the structure and
location of the cation radical and the triplet state at the donor side of PS II and on
consequences for the initial charge separation process. The triplet states of PS II
core particles from spinach at different reduction states of the iron–quinone com-
plex of the reaction center primary electron acceptor were studied by time-resolved
CW EPR [71]. With doubly reduced primary acceptor, PS II triplet state was
detected and characterized by zero-field splitting parameters |D| = 0.0286 cm−1,
|E| = 0.0044 cm−1. When the primary acceptor was singly reduced either chemi-
cally or photochemically, a triplet state of a different spectral shape was observed,
bearing the same D and E values and with characteristic spin polarization pattern
arising from RC radical pair recombination. A sequence of electron-transfer events
in the reaction centers was proposed that explains the dependence of the triplet state
properties on the reduction state of the iron–quinone primary acceptor complex.

Photo-CIDNP MAS ssNMR is another useful technique that allowed for com-
parative analysis of spin effects and electronic structure of 15N-labeled RCs from
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Fig. 11.12 Panel a shows a schematic view of the photosystem II (PSII) complex in the thylakoid
membrane that is based on the 3.0 Å crystal structure of Loll et al. [65]. The cofactors of the D1,
D2, cyt c550, and cyt b559 proteins are placed in color on top of the proteins. Panel b presents a
stereoview of the Mn4OxCa cluster together with selected ligands. Panel c displays a schematic top
view (approximately along the membrane normal) of the Mn4O5 core of the Mn4OxCa cluster [63]
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spinach PS I and PS II [72]. Under illumination of PS I and PS II enhanced
absorptive (positive) and emissive (negative) signals were observed. The two
emissive as well as the enhanced absorptive set of signals were attributed to Chl
cofactors based on the assignment obtained for Chls in solution. Results showed
that the electron spin distribution in PS I, apart from its known delocalization over 2
chlorophyll molecules, reveals no marked disturbance, whereas the pattern of
electron spin density distribution in PS II was inverted in the oxidized radical state.
Assuming the signals arise from a Type-1 histidine having a deprotonated
p-position, it was suggested that the donor would be a negatively charged
[Chl-His]− complex in the ground state, and a neutral radical in the photo-oxidized
state. Unifying those aspects, a hinge-type model for the donor of PS II was
proposed.

11.4 Oxygen Evolving Complex

11.4.1 Natural Photosynthesis

The most essential for the formation of the biomass on earth is the biochemical
process of splitting of two water molecules into molecular oxygen with the for-
mation of energy reached P680 in the reduced state and release of four protons. In
nature this energy-demanding process is carried out by the oxygen evolving
complex (OEC), which is an oxo-bridged cluster of four manganese and one cal-
cium ions (Mn4O5Ca), embedded in a protein matrix [73–75].

The photocycle involves for intermediate states: S0 ! S1 ! S2 ! S3 ! S4
that are illustrated in Fig. 11.13 [64]. The oxidized cluster (Mn4O5Ca) is reduced by
P680 and P680

+, in turn, is reduced a redox-active tyrosine (Tyr[sup161]) to generate
a neutral tyrosine radical which acts as an oxidant for water splitting.

Fig. 11.13 The Kok cycle
includes a sequence of proton
and electron transfer events at
each S-state transition, along
with the most probable
oxidation states of the cluster.
Probable oxidation states for
the S3 and S4 states of the
Kok cycle are currently being
debated and have not been
indicated here [64]
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With wealth of experimental and theoretical work devoted to the OEC, here we
restrict the discussion to the most recent data on specific spin effects in the unique
(Mn4O5Ca) cluster.

Structural models of OEC have been examined theoretically with the emphasis
on evaluating effects of different protonation states of ligated water molecules and
the oxo bridges [74]. As illustrated by Fig. 11.14, deprotonation is the absolute
requirement of the water splitting process. Therefore, protonation states of water
ligands and oxo bridges are directly involved in tuning the electronic structures and
oxidation potentials of OEC. The magnetic coupling in the S2 state of the OEC, the
total spin state of the cluster, the individual site spin values for each ion, and
hyperfine couplings were calculated using the broken-symmetry DFT methodology
(BS-DFT). Overall, four classes of models protonation patterns were considered
(Fig. 11.15). The first class includes four water molecules, two coordinated to MnA
and two to the Ca2+ cofactor. The second class investigated the possibility of
protonation of the l-oxo bridge, O(5), between MnA and MnB.

Fig. 11.14 Protonation patterns considered in a theoretical OEC. For clarity, the amino acid
ligands are not shown. In labels “min” and “mdn” m indicates the parent model from which the
model was constructed n indicates the specific water deprotonation site; and i or d indicates
proton-shift isomers and deprotonated derivatives of the parent models, respectively [64]
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Comparison of these possible protonation models with available experimental
data indicated that models 1d2′ and 1d2″ (Fig. 11.15) are the most consistent.

Structural and spin parameters of the PS II Mn4O5Ca cluster, specifically,
valences and exchange coupling parameters of S0 and S2 states and preferred
spin-coupling schemes for the S0 and S2 states, were established in the pulse
55Mn-ENDOR and EPR experiments [75]. For the analysis of the EPR and ENDOR
data of the Mn4OxCa cluster, the spin-Hamiltonian of a system with n coupled Mn
ions was suggested:

H ¼
X

i

bB0 � gi � Si þ
X

i

Si � ai � Ii þ
X

i

Si � Di � Si �
X

i\k

JikðSiSkÞ ð11:1Þ

where the indices i and k run from A to D (the four Mn ions), b is the Bohr
magneton, gi is the g-matrix for the electron spin of the i-th Mn ion, Si and Ii are the
operators of the electron spin and nuclear spin of the i-th Mn ion, respectively, ai is
the tensor of hyperfine interaction (HFI) for the i-th Mn ion, Di is the zero-field
splitting (ZFS) tensor for the electron spin of the i-th Mn ion, Jik is the exchange
between the i-th and k-th Mn ions, and ∙ denotes matrix multiplication.

These data (summarized in Table 11.2 and Figs. 11.16 and 11.17) provided the
basis for proposing the following molecular model for the S0 ! S1 and S1 ! S2
transitions. In the S0 ! S1 transition, central MnB(III) is oxidized to MnB(IV
followed by deprotonation of the l2-hydroxo bridge between MnA and MnB and the
contraction of this distance from 2.85 to 2.72 Å. In the S1 ! S2 transition, MnD is
oxidized from MnD(III) to MnD(IV) and water molecule and either is not depro-
tonated or transfers the proton within an H-bridge to a nearby residue.

Fig. 11.15 Model 1d2′, one
of the structurally,
energetically, and
spectroscopically consistent
models for the S2 state of the
OEC. An interactive model of
the molecule is available as a
web-enhanced object in the
HTML version [64]
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Table 11.2 Ranges for the strength of the exchange coupling constants of the individual Mn pairs
in the Mn4OxCa cluster derived from the detailed search, i.e., after application of the T2(S2) and
T2(S0) structure filters [75]

Mn oxidation state Exchange coupling constants (cm−1)

A B C D JAB JBC JCD JBD
S2(A) III IV IV IV −180 ± 60 −60 ± 25 −40 ± 10 −5 ± 15

S2(C) IV IV III IV −130 ± 15 −45 ± 15 −32 ± 5 −10 ± 8

S0(A) IV III III III −25 ± 10 −50 ± 25 −60 ± 40 −10 ± 10

S0(B) III IV III III −80 ± 60 −40 ± 15 −40 ± 15 −10 ± 10

S0(C) III III IV III −35 ± 15 −40 ± 20 −69 ± 10 −5 ± 15

S0(D) III III III IV −25 ± 10a −50 ± 30 −40 ± 15 −5 ± 15

Fig. 11.16 Top: Preferred spin-coupling schemes for the S0 and S2 states of the Mn4OxCa cluster
in PS II that specify the individual Mn oxidation states (roman numbers) and the exchange
couplings, Jik, (arabic numbers; in cm−1) between the Mn ions. The relative coupling strength is
represented by the type of connecting lines between Mn ions [75]

Fig. 11.17 Molecular interpretation of the S0 ! S1 and S1 ! S2 transitions. The oxygen atoms
of the slow (Ws) and fast (Wf) exchanging substrate water molecules are indicated as black dots.
Ws is identified here with the l-OH/l-O bridge between MnA and MnB (See details in [75])
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Simulation of the HF EPR (W-band, 94-GHz) S2 multiline signal of
single-crystal PS II from cyanobacterium Thermosynechococcus elongates yielded
the following principal components of the g-matrix: 1.997, 1.970, and 1.965 [76].
Evidence for delocalization of the triplet state 3P680 in the D1D2cytb559‐complex
of photosystem II was provided by detecting spin polarized transient ESR spectra of
3P680 in D1D2cytb559-complexes of Photosystem II [77]. The spin polarization
and the rise time of the ESR signals indicated triplet formation via recombination
from the primary radical pair P+∙680Pheo dark-stable radical state Y√D of the
redox-active tyrosine.

Establishing tyrosine as an electron carrier between chlorophyll aII and the
water-oxidizing manganese complex was an important step in understanding the
mechanism of water splitting (reviewed in [78]). This state was attributed to a
neutral radical of Tyr-160, which is an intermediate acceptor for the Mn-custer
oxidation. The tyrosyl radical and plastoquinone, an anion radical, QAP

−, were
shown to have different vibrational lines in the difference FTIR spectrum, a positive
1478 cm−1 line and positive (1482 and 1469 cm−1) for the former and latter spe-
cies, respectively [79]. The flash-induced Fourier transform IR (FTIR) difference
spectrum of the oxygen-evolving Mn cluster upon S1-to-S2 transition indicated that
in PS II from Synechocystis 6803 a tyrosine residue specifically labeled with 13C at
the ring-4 position, is coupled to the Mn cluster, and the vibrational modes of this
tyrosine are affected upon S2 formation [80]. It was suggested that Mn cluster and
the tyrosine are linked via chemical and/or hydrogen bonds and the structural
changes of the Mn cluster are transmitted to the tyrosine through these bonds.
HF EPR at 94 GHz (W-band) was used to study the dark-stable tyrosine radicalWD
in single crystals of PS II isolated from the thermophilic cyanobacterium
Synechococcus elongates [81]. Magnitude and orientation of the g-matrix of YD.

and related information on several proton hyperfine tensors was deduced from
analysis of angular-dependent EPR spectra.

Further details on evaluation of structural models for the photosynthetic
water-oxidizing complex derived from spectroscopic and x-ray diffraction signa-
tures can be found in several publication [37–39, 82–96].

As a recent example, using quantum mechanics/molecular mechanics (QM/MM)
calculations structures with each cation in both the resting state (S1) and in a series
of reduced states (S0, S–1, and S–2) was optimized (Fig. 11.18) [92]. It was deter-
mined that the X-ray crystal structures with either Ca2+ or Sr2+ are most consistent
with the S–2 state (i.e., Mn4[III, III, III, II] with O4 and O5 protonated).

11.4.2 Water Splitting in Artificial Clusters

Artificial water splitting in manganese clusters has been studying extensively and
recently reviewed [93–97]. Overall, over 100 structures of tetra-Mn-oxo complexes
can be found in the CCDC database containing either cube-like M4(OX)4 cores
(cubans), unsymmetrical cubelike cores, or the planar butterfly cores [Mn4O2]

n+.
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In comprehensive review [94], data on catalytic water oxidation by synthetic
manganese-oxo complexes, particularly those with a cubical Mn4O4 modeling the
PSII-WOC were summarized and discussed. On the base of the EPR, ENDOR,
NMR, ESI-MS, Fourier-transform infrared (FTIR), electrochemical and X-ray
absorption near edge structure (XANES) experiments the cubanes Mn oxidation
states were established. Cubanes [Mn4O4]

6+ were found to be strong oxidizing
agents [94]. By suspending the oxidized cubane, [Mn4O4L6]

+, into a
proton-conducting membrane (Nafion) pre-adsorbed onto a conducting electrode
and electroxidizing the photoreduced butterfly complexes by the application of an
external bias, catalytic evolution of O2 and protons from water exceeding 1000
turnovers was shown. achieved. Replacing the external electric bias with redox
coupling to a photoanode incorporating a Ru(bipyridyl) dye allowed to use sunlight
as the only source of energy. These results appears to be a remarkable achievement.

Suggested general scheme of the O2 evolution during WOS on manganese
cluster is presented in Fig. 11.19. Important role of the Proton-Coupled Electron
Transfer (PCET) was stressed.

The rates of water oxidation/O2 evolution catalyzed by six cobalt-oxo clusters
including the Co4O4 cubanes, Co4O4(OAc)4(py)4 and [Co4O4(OAc)2(bpy)4]

2+,
using the common Ru(bpy)3

2+/S2O8
2− photo-oxidant assay were compared.97

Kinetic results reveal a deprotonation step occurs on this pathway and that two
electrons are removed before O2 evolution occurs. The Co4O4 cubane core is
shown to be the smallest catalytic unit for the intramolecular water oxidation
pathway below 1.5 V (Fig. 11.20). The authors concluded that the origin of cat-
alytic activity by Co4O4 cubanes illustrates three key features for water oxidation
(1) four one-electron redox metals, (2) efficient charge delocalization of the first
oxidn. step across the Co4O4 cluster, allowing for stabilization of higher oxidizing
equiv., and (3) terminal coordination site for substrate aquo/oxo formation.

Fig. 11.18 QM/MM-optimized structure of the Ca2+-OEC in the S–2 state with both O4 and O5
protonated. Atoms in light red show atoms whose positions are different when Sr2+ is the
heterocation. Bonds to OEC ligands (from subunit D1 unless otherwise noted) and terminal waters
(W1–W4) are shown as gray and black dashed lines, respectively. Hydrogen bonds are shown as
red dashed lines. For clarity, His332, CP43-Arg357, and other waters are not shown [92]
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In conclusion, light energy conversion in the photosynthetic reaction centers is
characterized by the high energetic efficiency and the quantum yield close to
100 %. Such remarkable efficiency was achieved by the fulfillment of several
principal conditions, which also should be realized in artificial systems of high
efficiency (reviewed in [29, 30])

1. Direct electron transfer (ET) should be sufficiently fast to yield formation of the
pair D+A− and to prevent the fast pair recombination (CR). This condition
requires the donor and acceptor groups to be disposed at an optimum distance of
about 7–8 Å relative to each other.

Fig. 11.20 A scheme illustrating that only Co4O4 cubane core is the smallest catalytic unit for the
intramolecular water oxidation pathway [97]

Fig. 11.19 Proton-Coupled Electron Transfer (PCET) reactions of the cubane model complexes
Mn4O4L6, 1a and 1a+ (L−= (C6H5)2PO2

−) [94]
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2. The process should be thermodynamically favorable along the electron transfer
pathway: the electron-transfer driving force (DG0) and redox potentials of the
donor and acceptor groups in each stage should be optimal.

3. A molecular mobility of the immediate surroundings of the donor and acceptor
groups (most probably in the nanosecond time scale) should be provided.

4. Charge-separated pair D+A−, while keeping its strong chemical reactivity,
should be isolated from any side reactions.

For water splitting into O2 and H2 by four-electro oxidation mechanism to be
effective, the manganese or other transition metal clusters of high redox potential
should be used. This potential should be collected by four step by step one electron
transfer and protons release and the process accomplish by one step four electron
oxidation of deprotonated two water molecules in a corresponding cluster.
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Chapter 12
Spin Labeling Methods

Abstract This chapter is a brief review of the main results obtained by the methods
of spin and triplet (phosphorescence) labels. Methods of physical labelling using
unpaired electron spins such as nitroxide and other stable radicals, transition and
lanthanide metal complexes, and phosphoresce chromophores in the triplet state
have proven to be powerful tool for the study of structure and dynamics of a body
of complex molecular objects, biological system in particular. Structure, molecular
breathing, conformational transitions in labeled biological polymers and mem-
branes in solid and liquid states have been investigated using the arsenal of tradi-
tional and recently developed physical methods. Interest to spin labeling is fueled
by the many promising applications. Measurements of electric potential, redox
status, oxygen concentration and acidity in various materials including those of
biological relevance are amenable for the physical labeling techniques as well.

12.1 Introduction

A number of problems concerning the structure and dynamics of complex molec-
ular systems including example from biology can be solved by a modification of a
chosen portion of the object of interest by a physical label such as a stable radical,
paramagnetic complex, luminophore, or Moessbauer atom followed by monitoring
the label’s properties by appropriate physical methods. The nitroxide spin labelling
technique was pioneered by Ogawa and McConnell group [1]. Since then appli-
cation of spin labeling in chemistry, biology and physics has received increasing
attention. At present the SciFinder program offers 4100 references with the key-
words “nitroxide spin label and spin probe”.

Four types of spin-spin interactions provide opportunities for measuring
spin-spin distances and the dynamics of the labelled system: (1) the dipole-dipole
interaction arises from the magnetic dipole field of one paramagnetic center
inducing a local magnetic field at the site of another paramagnetic group; (2) the
exchange interaction is caused by overlap of the orbitals occupied by unpaired
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electrons as the particles approach each other (3) the electron-nuclear dipole (hy-
perfine) interaction which can affect the powder pattern and spectra arising from
rotational motion, and (4) the contact hyperfine (spin-electron spin nucleus) inter-
action, which arises from a finite electron spin density at the nucleus. The inves-
tigation of spin electron effects in labelled molecular objects by traditional and
modern physical methods, first of all for example electron spin resonance, can
provide a wealth of information for establishing the system’s structural and
dynamic properties.

The theoretical and experimental basis of these approaches was described in
Chaps. 1–3, 5–7.

12.2 Proteins

12.2.1 Distance Measurements. Double Spin Labeling

In light of the importance of investigation of molecular objects structure, the spin
labeling technology has been using. The method of double spin labeling (DSL),
invented pioneered by Likhtenshtein in 1968 [2] is based on specific modification
of chosen groups in the object of interest by two or several spin labels, nitroxides or
complexes of paramagnetic metal, followed by analysis of the effects of the
spin-spin interactions on the label ESR spectra or spin relaxation times. Such an
analysis allows one to measure distances between the spin labels and to characterize
the distance distribution.

The first applications of dipole-dipole spin-spin interactions to the investigation
of protein surface topography were based on changes in the lineshape of nitroxide
radical ESR spectra arising from interactions with a second nitroxide radical or a
paramagnetic ion [2–5]. This approach allows one to estimate distances between the
paramagnetic centers up to 2.5 nm. Later, the higher sensitivity of power saturation
curves of a radical to interactions between the radical and paramagnetic ions
maximum in specific cases up to 15 nm was demonstrated [6–10]. In parallel, the
effects of the spin exchange interaction on the ESR spectra and spin relaxation were
studied and were used for establishment the structure of systems under investiga-
tion, such as nitrogenase and non-heme protein [11, 12]. Since then, double labeling
methods and their modification have being widely employed in structural investi-
gations in chemistry and biology [12–35] (and references therein).

In the past decades, the energetic development of advanced ESR pulse methods,
as powerful tools for obtaining structural information in the nanometer range, has
also driven progress in methods of spin labeling (Chap. 6). Discovery of
site-directed spin labeling (SDSL) of proteins markedly expanded the spin labeling
potential [16].
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12.2.2 Nitroxide Labels

Site directed spin labeling (SDSL) and advanced pulse ESR methods opened a new
era in applications of the double spin labeling technique. SDSL is the substitution of
a selected amino acid with cystine via the site directed mutagenesis technique
following by chemical modification with a sulfhydryl reactive nitroxide radical, for
example, (1-Oxy-2,2,5,5-tetramethyl-3-pyrroline-3 methyl) methanethiosulfonate
(MTSL) or 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid) [16].

As an example, in one study eight T4 lysozyme (T4L) mutants, 61/135, 65/135,
135/80, 61/86, 65/86, 61/80, 65/80, 65/76 were prepared and doubly labeled with
methanethiosulfonate spin-label (MTSSL) (Fig. 12.1) [17].

The distances between the labels obtained by DQC-ESR at 9 and 17 GHz were found to
range from 20 Å for the 65/76 mutant to 47 Å for the 61/135 mutant. The high quality of
the dipolar spectra allowed the determination of the distance distributions and the shape of
these distributions caused by the presence of multiple conformations of the spin-label.

For distance estimation between labeled chosen groups it is important to know
the label conformations and motion. The two spin labeled 72R1 and 72R2 mutants
of T4 lysozyme, which bear the spin labels derivatives of MTSSL (Fig. 12.1) at a
solvent-exposed helix site were examined by X-band ESR spectroscopy [18].
A model of slow reorientations of the whole protein superimposed on fast chain
conformational jumps and fluctuations in the minima of the chain torsional potential
was used for the simulations employing the Stochastic Liouville equation
(SLE) formalism It was shown that spin labels yield spectra typical of slightly
mobile nitroxides related to conformers, whose mobility is limited to torsional
fluctuations (Formula 12.1).

Fig. 12.1 Protein labeling
with MTSSL spin-label used
in this work. After labeling,
the nitroxide moiety is
tethered to the backbone via a
side chain referred to as R1.
Note that the Ca and Cb

carbons are on the cysteine
residue with the Ca position in
the backbone. The dihedral
angles X1−X5 are also shown
[17]
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The conformationally constrained nitroxide amino acid TOAC first described in
[19] possesses advantages over commonly used flexible spin labels and has
attracted much interest in recent years is widely used. Results of measurement of
distance between two TOAC nitroxide spin labels on peptides and other objects by
continuous-wave-EPR spectroscopy were reviewed [20] (Formula 12.2).

Method for measuring nanometer-scale distances between specific sites in pro-
teins based on the analysis of CWESR saturation curves was designed and developed
in [6–9]. Successful application of the method involves one slower-relaxing para-
magnetic center with T1 times that are long enough for the ESR line to be observed
and for the CW ESR saturation curve to be obtained, and a second center charac-
terized by short relaxation times, that is, T1f lf/r

3 << 1 (Sects. 3.3.2, 3.30–3.33).
The method was shown to be effective in solution structural problems, in particular
for long distance estimates. Application of the method for measuring
nanometer-scale distances between specific sites was first illustrated by the estima-
tion of distances between the heme group of human hemoglobin and the nitroxide
fragment of three spin labels attached covalently to the b-93 SH-group [7].

In thirteen single-cysteine variants of spin labeled myoglobin (Fig. 12.2),
iron-nitroxyl interspin distances in the range of 17–30 Å were detected by satu-
ration recovery measurements (SRM) of the enhancement of the nitroxyl spin lattice
relaxation rates between � 30–140 K, and by spin-echo measurements (SEM) of
the enhancement of spin-spin relaxation rates at 10–30 K [21]. The values of
distances obtained by SRM and SEM were found to be in reasonable agreement
with values calculated with the insight II program. The further development of the
method relaxation-enhancement method based on—measurement of distance
between spin labels was discussed in [22–24].

Formula 12.1

Formula 12.2
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The majority of experiments on pulsed dipolar ESR spectroscopy, DEER and
DQC, are performed in frozen samples. In work [25], the effects of the freezing rate
and concentration of the conformation of biomacromolecules and/or spin-label was
elucidated on doubly-spin-labeled T4 lysozyme (Fig. 12.3). Analysis of experi-
mental results in glycerol, as a cryoprotectant, at concentrations of 10 and 30 % led
to conclusions that freezing affects mainly the ensemble of spin-label rotamers, but
the distance maxima remain essentially unchanged. Advantages of the use of the
new five-pulse DEER sequence over the standard four-pulse DEER was demon-
strated on T4 lysozyme MTSL spin labeled at position 8, 44, 65, 128, 135 [26].
DEER-5 was recorded on a 12 ls time scale, which allowed the determination of
distances up to 8 nm using matrix deuteration [26].

In excellent work [27], nitroxide spin-labels were inserted at 37 different
positions in T4 lysozyme for a total of 51 different distance pairs for DEER
experiments (Fig. 12.4). In the analysis of these experiments the rotamer population
of the attached spin-labels was established using a novel multiple-copy restrained-
ensemble (MCRE) simulation method. The MCRE simulations were found to match

Fig. 12.2 Ribbon diagram of sperm-whale myoglobin, based on Brookhaven Protein Database
pdb1mbw file, showing nine native side chains that were replaced by cysteine mutations for
attachment of spin labels [21]

12.2 Proteins 293



Fig. 12.3 Scheme illustrating the DEER-5 experiment and position of spin labels on T4-lysozyme
[26]

Fig. 12.4 Position of spin labeled attached to T4 lysozyme [27]
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the experimental distance histograms obtained from ESR/DEER measurements of
51 distance distributions for 37 nitroxide spin-labeled pairs and were are in good
agreement with available distance determinations from X-ray crystallographic
structures.

16 pairs of the nitroxide side chain R1 (Fig. 12.5) were introduced into rho-
dopsin and interspin distances of the pairs located on the solvent exposed surface
were measured in the protein inactive (R) and light-activated state (R*), using
DEER [28].

PELDOR (cf. Chap. 6) was used to measure a distance between two
2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid spin labels incor-
porated at positions 1 and 16 in a linear peptide antibiotic Alamethicin comprised of
19 aminoacids (Fig. 12.6) in hydrated egg-yolk phosphatidylcholine (ePC) vesicles
at 77 K [29].

Question of a great interest is measurement between transition metal center and
nitroxide spin label. In this direction two methods, pulsed electron–electron double
resonance (PELDOR) and relaxation-induced dipolar modulation enhancement
(RIDME) were compared on the heme-containing and spin-labeled cytochrome
P450cam [14]. The five-pulse RIDME experiment has been shown to be more
suitable than PELDOR for the distance measurements between the Fe3+ ion and
nitroxide spin label, that is, (1) the RIDME experiment allows obtaining the whole
dipolar spectrum (Pake doublet) and requires shorter measurement time as com-
pared to the PELDOR time trace.

Fig. 12.5 View of the
cytoplasmic face of inactive
rhodopsin (PDB entry 1GZM)
showing modeled R1 side
chains for all sites studied
here. The dotted lines connect
pairs where the interspin
distance distribution was
determined by using DEER.
Each distribution was
measured before and after
light-activation. The R1 side
chains are modeled from
known conformations [28]
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12.2.3 Miscellaneous Labels

Studies using copper complexes were the first reported double spin label experi-
ments which provided the means to measure spin-spin distances up to 2 nm [2]. The
reliability of measuring copper nitroxide separations by the DEER time domain
method was demonstrated on a rigid double labeled nitroxide-copper complex [30].

A new type of spin labeling for nanometer-range distance measurements in
proteins involving the use of Gd3+ complexes was introduced in [31, 32]. Two
proteins, p75ICD and sC14, were labeled at selected cysteine thiol groups with
either two nitroxides or two Gd3+ spin labels, followed by spin-spin distance
measurements using a pulse X-band (9.5 GHz, 0.35 T) spectrometer for the
nitroxide-labeled proteins and a W-band (95 GHz, 3.5 T) spectrometer for the Gd3
+-labeled proteins. The “zero” dead-time four-pulse DEER sequence and two-pulse
sequence techniques provided the means to measure nanometer-scale distances. The
X-band measurements gave a nitroxide−nitroxide distance distribution with a
maximum at 2.5 nm, and the W-band measurements gave a Gd3+−Gd3+ distance
distribution with a maximum at 3.4 nm. Figures 12.7 and 12.8 illustrates W-band
DEER results of doubly nitroxide-labeled p75ICD and the positions of the two Gd3
+ labels separated by distance 29 nm.

Fig. 12.6 Distance distribution functions F(r) between the two spin labels for frozen Alm1,16 at
77 K. In the upper part of the figure, a model of Alm1,16, built from the crystal structure of Alm16

(molecule A), (27) is shown (see details in [29])
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The other fruitful avenues of spin labeling structural investigation was using of
nitroxides in combination with lanthanide ions [33, 34]. In a system of three dif-
ferent types of paramagnetic species incorporated in DOPC bilayers, a-helical
polypeptide WALP23 labeled with nitroxide, chelated (DOTA) Dy3+ ions on the
bilayers surface, and membrane-dissolved O2 (Fig. 12.7), the longitudinal relax-
ation of nitroxide spin-labels was measured [34]. In some experiments paramag-
netic Dy3+ ions were replaced with diamagnetic La3+. Measurements of the
longitudinal relaxation of nitroxide radicals were performed with the inversion
recovery pulse sequence at the X band at temperatures between 20 and 100 K.

A combination of paramagnetic labels, consisting of nitroxide radical and the
terpyridine complex of Gd3+ was reported [36]. In the model double labeled

Fig. 12.7 W-band DEER results (40 K) for doubly nitroxide-labeled p75ICD [32]

Fig. 12.8 Position of
a-helical polypeptide
WALP23 labeled with
nitroxide and chelated Dy3 in
and scheme of enhanced
longitudinal relaxation in the
DOPC bilayers [34]
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molecule, the spin-spin distance 2.43 nm was measured by the DEER time domain
and ED EPR techniques. The new method has been successfully applied to distance
measurement in proteins and membranes. As an example in two double mutants of
bacteriophage T4-lysozyme with a genetically encoded unnatural amino acid
p-acetyl-L-phenylalanine (p-AcPhe) either at site 68 or at site 131 and a cysteine at
position 109, spin-spin distances up to 5.0 nm were measured by DEER [33].
Selective measurements of field swept ED EPR spectra, the pulse sequence, and the
mutants investigated by Gd(III)–nitroxide DEER measurements in T4-lysozyme are
presented in Fig. 12.9.

The further development of the relaxation-enhancement method based on—
measurement of distance between nitroxide and lanthanide labels with an upper
measurable distance limit of about 5–6 nm was tested on a water-soluble protein
(T4-lysozyme) [35].

To overcome the common requirement for pulsed ESR techniques to be per-
formed at cryogenic temperatures to reduce the rapid electron spin relaxation rate
and to prevent averaging of electron-electron dipolar interaction due to the rapid
molecular tumbling, T4-lysozyme, labeled at positions 65 and 80 or 65 and 76 with
a triarylmethyl (TAM)-based label, was immobilized on Sepharose [37]. Under
these conditions, the relaxation time Tm of the attached protein was 0.7 ls.
The TAM spin label is characterized by high resolution ESR. Distances between the
TAM labels detected using double quantum coherence (DQC) showed a narrow
distance distribution and were close to those expected from the protein models.

Despite the encouraging achievements on the experimental measurement of
interspin distance in model relatively simple proteins, the application of spin
labeling to important complicated objects of unknown structure remains to be a
challenging task.

Fig. 12.9 Selective measurements of field swept ED EPR spectra, pulse sequence, and
investigated mutants in Gd(III)–nitroxide DEER measurements in T4-lysozyme. a Selected
measurements of ED EPR spectra of [Gd(DOTA)] and nitroxide radicals. Arrows mark positions
of pump and detection pulses. b Corresponding ED EPR spectra in a broader field range.
c Sequence of microwave pulses used in the DEER experiment to measure Gd(III)–nitroxide
distances. d Ribbon model of wild-type T4L (PDB ID code 1L63) where the spin-labeled sites
have been marked with ellipses. See details in [33]
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12.2.4 Protein Dynamics

The principles underlying the application of the nitroxide spin label method, as a
tool for experimental investigation of protein molecular dynamics (“breating”),
were formulated in the late 1960s by Likhtenstein [38]. In parallel, complementary
research on protein dynamics were performed by a proposed Moessbauer atom
labeling [39]. Transglobular conformational change in myoglobin and lysozyme as
a consequence of a protein molecular dynamics was first demonstrated in [40].

A suggested approach for the investigation of protein dynamics relied on the
well-known finding that the rotation of a molecule in a condensed phase is mod-
ulated to a great extent by the molecular dynamics of the surrounding molecules
[13]. This phenomenon is caused by relatively tight packing of molecules of liquids
and amorphous solids on the one hand and the existence of static and dynamic
defects in these systems on the other hand. Therefore, the particulars of nitroxide
motion report on characteristics of the dynamics of the surrounding medium. An
important feature of nitroxides is their structural anisotropy which causes aniso-
tropy of magnetic interactions, such as the hyperfine splitting and the g-tensor. In
the immobilized state of radicals, ESR (“powder”) spectra arise from contributions
of individual spectra (spin packets) whose features depend on the molecular ori-
entation relative of the applied magnetic field. Radical motion leads to averaging of
the hyperfine interaction and the g-tensor which causes significant changes to the
ESR spectrum.

The correlation time for isotropic and anisotropic rotation sc for a nitroxide in a
homogeneous medium over the range of fast (sc = 10−9 � 10−10 s) and slow (sc =
10−7 � 10−8 s) rotational diffusion, can be determined via the theoretical frame-
work of ESR spectra line shapes developed by Kivelsonn [41], Freed [42, 43]. The
detailed behavior of the line shape in the fast motional limit gives information about
spin spin (transverse) (T2s) relaxation of radicals. The theory of ESR spectra in the
slow motion region has been a long-standing research thrust of the Freed group
[44].

The study of very slow motion (sc = 10−3–10−6) is based on the fact that the
electron spin lattice (longitudinal) relaxation time (T1s) is typically longer than
contributions arising from multiple relaxation pathways in, for example, nitroxide
ESR spectra. Saturation recovery and analysis of spectra of the second harmonic of
the dispersive component of the ESR absorption (V

0
2) are commonly used in the

saturation transfer techniques [45–47]. The parameters of the saturation transfer
depend on the electron spin lattice relaxation time (T1s) and the nuclear spin lattice
relaxation time (T1n). Rotational motion competes with relaxation processes which
‘quench’ the relaxation pathway. A saturating ‘pump’ field is an example of
pathway quenching. For instance, at ambient temperature and in nonpolar solvent,
the competition can be take place only if the rate of motion is comparable to the
electron spin-lattice relaxation rate (1/sc = 1.5–3 � 105 s−1). At low temperatures
measurements of slower motions can be studied up to 1/sc = 103 s−1.
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In pulse ELDOR radical motion can be directly investigated [46]. The rotation
rate can also be directly monitored by methods in which spin echo techniques are
used in combination with magnetization transfer. A number of CW and pulse ESR
techniques based on saturation by MW radiation of high power have been discussed
in Chaps. 5 and 6. For systems which require detailed knowledge of mechanism
and time scale of motion, practical application of these methods require developing
an appropriate model with subsequent extensive spectral simulations.

The general features of molecular dynamics of proteins modified with nitroxide,
fluorescence, phosphorescence, Moessbauer and radical pairs labels were described
in [13–15, 48]. and references therein. The first direct experimental evidence of
nanosecond intramolecular mobility of proteins at ambient temperatures was
obtained using spin and Mössbauer labels and probes [13, 38, 39, 48, 49] and was
confirmed in further publications [50–52]. For example, a hydrophobic aromatic
derivative of a nitroxide radical was embedded in the human serum albumin
binding site and the mobility of the spin probe was traced by ESR spectroscopy
[49]. The apparent reciprocal correlation time (1=sc ¼ 108 s�1) interpreted as a
characteristic frequency of the immobilized probe was found to be independent of
viscosity and, therefore, was attributed to the local mobility of the label. It was
concluded from the apparent energy (Eapp = 2.5 kcal/mole) and entropy
(ΔS#app = 15.0 e.u.) activation that in proteins the probe mobility follows the
mobility of the flexible walls of the protein binding site with a similar frequency.
Similar effects were observed in spin labeled cross-linked polymers. The nano
second dynamics of the HSA binding site around the dansyl moiety of the dual
fluorophore-nitroxide probe was monitored indirectly by the temperature dependent
relaxation shift Dkflmax Tð Þ5055 and directly using picosecond fluorescent time-
resolved technique [51].

The resolution of ESR spectrum and therefore efficiency of its application for
study molecular dynamics was found to be markedly improved by enhancing the
g-resolution of the spectrum by going to higher field. The practical demonstration
of high field ESR advantages in molecular biological objects using 2-mm ESR
spectroscopy was first demonstrated by Krinichnyi et al. [52]. Resolution may also
be improved if higher frequencies are not available by using isotopically substituted
spin labels, e.g., nitroxides enriched with 15N and 2H [53].

To investigate a protein molecular dynamics, thirty single Cys substitution
mutants of phage T4 lysozyme were prepared and spin-labeled with a SH
group-specific nitroxide reagent and mobility of the label nitroxide fragment were
detected [54]. Experiments indicated that at interhelical loop sites, the side-chains
had a high mobility, consistent with high crystallography thermal factors. The
authors suggested that mobility the side-chains is determined by backbone
dynamics. Experimental data on motion of spin labels 72R1 (methanethiosulfonate,
MTSSL) and a methylated analog with hindered internal motion 72R2 located on
solvent-exposed helix site of T4 lysozyme were analyzed using the Stochastic
Liouville equation methodology [55]. X-band ESR spectraf R2 spin label were
typical of slightly mobile nitroxides indicating that their mobility is limited to
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torsional fluctuations (damped oscillations), while the label R2 spectra showed
presence of constrained and mobile chain conformers.

More detailed information about motion of nitroxide side chains (R1) or (R2)
attached to solvent-exposed helical sites, 72 or 131 of T4 lysozyme was obtained
using multifrequency ESR spectroscopy (9, 95, 170, and 240 GHz) in temperature
range of 0.2°–32° [56]. It was shown that ESR at lower frequencies is more sen-
sitive to the slower motions, whereas ESR at higher frequencies is more sensitive to
the faster motions. The global tumbling of the protein and the internal motion
consisting of backbone fluctuations and side chain isomerizations were considered
in terms of the slowly relaxing local structure (SRLS) model.

Data on motions in proteins detected by changes in the average distance and/or
the shape and width of the distribution using DEER (Fig. 12.10) have been reported
in [57]. The following dynamic effects were described: movement of the K+

Channel Gate and helices in photoactivated rhodopsin, distortion of BtuB (the outer
membrane E. coli vitamin B12 (CNCbl) transporter) at osmolytes and crystal con-
tacts, conformational equilibria Na+-coupled leucine transporter, and large ampli-
tude conformational changes in ATP-binding cassette transporters.

To kinetically trap the high-pressure conformational ensemble for subsequent
DEER data collection over the range of 0–3 kbar a method was developed for
rapidly freezing spin-labeled proteins under pressure [58]. Application of high

Fig. 12.10 DEER Detection of Triggered Conformational Changes. a Hypothetical motion of a
transmembrane helix (orange) during the transition from state A to state B alters the average
distance (rav, arrows) between spin labels. b If states A and B are distinct conformers of different
energies, the spin echo decay (inset). c A and B represent two conformations present in
equilibrium [57]
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hydrostatic pressure increases the population of excited states for study of the
multiplicity of states in the ensemble and microsecond to millisecond exchange
between them. The data on apomyoglobin directly revealed the amplitude of helical
fluctuations.

12.3 Nucleic Acids

The general principles of nitroxide spin labeling for solving problems of structure
and dynamics of DNA and RNA are similar to those for synthetic polymers and
proteins. Four trends, relevant for both DNA and RNA research, may be pointed
out: (1) new methods of nuclear acid labeling, primarily site directed technology,
(2) distance measurements between a pair or pairs of sites (3) study the confor-
mations and dynamics of the local environment of sites in the vicinity of a label
position; and (4) conformational transitions arising from interactions with other
species. The observed EPR spectra of attached spin labels can be influenced by
three modes of motion: (i) tumbling of the entire molecule; (ii) torsional oscillations
about bonds that connect the nitroxide moiety to the macromolecule;(iii) local
macromolecular structural fluctuations at the labeling site and (iv) bending of the
polymer chains.

Excellent experimental measurements of structure and dynamics of nuclear acids
were carried out [59, 60]. Work on side directed chemical modification of DNA
with nitroxide derivatives and ESR examination of structure and dynamics of
labeled biopolymers have paved the way for further detailed investigations in this
extremely important area of molecular biology [59–63]. Commonly, nucleic acid
SDSL studies employ nitroxides covalently attached to a base, the 2-position of
sugar, or phosphate of specific nucleotides of a target strand. Recently, studies
involving nitroxides inserted noncovalently into specific sites of DNA duplexes has
also been reported [60]. Solid-phase chemical synthesis [61] and enzymatic
approaches [62] have been explored for site-specific incorporation of modified
nucleotides. The side directed spin labeling technique (SDSL) pioneered by the
Hubble group [16] for studying membrane proteins has proved to be a powerful tool
for studying structures and dynamics of nucleic acids as well.

Site-Directed labeling in conjunction with ESR spectroscopy was utilized for
studying the backbone dynamics in solution along the GCN4-58 bZip sequence of a
protein both in the free state and bound to DNA [63]. Experiments revealed a
mobility gradient, indicating that side chain motions reflect backbone motions. It
was shown that the backbone motions are damped in the DNA-bound state,
although a gradient of motion persists with residues at the DNA-binding site being
the most highly ordered.

Nitroxide spin labels were attached to the 2′-aminocytidine sugar in the lower
stem of the mini TAR DNA, in the upper loop, and near the bulge of the macro-
molecule(Fig. 12.11) and their tumbling were detected by high-frequency
236.6 GHz EPR [58]. Labels attached to the 2′-aminocytidine sugar in the mini c
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TAR DNA underwent fast, anisotropic, hindered local rotational motion of the spin
probe, which was faster in the lower stem. More flexible labels attached to phos-
phorothioates at the end of the lower stem tumbled isotropically in mini c
TAR DNA. Nanosecond motions of large segments of the oligonucleotide detected
by 9.5 GHz EPR was enhanced by increasing the ratio of the nucleocapsid protein
NCp7 to mini c TAR DNA.

A twisting motion of Tet repressor (TetR) and the human immunodeficiency
virus type 1 reverse transcriptase (RT) on interaction with nucleic acid substrates or
inhibitors in solution were revealed by measurement of distances between inter-
acting nitroxides at positions 22/22′ or 47/47′ using X-band ESR [64]. In the core of
the protein, spin-label side chains located near the tc-binding pocket or at position
202 indicated different conformations for the tc- and DNA-complexed repressor.
The interspin distances obtained were found to agree with the relevant crystal data
of the so-called open and closed conformations. PELDOR techniques were applied
for studying the distance distributions between two spin labels attached to
single-stranded DNAs and double-stranded DNAs of 12 nucleotides in experiments
performed in frozen at 77 K glassy water/glycerol [65]. It was found that that
duplexes possess a substantially narrower distribution, as compared to the
single-stranded DNAs. Isertion of the nonnucleotide 2-hydroxymethyl-3-hydroxy-
tetrahydrofuran led to a slight decrease of the mean distance between two spin
labels, while insertion of the nonnucleotide insert bis(diethylene glycol)-phosphate
results in a remarkable broadening of the distance distribution.

This pulse technique was also employed for measurement interspin distances up
to 5.6 nm in DNA duplexes with spin probes inserted on the strand [(4:19) and
(4:20)] [66]. It was shown that a conformational transition induced by a high
concentration of trifluoroethanol in deuterated aqueous buffer is accompanied by a

Fig. 12.11 a Secondary
structure of mini c TAR DNA
and mini TAR RNA and the
position of spin-labels used in
this study primarily of mini c
TAR DNA. b Primary
structure of 1–55 NCp7. The
internal dynamics of mini c
TAR DNA probed by
Electron Paramagnetic
Resonance of nitroxide
spin-labels at the lower stem,
the loop, and the bulge [58]
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0.8 nm distance change between labels attached to the duplex position (4:20).
Incorporation of two rigid nitroxide spin labels, attached to a series of 20 base pair
DNA duplexes through three hydrogen bonds (Fig. 12.12) followed by
orientation-selective PELDOR (X-band (9 GHz/0.3 T) and G-band (180 GHz/6.4
T) experiments made it possible to establish the conformational flexibility of helical
DNA [60, 68]. On the basis of spin label distance measurements in the range of 2–
4 nm a dynamic model for ds-DNA molecules where stretching of the molecule
leads to a slightly reduced radius of the helix induced by a cooperative twist–stretch
coupling was suggested. The twist–stretch coupling is negative and accounts for an
angular variation of ±22° between the N–O axis of nitroxide spin labels positioned
one helical turn above one another.

The interspin distance, label orientations and conformational dynamics of DNA
duplexes and a DNA/protein complex noncovalently labeled were established by
the PELDOR technique [67]. In the DNA duplexes, the distance distribution from
the orientation-averaged PELDOR time trace was found to have a mean distance of
69.2 Å, while after complexation with the Lac repressor protein this distance
diminished to 64.6 Å. This finding was attributed to deformation of the DNA.

Divalent metal (Mg2+) ion-dependent folding of the hammerhead ribozyme from
Schistosoma mansoni was monitored with pulse DEER by measuring nanometer-
scale distances between paramagnetic spin-labels attached to 2′-amino-substituted
U1.6 and CL2.1 positions in loops I and II of the extended HHRz, of RNA
(Fig. 12.13) [68]. DEER measurements detected ribozyme folding detected by

Fig. 12.12 a Rigid spin label Ç, a cytidine analogue, base-paired with guanine. The magnetic axis
system of the nitroxide hyperfine tensor A and the G-tensor are coplanar to the molecular axis
system (x, y, z). The paramagnetic center (unpaired spin) is located at the center of the N–O bond.
b The duplex DNA(1, 12) containing the two spin labels Ç shown in red. The numbers in
parentheses indicate labeled base pair positions. The interconnecting distance vector R and relative
orientations of nitroxides can be determined by the PELDOR experiments [60]
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changes in spin−spin distance populations with the addition of Mg2+ ions, showing
a strong, metal-dependent increase in the distance distribution at 2–3 nm.

Positions U4−U14, U4−U15, U14−U26, and U15−U26 of the 27 nucleotide of
neomycin-responsive riboswitch were modified with spin labels and spin-spin
distances were measured by PELDOR [69]. These distances were unchanged upon
neomycin binding. which implies that the global stem-loop architecture is preserved
in the absence and presence of the ligand. To overcome the problem of wide
distribution of interspin distances and increase the precision of the distance mea-
surements nitroxide spin labels in model DNA duplexes, 5′ were replaced with
Triarylmethyl (trityl, TAM) based spin labels. The replacement allowed narrowing
of the distance distributions by a factor of 3.72.

12.4 Biological Membranes

Biomembranes are formed from lipid molecules arranged, as a rule in bilayers.
Molecular dynamics is a fundamental process directly related to stability and
functional activity of biomembranes. Four main types of molecular motion of lipids
modified by spin labels, commonly a nitroxide, are studied: rotational motion, lipid
chain flexibility, lateral diffusion and jumps from one layer to another (“flip-flop”)

Fig. 12.13 Hammerhead ribozyme (HHRz) structure. a Secondary structure of the extended
HHRz from S. mansoni. bModel of spin-labeled extended HHRz created from the crystal structure
[68]
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[70–72]. Key examples of spin labeling in investigation of biomembrane structure
and mobility are presented in works [73–75].

The phase diagram of 1,2-dipalmitoyl-sn-glycerophosphatidylcholin labeled
(labeled at the end-chain 16-PC)−cholesterol binary mixtures versus temperature
was studied using 2D-ELDOR at Ku band with the “full Sc−method” [73]. The
experiments were performed at temperatures 25, 35, 48, and 57 °C, with six
samples covering the range of 0–50 % cholesterol. showed that As a result of the
experiments, phase diagram consists of liquid-ordered (L0), liquid-disordered (Ld),
and gel phases, and that there are two phase coexistence regions was revealed.
Dynamic molecular structures of the membrane phases were and phase boundaries
were determined by an analysis of the line shape changes and the homogeneous
T2’s, extracted from the pure absorption spectra in the 2D-plus-mixing-time rep-
resentation The dynamic behavior of spin-labels with nitroxides located in different
positions on the aliphatic chains was first investigated with high-frequency (2-mm)
ESR spectroscopy [74]. On the basis of temperature dependence of the spin probe
spectra over the range 120–260 K (Fig. 12.14), it was concluded that in the tem-
perature range 220–260 K the nitroxide rotation is essentially anisotropic with
correlation time sc = 10−7–108 s and about 10−9 s at physiological temperatures.

Fig. 12.14 Temperature dependences of the position (1) and line width (2) of the 2-mm ESR
spectra of nitroxide spin probes (right) in lecitin lyposomes [74]
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The first studies of lateral diffusion in membranes were performed by McConnell
and McFarland [75]. A small drop of spin labeled lipid was inserted in oriented
multilayer films and the diffusion process was monitored by transformation of the
ESR spectra from exchange narrowed singlet to triplet from magnetically diluted
probes. The coefficient of translational diffusion was found to be 10−8 cm2 s−1. In
another work [76], detailed information on the translational diffusion of doxyl
stearic spin probes bearing 15N and 14N in different parts of the lipid molecules was
obtained by ELDOR [76]. The main result of that work was to determine the
membrane dynamic profile, that is, the sequence of weakening of the exchange
interaction between 15N and 14N fragments located at the following position of the
doxyl stearic probes: 12:12 > 16:12 � 12:16 � 12:5 � polar head.

Phosphocholine spin labels on the lipid headgroup and different positions on the
acyl chain were used to detect perturbation of the HIV gp41 fusion peptide
(FP) (Fig. 12.15), on lipid bilayers containing different cholesterol concentrations
[77]. The following finding were reported: (1) the experiment showed a cooperative
effect on the lipid order versus the gp41 FP/lipid ratio; (2) gp41 FP induces
membrane ordering in all lipid compositions studied; (3) in high-cholesterol-
containing lipid bilayers, where gp41 FP is in the b-aggregation conformation, its
effect on the lipid ordering reaches deeper into the bilayer.

Data on rate constants for physical label encounters in model lipid membranes
obtained by the cascade method.

Fig. 12.15 Schematic representation of the modes of HIV gp41 FP insertion into lipid bilayers,
and its effects on membrane order and fusion activities. The FP in b-sheet conformation is
represented as a trimer simply because gp41 is a trimer [77]
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12.5 Miscellaneous

12.5.1 Spin Label-Spin Probe Method (SLSPM)

Three versions of the SLSPM have been proposed and implemented by
Likhtenshtein group: (1) Immobilized nitroxide and paramagnetic transition com-
plex (SLSPM 1) freely defused in solution, (2) paramagnetic complex on a
macromolecule and nitroxide in solution (SLSPM 2), and (3) embedded radical and
paramagnetic complex randomly distributed in a glassy solution (SLSPM 3). The
first variant of SLSPM 1 proposed by Likhtenshtein et al. [78] and developed by
the Hyde group [79] was based on the dynamic spin-spin exchange interaction of a
stable radical, generally a nitroxide, attached to a molecular object of interest with a
freely diffusing spin probe, which is chemically inert paramagnetic species capable
of diffusing freely in solution. Because for a particular pair of paramagnetic species,
the value of the dynamic exchange rate constant kex depends on microviscosity,
steric hindrances, and the distribution of electrostatic charges, the method was
intensively employed for investigating the microstructure of objects and systems of
interest, proteins in particular, in the vicinity of the spin label. The theory of
dynamic spin exchange is described in Sect. 1.2.3. A specific case of (SLSPM 2) is
provided by an immobilized paramagnetic center and a freely diffusing nitroxide
probe (SLSPM 2) as described in [7] and Sect. 12.5.3. Measurement of depth of
immersion of spin labels nitroxide fragments in biomembranes was subject of
investigation in the frame of SLSPM 3 [7] and referenced therein.

After pioneering publications in [78, 79], principles of SLSPM 1 were utilized
in recent works [80–90]. In work [80], the accessibility parameter values of effect of
fast-relaxing spin probe Ni(II) ethylenediaminediacetic acid (NiEDDA) obtained by
the long pulse saturation recovery (EPR at W-band (94 GHz) were found to be 0.30
and 0.28 ls−1 for the nitroxide spin labeled cortical membranes (PCD) 0.36 and
0.34 ls−1 for the CBDs of nuclear membranes, respectively. The saturation
recovery was used also for monitoring effect of NiEDDA on spin-lattice relaxation
rates of nitroxide spin labels along the 128–135 sequence in T4 lysozyme [81]. Data
on ESR spectra and on gradient of accessibility of nitroxide segments of spin labels
attached to the fourth transmembrane domain (TMDIV) to paramagnetic spin
probes NiEDDA and O2 were reported [82]. The experiments showed that the
accessibilities to NiEDDA are out of phase with accessibilities to O2, indicating that
one face of the helix is immersed in the lipid bilayer while the other is solvated by
an aqueous environment. The EPR spectral line shapes of the spin labels indicated
considerable motional restriction.
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12.5.2 Spin Oximetry

Molecular oxygen plays the role of a spin probe in the frame of the SLSPM 1. The
electron spin transverse relaxation time of a nitroxide spin is short and, therefore,
the radical ESR spectra are not sensitive to O2 in ambient condition and spin
oximetry can be realized only by direct or non-direct measurement of relatively
longer longitudinal parameters [83–91]. Nevertheless, stable aromatic radicals
(derivatives of triarylmethyl radical, Indian ink), phtalocyanine, and micrococrys-
tals (fusinite and carbohydrate chars) show narrow singlet ESR lines sensitive to O2

concentration in water and biological systems such as cells, organs, small animals
and even parts of human body [88].

In pioneering work of James Hide group, a method for measuring the oxygen
diffusion-concentration product was invented [83]. The method is based on the
dependence of the spin-lattice relaxation time T1 of the spin label on the
bimolecular collision rate with oxygen. Both time-domain and continuous wave
saturation methods showed strong Heisenberg exchange between spin label and
oxygen which contributes directly to the T1 of the spin label, while dipolar inter-
actions are negligible. The efficiency of the method was illustrated on dimyris-
toylphosphatidylcholine liposomes modified with stearic acid and sterol-type labels
[84]. The effect of O2 on the spin lattice relaxation time T1, derived from saturation
curves of the CW ESR spectra of nitroxide radicals, was examined for radicals
incorporated into phosphatidylcholine (PC) liposomes and attached to lysozyme
and albumin [85]. O2 increased the rates of spin-lattice and spin-spin relaxation by
the factor kexC, where kex is a spin-exchange constant and C is the oxygen con-
centration. The experiments indicted that for the liposomes, kexC, increased as the
spin-label approached the center of the bilayer, while for the tagged proteins, kexC
was very close to that of the radicals in aqueous solution.

Advantages in measurement of the oxygen transport parameter using
saturation-recovery EPR at Q- and W-band as compared at X-band have been
demonstrated in saturated (DMPC) and unsaturated (POPC) lipid bilayer mem-
branes with the use of stearic acid (n-SASL) and phosphatidylcholine (n-PC)
spin-labels [86]. The contribution of dissolved molecular oxygen to the relaxation
rate was is expressed in terms of the oxygen transport parameter
W = T�1

1 ðAirÞ � T�1
1 ðN2Þ, which was found to be a function of both concentration

and translational diffusion of oxygen in the local environment of a spin-label.
Benefits of SR EPR spin-label oximetry at Q- and W-band such as an ability for
studying samples of small volume,*30 nL, a higher resonator efficiency parameter
and a new technique for canceling free induction decay signals, were demonstrated.

Figure 12.16 illustrates a profile of the oxygen transport parameter across the
POPC membrane obtained by X-, Q- and W-band spectroscopy.

Various aspects of the spin oximetry applications have been reviewed elsewhere
[87–91].
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12.5.3 Estimation of Local Charges by Spin Label-Spin
Probe Method 2 (SLSPM 2)

SLSPM 2 invented by Likhtenshtein with coworkers [92] is based on measurement
of local charge ZX in the vicinity of a paramagnetic particle (such as the active site
of metalloprotein or a spin label) colliding with a nitroxide with known charge Zp.
Unknown values of ZX were calculated with the use of the classic Debye equation.

kþ

k0
or

k�

k0
¼ ZpZxa

expðZpZxaÞ � 1
ð12:1Þ

where k+, k− and k0 are the rate constants of encounters for positively charged,
negatively charged, and neutral uncharged particles, respectively; and a = e2/
kBTe0r, where e is the charge of an electron; kB is the Boltzmann constant; tem-
perature T = 293 K, e0 is the dielectric constant of water, and r is the distance
between the charges in the encounter complex. The data on values of (k+/k0) and
(k−/k0), determined by measurement of the rate constants of spin exchange, were
applied to two types of problems: (1) investigation of the electrostatic fields in the
vicinity of a spin label or spin probe using a second paramagnetic species with a
different charge, ferricyanide anion or diphenylchromium cation [7, 14, 92, 93] and
(2) monitoring the effect of a paramagnetic species, such as a complex of param-
agnetic ion with a protein or the active site of cytochrome c and myoglobin on the
spin relaxation parameters of nitroxide spin probes of different charges freely dif-
fusing in solution [7].

The second method was used for estimation of local charge in the vicinity of the
heme proteins active center using spin probes of different charges [7], A mea-
surement of the apparent spin-exchange rate-constants (k+, k−, and k0) of the
positively charged negatively charged and neutral nitroxide spin-probes in dynamic
interaction with hemin, ferricyanide anion, and heme proteins in aqueous solutions

Fig. 12.16 A profile of Oxygen transport (accessibility) obtained at X-, Q-, and W-band.
Measurements and equilibrations with gas for X- and Q-band were performed at 29–30 °C.
Measurements and equilibrations with gas for W-band were performed at room temperature [86]
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allowed to determine the apparent local charges (ZH) in the vicinity of the heme
groups [7]. A similar approach was employed in [94] for determination of the
electrostatic potential near the surface of calf thymus DNA. The dynamic exchange
interaction between a spin label, 14N-nitroxide derivative of 9-aminoacridine
attached to DNA, and spin probes, free 15N-labeled nitroxides of different charges,
was monitored by electron-electron double resonance (ELDOR).

12.5.4 Measurement of Spin Labels Immersion Death
by SLSPM 3

In solving problems of enzyme catalysis, molecular biophysics of proteins,
biomembranes and molecular biology, one must also know the depth of immersion
of paramagnetic centers in a biological matrix, i.e. the availability of enzyme sites
to substrates, distance of electron tunneling between a donor and an acceptor group,
position of a spin-label in a membrane and in a protein globule, distribution of the
electrostatic field around the PC, etc.

Methods for measurement of depth of immersions of radicals proposed in [7, 95,
96]. are based on the determination of the distance of closest approach of an
immersed spin label (nitroxide radical, for example) and a spin probe, paramagnetic
complex distributed uniformly in a vitrified matrix, by examining the effect of the
dipole-dipole interactions between them using the CW ESR saturation technique A
similar approach examining the kinetics of spin-lattice relaxation for paramagnetics
in solids was developed in [10].

For an estimation of a radical depth of immersion (R0) of a radical in a matrix
special algorithms were used [95, 96]. Two cases were theoretically analyzed: (1) at
a low concentration of paramagnetic ions, when the spin-spin average distance
(Rav > R0) and (2) at a high concentration of paramagnetic ions (R0 > Rav). The
second approach examined positions of the nitroxide segments of spin-labeled
probes IV and V in different biomembranes [96]. The paramagnetic ion, Co2+ or
K3Fe(CN), were introduced together with an ion antagonist, Pb2+ or Al3+. These
diamagnetic ions prevent adsorption of the paramagnetic ions on the membrane
surface and the paramagnetic ions distribute only in the vitrified solvent phase.
The investigation revealed a variety of spin-labeled lipid conformations in differ-
ent biological membranes. For example the R0 values for spin probes IV-V in
M. capsulatus membranes were consistent with more extended conformations

O N
O

CH3

CH3

HOOC(H2C)3 (CH2)12CH3

O N
O

CH3

CH3

HOOC(H2C)14 CH2CH3

IV V

Formula 12.3
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than those from the chromatophore, chloroplast and microsome membranes
(Formula 12.3).

The proposed methods has been employed for estimating the depth of immersion
of paramagnetic metals in active centers of metalloenzymes [7] and references
therein.

12.5.5 Proton Spin-Lattice Relaxation Affected
by Paramagnetic Ions and Spin Probes

In this section, we have provided brief description of method of estimation of local
electrostatic charge (or potential) around specific protons in molecules of interest.
According to [97–99], the spin-lattice relaxation rate (1/T1p), via the dipole-dipole
mechanism, of a species bearing proton nuclei during an encounter with a free
paramagnetic (spin probe, R), can be described by the value of the apparent
spin-lattice relaxation rate constants k = (1/T1p)/[R], which characterizes the fre-
quency of encounter between the species. Nitroxide radicals of different electro-
static charge were used as spin probes [7, 100, 101]. The ratio of the apparent

Formula 12.4
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spin-lattice relaxation rate constants k+−/k0 where k+−/k0 related to charge and
uncharged molecule, respectively, reflects the effect of electrostatics upon the
encounter interaction. The feasibility of this approach for the measurement of the
electrostatic potential around protons was tested on simple organic molecules and
amino acids As an illustration, the experimental data of a number of small charged
(ethylamine, propionate anion and imidazole) and uncharged (ethanol) molecules
were found to be in reasonable agreement with the results of a molecular modeling
calculation of the local electrostatic potential [100]. The feasibility of this approach
for the measurement of the electrostatic potential around protons was also tested on
simple organic molecules, amino acids and monosaccharides (Formula 12.4).

12.6 Spin PH Probes

In recent years, thanks to the spin pH probes techniques the measurement of local
acidity in biological objects including organs and even living organisms received
increasing attention. As was demonstrated in the pioneering work [102], EPR
spectra of stable nitroxides of the imidazoline and imidazolidine types have been
shown to be sensitive to pH and serve as spin pH probes [102]. Data on the
synthesis of a wide set of pH-sensitive nitroxides of different sensitivity, stability to
reduction, lipophilicity, covalent binding properties to macromolecules, and
applications have been reported [103–106] and references therein. As an example,
the EPR spectra of a series of 4-dialkylamino-2,5-dihydroimidazole nitroxides with
pyridine-4-yl, 4-dimethylaminophenyl or 4-hydroxyphenyl groups in position 2 of
the imidazole ring were shown to be pH-sensitive due to consecutive protonation of
the amidino moiety and the basic group(s) at position 2 of the imidazole ring over a
pH range from 2 to 6.5 [105] (Formula 12.5).

The original concept of dual function pH and oxygen paramagnetic probes based
on the incorporation of ionizable groups into the structure of persistent triarylmethyl
radicals,TAMs, was recently realized using an asymmetric monophosphonated
TAM probe with the simplest doublet hfs pattern (Fig. 12.17) [104]. The high
efficiency of the proposed probe to oxygen, leading to an accuracy of pO2

Formula 12.5
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measurements of �1 mmHg, originates from an extraordinarily low line width of
the synthesized deuterated derivative, p1TAM-D (DHpp � 50 mG, Lorentz line
width, � 20 mG). The presence of a phosphono group in the p1TAM-D structure
provides pH sensitivity to its EPR spectra in the physiological range of pH from 5.9
to 8.2. A significant difference in extracellular pH and pO2 between tumor and
normal mammary gland tissues and the effect of animal breathing with 100 % O2

on tissue oxygenation were demonstrated in L-band EPR experiments performed in
breast tumor-bearing mice.

For quantifying changes and spatial distribution of pH in vivo and to monitor
spatial distribution in pathological conditions, specially developed pH phantom
tubes have been designed [106]. High precision measurements of the hyperfine
coupling constant resulting in mean pH values accurate to less than 0.1 pH was
demonstrated. Ricently, results of biomedically relevant research on direct mea-
surement of local pH in water-in-oil ointments, proteins and proteinaceous matrix,
biodegradable polymers and phospholipid membranes as well as in animals in vivo
and potentially in human subjects obtained by employing the nitroxide redox
probes have been reviewed [105].

The direct measurements of acidity inside micropores of inorganic (hydrogels
based on TiO2, SiO2, zeolites and kaolin) sorbents and organic (synthetic
ion-exchange resins) using pH-sensitive nitroxide radicals (NR) as probes and ESR
technique were carried out [107]. It was found that local pH values at the site of
label location in the sorbents differ from pH values of the solutions by 1–2 units.
The spin pH-metry was applied for measurement of local pH (pHloc) in SiO2 gel
and aluminium oxides modified by incorporating F− and SO4

2−. The values (pHloc)
inside sorbents pores (excluding c-Al2O3) were found to differ from the pH-values
of external solution by 0.5–1.3 units.

Fig. 12.17 Scheme illustrating the use triarylmethyl radicals, for independent measurement pH
and oxygen. [Dhimitruka I, Bobko AA, Eubank TD, Komarov DA, Khramtsov VV. Phosphonated
trityl probes for concurrent in vivo tissue oxygen and pH monitoring using electron paramagnetic
resonance-based techniques [104]
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12.6.1 Dual Fluorophore-Nitroxides (FNRO∙) as Redox
Sensors and Spin Traps

The spin redox probe technique utilizes the ability of nitroxides to be reduced via a
reducing agent to the corresponding hydroxyl amine. CW ESR spectroscopy of
nitroxide radicals (NRO∙) are widely used for quantitative characterization of redox
processes and protection from radical damage [13–15, 108–111] and references
therein. Nevertheless, the sensitivity of the CW ESR technique is not sufficient for
real time monitoring of picomole redox processes in biological systems. To over-
come the problem a method dual fluorophore-nitroxide redox probe was invented
and implemented.

The use of dual fluorophore-nitroxide compounds (FNRO∙) as redox probes and
spin traps is based on observations first made in the Likhtenshtein group [112]. It
was shown that in a dual molecule, photochemical reduction of the nitroxide
fragment results in decay of the ESR signal and enhancement of the fluorescence.
The nitroxide segment acts as a quencher of the fluorescence of the chromophore
fragment. and the redox process was monitored using two independent methods,
ESR and the significantly more sensitive fluorescence technique. A similar effect
was observed after chemical reduction of dual fluorophore-nitroxide compounds by
ascorbic acids and other antioxidants, as well as nitric oxide and superoxide [112–
120]. Trapping of free radicals by FNRO∙ can be also detected following ESR
signal decay and fluorescence [114].

On the basis of available data, two mechanisms of fluorescence quenching in the
dual compounds were proposed [51, 115, 116] the major mechanism, intersystem
crossing (ISC); and the minor mechanism, irreversible intramolecular electron
transfer from the excited singlet state of the fluorophore (donor) to nitroxide (ac-
ceptor), followed by fluorophore segment regeneration and hydroxylamine forma-
tion. The latter mechanism is also responsible for photoreduction. Since 1986 a
number of applications of the dual nitroxide supper molecules for study redox
processes was reported.

Using the abovementioned unique properties of the dual molecules, a method for
the quantitative analysis of vitamin C in biological and chemical liquids has been
proposed [117]. Pseudo-first-order reactions between the dual molecule
(Formula 12.6) and ascorbic acid were monitored. An increase in the fluorescent
intensity and decay of the EPR signal of the dual probe DT occurred with the same
rate constant kred. The calibration curves of kred—ascorbic acid concentration for
vitamin C analysis were used for performing vitamin C analysis in human blood
plasma and commercial jucis. A collection of dual probes of different redox
potential of the nitroxide segment and the fluorophore spectral property were
synthesized, that made it possible to select reducing agents appropriate for different
media (Fig. 2.15, Sect. 10) [116, 118].

For example, the dual PN probe possessing a high redox potential was employed
for analyzing such antioxidants as quercetin and galangin down to a submicro-
concentration scale [118] (Formula 12.7).
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A new method for NO analysis on the nano-concentration scale and real-time
monitoring of the NO outflux from tissues using of pyren-nitronyl PN has been
developed [119]. A reaction of PN with NO yields a pyrene–imino nitroxide radical
(PI) and NO2 and is accompanied by changes in the EPR spectrum from a five-line
pattern (two equivalent N nuclei) into a seven-line pattern (two nonequivalent N
nuclei) and by a drastic increase in the fluorescence intensity. The EPR methods
were employed for the calibration of NO in the micromole concentration scale
while the much more sensitive fluorescent technique allowed for the calibration of
NO in the nanomolar concentration scale. This method was applied to real time
monitoring of basal flux NO in tissue from pig trachea epithelia of
1.2 nmol/g � min.

A new rapid and highly sensitive method for real time superoxide analysis has
been developed based on a reaction of fluorophore–nitronyl with O�

2 [118]. The
reaction of PN with superoxide radicals, as a reduced agent, generated by the
xanthine/xanthine oxidase system, yielded drastic increase (about 2,000 times) in
the fluorescent intensity and a decrease of the EPR signal. In conditions, when the
rate of superoxide production is slow (xi < 2 � 10 − 7 M/min), the dependence of
rate of fluorescent increase (dI/dt) on the rate of superoxide production was used as
a calibration curve for real time monitoring O�

2 in biological and chemical systems.
A bifunctional stilbene-nitroxide label (BFL1) immobilized on the surface of a

quartz plate was applied for the parallel determination of the antioxidant status and
measurement of micro- and macro-viscosity of the media [120]. This method
allowed a measurement of the concentration of ascorbic acid in solution in a range
of (1–9) � 10−4 M and the viscosity of a medium in the range 1–500 cP
(Formula 12.8).

2

Formula 12.6

PN

Formula 12.7
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Dual nitron-fluorescent probes (NFP) for monitoring redox processes were
designed and used for monitoring redox processes [121]. Reactions of NFP with
reactive radicals are accompanied by the appearance of an ESR signal from the
nitroxide moiety and quenching of the fluorescence. These supermolecules are
effectively used as fluorescence spin trap of high sensitivity. Three
nitron-fluorescent probes, p-nitrostilbene-tert-butyl-nitrone, coumaryl-styryl-tert-
butyl-nitron and a third compound based on 4-pyrrolidine-1,8-naphthylimido-
methylbenzene as fluorophore were employed for study of a system containing
inhibitors of components of the respiratory chain and the F1-F0-ATP synthase under
a variety of physiological conditions.

It is important to note that in complex systems, biological ones in particular, not
the antioxidant concentration but the value of the rate constant of the nitroxide
reduction that can be taken as a quantitative characteristics of the antioxidant status
of system of interest.

Thus, the application of dual fluorophore-nitroxide methodology can afford
insights into biochemical redox processes and, therefore, can create a basis for the
development of new methods for biomedical research and medical diagnostics.

12.6.2 Triplet Labeling

Triplet triplet energy transfer (TTET) and triple triplet annihilation are fundamental
photophysical processes in chemistry and biology (Sect. 2.2). For instance, pho-
totherapies based on the generation of reactive singlet oxygen during the process of
triplet-triplet energy transfer from an excited phosphorescent chromophore to triplet
O2 are widely employed in medicine [122, 123].

As was first shown in the Likhtenshtein group, [14, 124–130], paramagnetism
and the relative long life time of chromophores in the excited triplet state provide
the possibility for these compounds to be used as phosphorescence (triplet) labels
for solving a number of structural and dynamics problems. The theoretical basis of
such applications, based on the spin exchange mechanism, was described in
Chap. 2. In the limited frame of the present book, here we concentrate on only two
specific problems, namely, protein conductivity probed by spin exchange and rear

Formula 12.8
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encounters in biomembranes, which can be solved utilizing the method of triplet
labels.

Proteins spin exchange conductivity

The effect of the heme group on the lifetime of the excited triplet state of eosin
isothiocyanate label attached to terminal amino group of different Hbs and myo-
globin was measured by studying the kinetics of phosphorescence decay [127]. The
effect of nitroxyl spin labels attached to His-15 on the phosphorescence spectra of
lysozyme was also studied. Experimental data on the exchange reactions between
centers localized on proteins with known structure (Hb, myoglobin, lysozyme,
carboanhydrase, bacterial ferredoxin) indicated that the exchange interaction
between the donor and acceptor centers decays exponentially and approximately
relates to the corresponding dependence in non-conductive model systems. The
equation proposed in [127] allows to estimate the distances between the centers.

An approach developed by Mekler et al. [128] is based on the following scheme

υ

υ

where DT is a donor in the exited triplet state, AS0 is an acceptor in a ground
singlet state, AT is the acceptor in the exited triplet state generated during the
encounter of DT and AS0, and AS1 is the acceptor in the excited singlet state. The
main advantage of such an approach is that one may monitor relatively slow triplet
quenching and triplet-triplet annihilation using very sensitive fluorescence tech-
niques and measuring rate constants of these processes.

In the sarcoplasmic reticulum membranes [129], the annihilated delayed
fluorescence (ADF) measurements were performed for a study of the self-interaction
of triplet-excited probes (perylene, (I) 7,12-dimethylbenzanthracene, and 4-
(2-anthryl)butanoic acid (II) and the triplet-excited probes quenching by ferrocene in
sarcoplasmic reticulum membranes (SR) and in dimyristoylphosphatidylcholine
liposomes. The dynamic processes in the system were characterized by the following
parameters: the average ADF time decay of I and II in SR was 4.2 � 10−5 and
2.3 � 10−5 s, respectively and the triplet-state constant quenching of I by ferrocene
was 2.1 � 107 (mM/g of lipid s−1) in SR and 4.5 � 107 (mM/g of lipid s−1).
Triplet-triplet annihilation of perylen, benzantracene and pentacene which produced
delayed annihilation fluorescence upon encounters occurs with a characteristic time
about 1 ms, revealed free diffusion of the probes for distance of not less than 30 nm.
Therefore, in SRM lipids “lakes” are not isolated by the membrane proteins.

Measurements of the kinetics of erythrosine (I) phosphorescence and
ubiquone-10 quenched delayed fluorescence of 4-(2-anthryl)butanoic acid (II), and
12-(2-anthryl)dodecanoic acid (III) were carried out [130]. The experiments indi-
cated that the quinone ring of ubiquinone was an effective quencher for the triplet
states of probes II and III, whose chromophores are localized in the hydrophobic
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region of the lipid bilayer, and of probe I, localized in the polar region of the
liposomes. Furthermore, the quenching rate constant of III is 2-fold higher than that
of II. The conclusion was that the ubiquinone Q-10 molecule can effectively reach
the membrane surface to play its role as an electron carrier.

12.6.3 Triplet-Photochrome Method. Spin Cascade

The triplet-photochrome labeling method (TPLM), invented by Mekler and
Likhtenshtein [131], is based on ability of a photochrome (stilbene for example) to
undergo sensitized photoisomerization through the triplet-triplet energy transfer
from a donor molecule excited to its triplet state. Starting from cis-stilbene, which is
not fluorescent at steady-state conditions, and measuring the rate of increase of
emitted fluorescence, it has been possible to monitor the process of the sensitized
cis–trans photoisomerization. Two unique properties of TPLM, namely, long
lifetime of the sensitizer triplet state (up to 1 s) and the possibility of integrating
data on the stilbene photoisomerization allow one to investigate very slow diffusion
processes using highly sensitive fluorescence techniques. Quantitative measurement
of encounters of proteins in viscous solution and membranes using very low
concentrations of both the triplet and photochrome probes appears to be available
by TPLM techniques.

Realization of the triplet-photochrome labeling method was demonstrated in a
study of rare encounters in a system containing the erythrosinisothiocyanate
(ERITC) sensitizer and 4-acetamido-4′-isothiocyanato-2,2′-stilbenedisulfonic acid
(SITC) photochrome probe, both covalently bound to a-chymotrypsin [131].
TPLM was first applied to follow the protein–protein dynamic contacts in
biomembranes [132] SITS and ERITC were bound covalently to a membrane
preparation of Naþ; Kþ ATPase. Triplet–triplet energy transfer from the
light-excited triplet ERITC to cis-SITS initiated the cis–trans photoisomerization of
cis-SITS which was followed by a commercial spectrofluorimeter. The apparent
rate constant of triplet–triplet energy transfer from ERITC to cis-SITS was found to
be kapp ¼ 0:4� 103M�1s�1 (at 25 °C), while for unbound ERITC and SITS in
solution kapp ¼ 7� 107M�1s�1. The drop of kapp in the case of labels bound to
ATPase was a result of the increased media viscosity and steric factors.

For quantitative investigation of slow dynamic processes, in biological mem-
branes in particular, the spin cascade method (SCM) was invented and developed
by the Likhtenshtein group [133–135]. A cascade of photochemical and photo-
physical reactions includes triplet–triplet energy transfer between a triplet sensitizer
and a fluorescence photochrome, which undergoes cis–trans photoisomerization,
and triplet excited state quenching by a stable radical. The spin cascade system
studied in [134, 135]. consists of the triplet sensitizer (erythrosin B), the pho-
tochrome stilbene derivative probe (4-dimethylamino-4-aminostilbene), and
nitroxide radicals (5-doxyl stearic acid) quenching the excited triplet state of the
sensitizer (Fig. 12.18)
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The experimental quenching rate constant of the cascade reaction kq and the rate
constant of the triplet–triplet energy transfer kT evaluated in 2D terms were
obtained as kq = (1.05 � 1015 cm2/(mol s) and kT = (1.26 � 1012 cm2/(mol s),
respectively [135]. The values of diffusion rate constants in model lipid membranes
together with similar data obtained from other methods, that cover characteristic
times over eight orders of magnitude, were found to be in a reasonable agreement
with the advanced theory of diffusion-controlled reactions in two dimensions
(Fig. 12.19).

In addition, using the spin cascade method, the following dynamic parameters of
the cascade system components can be experimentally measured: the spin label
rotation correlation time and spin relaxation parameters, the fluorescence and
phosphorescence polarization correlation times, the rate constants of the chro-
mophore singlet and triplet state quenching by nitroxides, and the rate constant of
photoisomerization. This set of parameters is a cumulative characteristic of the
dynamic state of biomembranes in the wide range of the probes amplitude and
characteristic time. Proficiency of the method can be expanded by a choice of the
cascade components with the higher efficiency of triplet–triplet energy transfer,
higher sensitizer lifetime, and by an increase of the time of integration of experi-
mental data on a photochrome photoisomerization.

Fig. 12.18 Representation of energy levels of cascade reactants and competition between the
TE
1 ! TS

1 and TE
1 ! SSo processes [135]
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Due to space constraints, data on physical labeling in physical chemistry, photo
chemistry, biochemistry,biotechnology and biomedicine have not included in this
Chapter. Basic information about these systems can be found in books [13–15, 109]
and a recent review [136-139].
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Conclusions and Outlook

Some two centuries ago the German poet, writer and philosopher Johann Wolfgang
von Goethe had noted that “The drama she [Nature] plays is always new, because
she is always bringing new spectators” [1]. While we cannot be fully certain what
were exactly on the Goethe’s mind at that time, one thing for sure he was not
reflecting on electronic spins and their intriguing quantum mechanical interactions.
However, today we are entirely confident that energetically weak but fundamentally
important spin phenomena would always find some curious spectators among the
scientists attempting to comprehend the Nature’s greatest play. Nowadays’
researchers equipped with modern spectroscopic methods, creative chemistry and
deep knowledge of biology, comprehensive quantum mechanical theories and
virtually unlimited computational resources take on some of the most difficult
aspects of electron interactions in systems of ever growing complexity. These
coherent efforts across the disciplines propelled the recent progress in many basic
and applied fields that span from spin chemistry to spintronics and biological spin
labeling.

Spin is a solely quantum-mechanical concept that does not arise from classical
mechanics and cannot be easily rationalized without relativistic quantum mechan-
ical interpretation developed by Dirac. However, the electronic spin and its inter-
actions are responsible for an exceptional diversity in structural and dynamical
properties of molecular systems bearing an unpaired electronic spin. This diversity
is owned by four fundamental phenomena. The first two phenomena—electronic
spin-spin exchange interaction (SSEI) and electron spin-nuclear spin contact
interaction (SNCI)—are strictly quantum mechanical in nature while the other two
—electronic spin-spin dipole-dipole interaction (SSDDI) and electron spin–nuclear
spin dipole-dipole interaction (SNDDI) allow for semi-classical interpretation.

As discussed in this volume, SSEI could be either static or dynamic. The former
is caused by a direct overlap of electronic orbitals of individual paramagnetic
species (direct SSEI) or an effective overlap via a rigid chemical bridge (super
SSEI). The dynamic exchange is realized upon molecular encounters of spin
bearing compounds diffusing in solution or connected by a flexible bridge. In all of
the aforementioned cases, the efficiency of the exchange is determined by the
magnitude of the exchange integral J and the values of the interacting spins. The
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electronic spin is always partially delocalized within a molecule leading to
appearance of non-zero spin density on nucleuses.

Electron spin exchange interaction plays the pivotal role in electron transfer and
the long distance electron transfer (LDET) in particular. The LDET is well
described by the Marcus-Levich equation that depends upon two main parameters
—the value of the resonance integral (coupling factor) V and the Frank-Condon
factor (FCF). Both these factors are also responsible for processes involving excited
triplet states of chromophores including intersystem crossing (IC) via spin orbital
interaction (SOI), triplet-triplet energy transfer (TTET) and triplet-triplet annihila-
tion (TTA). In the frame of FCF, nuclear translational, rotational and vibration
dynamics are all sufficiently affect the electron transfer and, in a lesser extend, the
processes in triplet systems. A correlation between the long distance spin exchange
(LDSE) and LDET has been established.

Dipolar interactions lead to a plethora of physical phenomena that determine
materials’ properties and serve as the basis of many informative experimental
techniques. In classical approximation, a localized magnetic dipole (either elec-
tronic or nuclear spin) produces a local magnetic field in the location of the second
spin. This interaction depends on the magnetic moments of the individual spins, the
interspin distance, and the angle between the interspin vector and the external
magnetic field. Dipolar interaction could be modulated by dynamic phenomena
affecting the interspin distance (translational diffusion) or the angle (rotational
diffusion) or both.

The theories of electron spin–electron spin dipolar interactions and electron
spin–nuclear spin dipolar and contact interactions form the basis for spectroscopic
methods capable of providing atomic-resolution structures of molecular systems
possessing unpaired electronic spin(s), detailed data on molecular motion, and
establishing spin distribution in non-crystallized molecular systems in any phase
state. The arsenal of the spectroscopic methods includes conventional continuous
wave (CW) ESR, ESR with optical and electrical detection (OD ESR and ED ESR,
respectively), Fourier Transform (FT) and transient (TR) ESR and several important
double resonance techniques. Electron-electron double resonance (ELDOR) could
be carried out in both CW and time-domain mode. The latter is typically termed
DEER (double electron-electron resonance) or PELDOR (pulsed electron-electron
double resonance). Interactions of electronic and nuclear spins are effectively
probed by electron spin-echo envelope modulation (ESEEM) and hyperfine sub-
level correlation (HYSCORE) spectroscopy and electron-nuclear double resonance
(ENDOR) including its several advanced modifications such as ENDOR with cir-
cularly polarized radiofrequency fields (CP-ENDOR), electron-nuclear-nuclear
resonance (double ENDOR) and electron-nuclear-nuclear triple resonance
(TRIPLE). Other techniques include two-dimensional (2D) ESR and
two-dimensional electron-electron double resonance (2D-ELDOR), reaction yield
detection magnetic resonance (RYDMR) and magnetically affected reaction yield
(MARY), proton-electron double resonance imaging (PEDRI) and several others.

Spin-selective processes involving electron and nuclear spins are the main areas
of interest for spin chemistry. One of the key phenomena arising from interactions
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between an unpaired electron and nuclear spins is dynamic nuclear spin polarization
(DNP) effect originally predicted by Overhauser for metals. While specific mech-
anisms of DNP depends upon spin systems, DNP generally refers to a transfer of
the spin polarization from electrons to nuclei resulting in a tremendous enhance-
ment in population difference of nuclear spins for a given temperature and static
polarization field (up to the theoretical limit of 660-fold for protons) and yielding
highly polarized nuclear spin states. Spin-selective physical and chemical processes
could also yield highly polarized nuclear and/or electronic spin states. These pro-
cesses have a common mechanism that involves spin-orbital conversion of the
singlet state (S1) to the triplet state, which, in the presence of magnetic field B0, is
split into three states T0, T+ and T−. The electron spin polarization occurs when
T0 − T– and T0 − T+ transitions are induced by electron spin relaxation or elec-
tromagnetic (RF or microwave) field satisfying the resonance condition.
Understanding this fundamental phenomenon led to development of a number of
advanced spin-selective methods including chemically induced spin-correlated
dynamic electron polarization (CIDEP), chemical-induced dynamic nuclear polar-
ization (CIDNP), and rapid development of various polarization schemes for
dynamic nuclear polarization (DNP) in application to NMR in recent years. These
methods provide researchers with unique experimental tool for gaining some deep
insights into radical and ion-radical processes by establishing structures of short
living intermediates and monitoring its spin dynamics while DNP holds the promise
to dramatically improve sensitivity of NMR methods over an exceptionally broad
field of applications—from structure of proteins to analysis of small molecules at
low concentrations.

Recent development of new advanced ESR time-domain methods has been timed
favorably to the rapidly accelerating fields at the interface of materials science,
chemistry, and structural biology. An incomplete list of new abbreviations in ESR
methods that are coming to laboratories across the globe includes Fourier transform
ESR (FT ESR) and its two-dimensional version—2D FT ESR, electron spin echo
(ESE) and electron spin echo envelope modulation (ESEEM), hyperfine sublevel
correlation spectroscopy (HYSCORE) and its multidimensional version—double
nuclear coherence transfer hyperfine sublevel correlation spectroscopy
(DONUT-HYSCORE), electron spin echo magnetization transfer (ESE MT),
two-dimensional electron spin echo correlation spectroscopy (2D SECSY), pulsed
versions of electron-nuclear double resonance (pulse ENDOR) and electron-electron
double resonance (PELDOR), electron spin transient nutation (ESTN) and its
two-dimensional version (2D ESTN), phase inverted echo-amplitude detected
nutation (PEANUT), magnetic isotope effect (MEF), quantum beats effect (QBE),
and double quantum coherence pulsed ESR (DQC ESR). While this list is still
significantly shorter of the main experiments practiced by NMR, we can say with
certainty that even more advanced multi-spin experiments involving electronic states
will be introduced in the near future.

Complementary information on the spin states and spin dynamics can also be
obtained also by optical, Mössbauer (gamma-resonance, GR), neutron scattering
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and muon spin spectroscopy and magnetic measurements and these techniques are
expected to continue playing major roles in the future.

Specifically, quantitative parameters of singlet-triplet transitions, triplet-triplet
transfer, singlet and triplet excited state intermolecular quenching, intersystem
crossing, long-distance electron transfer, and spin-polarized processes can be
determined by absorption, fluorescence, IR and Raman spectroscopy including
time-domain and two-dimensional versions of these methods that are often more
informative. Further data on dynamics of intermolecular processes in liquids could
be obtained from quenching of the excited triplet states by molecular oxygen, stable
radicals and chromophores. Measurements of triplet-triplet transfer in bridged
donor-acceptor pairs allow researchers to characterize the superexchange processes
in molecular bridges and, potentially, lead to design of effective molecular wires
and novel molecular electronic and spintronic devices. Single molecule fluores-
cence correlation, hole burning optical spectroscopy and organic light-emitting
diode (OLED) spectroscopy are other examples of new and rapidly developing
methods in this area.

Analysis of the superfine magnetic structure of the GR spectra of paramagnetic
compounds bearing Mössbauer-active atoms such as 57Fe, for example, enables
accurate measurements of the intensity of internal magnetic fields and the value of
the electron spin magnetic moment, as well as provide estimates of the exchange
integral in bi- and multi-spin systems.

Other useful experimental techniques include static and dynamic measurements
of magnetic susceptibility—well-established materials characterization techniques
that gained tremendously in sensitivity with the invention of superconducting
quantum interference device (SQUID). While magnetic susceptibility—a parameter
indicating a degree of magnetization of a bulk sample in response to an applied
magnetic field—lacks spectral resolution and additional data provided by ESR,
analysis of this parameter as a function of magnetic field and/or temperature allows
for elucidating electron spin effects including magnetic dipole moment per unit
volume, the energy in zero magnetic field (the first order Zeeman term), as well as
an estimate of the exchange integral J. Spatial resolution of these methods could be
gained in scanning SQUID microscopy where a miniaturized SQUID is used to
image surface magnetic field strength with micrometer resolution. This scanning
SQUID microscopy has been already used to characterized microscopically
heterogeneous high-temperature superconductor materials based on YBCO and
BSCCO compounds.

Inelastic neutron scattering (INS) observes a change in energy of a neutron as it
scattered by a sample. The method has been proven to be useful for probing a wide
variety of different physical phenomena including magnetic and quantum excita-
tions and electronic transitions. Inelastic neutron scattering echo techniques (neu-
tron spin echo, NSE, and neutron resonance spin echo) are based on measuring the
quantum mechanical phase of the neutrons in addition to their amplitudes and can
detect the loss of polarization (magnetization) due to dephasing of the spins. The
latter capability is very useful for studying electronic properties of solids including
spin effects.
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Muon spin resonance (lSR) spectroscopy is based on an implantation of
short-lived spin-polarized muons (muon is an elementary particle similar to the
electron with the same spin of 1⁄2 and roughly the same negative elementary
electric charge as an electron but much heavier and, thus, having significantly lower
gyromagnetic ratio than the electron) in matter and then detecting the influence of
atomic, molecular or crystalline surroundings on their spin motion similar to the
related spin resonance techniques ESR and NMR.

All of the aforementioned techniques together with the cornerstone ESR and
NMR methods have been proved to be exceptionally powerful in investigating spin
effects in chemical and biological processes that are of interest for either funda-
mental or applied science reasons. The utility of this combined approach has been
illustrated on examples of investigation of electron spin effects in a number of
chemical and physical processes and systems.

Chemically induced electron spin polarization (CIDEP) of reactive radicals can
be attributed to a variety of mechanisms involving triplet state, radical pairs,
spin-correlated radical pairs, radical triplet pairs, and cross-relaxation. With help of
time-resolved EPR and related methods electron spin polarization (ESP) has been
observed at nanosecond and microsecond time scale for radicals, radical pairs, and
radical-ion pairs excited triplet states. Photochemically induced CIDNP
(photo-CIDNP) and time-resolved photo-CIDNP magic-angle spinning
(MAS) NMR allowed for detection of subtle changes in the electronic structure in
photosynthetic reaction centers. Field dependent CIDNP spectroscopy has been
used to measure the exchange interaction, J, in photochemically generated radical
ion pairs of rigid donor-bridge-acceptor molecules. Further development and
combination of these methods will be very useful in uncovering mechanisms of
photosynthetic reactions in natural and artificial systems.

Advanced experimental methods call for rigorous theoretical interpretation and
provide for critical tests of the existing and new theories, and, in turn, allow for new
interpretation of the existing experimental data. For example, a semi-empirical
approach for quantitative estimations of the effect of bridging groups on the
long-distance electron transfer LDET has been developed. Analogy between su-
perexchange in electron transfer (ET) and electron spin exchange (SE) allowed for
estimating the values of attenuation (decay) parameter for ET and SE from
experimental data on triplet-triplet energy transfer (TTET). It was shown that the
experimental dependence of the ET rate constant in photosynthetic and chemical
donor-acceptor (DA) pairs on the D-A distance is similar to the correspondent
dependence predicted for SE. This observation allowed for employing available
data on exchange integral J in a series bridged nitroxide biradicals for calculating
and tabulating decay parameters as a function of individual chemical groups.

Electromagnetic as well as static magnetic fields can be effective in altering the
yield and/or product distribution of chemical and biochemical reactions that involve
species possessing an unpaired electron spin (i.e., radical or radical ion interme-
diates). These spin effects are based on fundamental properties of spin correlated
radical pairs (SCRP), in which S $T interconversion is driven by both internal
magnetic interactions and the externally applied magnetic and/or electromagnetic
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fields. Detailed understanding of the elementary processes in SCRP allowed for
predicting the changes in the singlet yield and, consequently, the reaction yield, as a
function of the static magnetic field strength. The spin exchange integral J can also
be estimated from the magnitude of the observed magnetic field effects. The
exchange interaction at short separation is strong and inhibits S $T interconver-
sion. Significant magnetic field effects were detected for photoinduced electron
transfer between phenazine and amines, electron transfer from ethyflferrocene
(Fc) and oxazine, the hydrogen abstraction reaction of 4-methoxybenzophenone
with thiophenol and in photosynthetic reaction centers.

One of the most fascinating manifestations of magnetic field effects on living
organisms appears to be in ability of some birds, mammals, reptiles, amphibians,
fish, crustaceans and insects to navigate in the Earth’s magnetic field. What is the
molecular mechanism beyond such molecular compass and does this mechanism
invoke spins? Currently, two main hypotheses are discussed in the literature. One
mechanism is reminiscent to the human compass invention and invokes deposits of
the iron oxide particles of magnetite (Fe3O4).The second suggested mechanism
involved light dependent radical-pair which originates from an anisotropy of the
hyperfine or fine interactions in a weak magnetic field experienced by unpaired
electron spins in a redox process. Cryptochromes, flavoproteins implicated in
multiple blue light-dependent signaling pathways in plants or circadian clocks in
animals, have been proposed to be responsible for the magnetic field “compass”
sensitivity of birds. It was suggested that in the cryptochrome/photolyase, the
redox-active cofactor FAD and triad of trytophans (Trp-triad) are participating in
electron transfer initiated by blue light producing a flavosemiquinone radical,
FAD•− or FADH•, and a radical derived from the Trp-triad.

Electromagnetic fields may also affect physicochemical and biochemical pro-
cesses involving electronic spin states to a rather large degree. For example, in
spin-correlated radical pairs conversion of T− and T+ to T0 state is affected by
irradiation with microwave: such irradiation increases the population of the singlet
state and, therefore, increases the singlet product yield. This fundamental physical
phenomenon provides the ground for understanding effects of microwave radiation
on a number of radical and ion radical processes.

Radio-frequency (rf) field can affect radical and ion radical reactions when it has
the same direction of circular polarization as the electron spin precession in the
magnetic field. This mechanism provides the theoretical basis for detailed study of
spin dynamic effects by OD-ESR spectroscopy and related RYDMR methods.
Investigation of photoinduced ET in donor-acceptor systems exposed to both static
magnetic and rf fields suggested effective S$T state interconversion in the
cation-anion radical pair when the rf field is in resonance with hyperfine splitting(s).
The influence of isotropic electron−nuclear hyperfine and Zeeman interactions of
the electron spins with a linearly polarized rf field on evolution of a spin-correlated
radical pair was observed for specific systems such as comprised of anthracene-d10
as a donor and 1,3-dicyanobenzene (DCB) as acceptor, and in the photoinduced
electron-transfer from perdeuterated pyrene to 1,3-dicyanobenzene (1,3-DCB).
Static and oscillating magnetic fields affect radical recombination reactions by the
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same mechanisms and have been the subject of intense investigations in recent
years.

Spin phenomena also manifest in the magnetic isotope effect (MIE). MIE is
based on the spin conservation rule, according which reactions with participation of
radicals, ion-radicals, paramagnetic metal ions and molecules are spin selective; i.e.,
the reactions proceed along the spin-allowed channels. MIE can be enhanced by
selective microwave pumping of the radical pairs carrying magnetic nuclei. Such
pimping stimulates triplet–singlet spin conversion increasing recombination prob-
ability and, therefore, the yield of the product(s) with magnetic nuclei. This phe-
nomenon has been analyzed theoretically including effects of frequency and
magnitude of the rf field, hyperfine coupling constants, and other magnetic and
chemical parameters of the radical pair. MIE was observed experimentally for many
chemical processes (photochemical and thermochemical reductions, fractionating
oxygen isotopes in the photo-oxidation of water by molecular oxygen and enzy-
matic ATP synthesis catalyzed by magnesium ions) and for isotopic pairs and triads
(H-D, 12C–13C, 16O–17O–18O, 28Si–29Si–30Si, 32S–33S–34S, 72Ge–73Ge–74Ge,
235U–238U, 198,200Hg–199,201Hg, 24Mg–25Mg–26Mg.

Studies of electron spin interactions have many implications for understanding
spin states and molecular structures of a large number of systems ranging from
transient and persistent radicals, transition metal complexes, polymers, surfaces,
and biological systems such as proteins, enzymes, biomembranes, nucleic acids,
cells, organs, animals and even humans.

Such studies have many implications for both fundamental and applied science
and spurring new technologies. For example, a light-induced reversible transfor-
mation of chemical species between two organic isomers having different magnetic
properties (photo-magnetochromism) as a mechanism for magnetic data storage has
been proposed and the feasibility has been demonstrated using several molecular
systems.

Molecular systems exhibiting long-range magnetic order and spontaneous
magnetization (molecular magnets) have attracted the special interest and this filed
is expected to grow even further. A great diversity of known molecular magnetic
systems fall into the following classes: single molecular magnets, single chain
magnets and bulk magnets (the latter are typically classified as paramagnetic,
superparamagnetic, ferromagnetic, antiferromagnetic, and ferromagnetic sytems).

The spin polarization phenomenon may arise from different exchange interac-
tions between the unpaired electron in the singly occupied molecular orbital
(SOMO) with the spin “up” and “down” electrons in the fully occupied molecular
orbitals (FOMO) and between the SOMO and the FOMO spins. In charge-transfer
salts composed of chains of alternating electron-donor and electron-acceptor
molecules, the exchange interactions have shown to play the pivotal role.

Recent advances in nanotechnology and nanofabrication methods and the
society needs for new advanced materials are placing spotlight on the spin clusters
exhibiting strong interspin interactions. Technologically important transition and/or
rare earth metal nanoclusters in either bare form, imbedded in a diamagnetic matrix
or protected by organic ligands have the length scale of 1–100 nm. Commonly the
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spin exchange interactions between magnetic ions inside of such a cluster
(J * 102 K) are several order of magnitudes stronger than for molecules in a
diluted crystal (*10–3 K). For many nanoclusters the exchange interaction has
been found to be antiferromagnetic and, therefore, on molecular level the nan-
oclusters can be considered as molecular ferrimagnets. Currently, an arsenal of
modern physical methods including the magnetic susceptibility, ESR, NMR,
electron spin transient nutation, Moessbauer, x-ray and photoelectron spectroscopy,
neutron and mions scattering, resonance absorption of phonons and electrochem-
istry is being applied for studying such nanosystems providing wealth of detailed
data on their unusual electronic structure and spin properties.

It should be noted here that transition and rare earth ions are not the only choice
for building blocks for new advanced magnetic materials. Several purely organic
materials that are based on isolated molecular one-dimensional (1D) chains have
been described to demonstrate superparamagnet-like properties. Notable examples
include molecular chains composed from thiazyl, imidazole-3-oxide-1-oxyl, chiral
nitroxide radicals, metallorganics, dopted and undoped conjugated polymers. In
such radical chain systems the Heisenberg exchange is primarily responsible for
magnetic anisotropy because dipolar interactions and spin-orbit coupling are
comparably weak. Other potential materials for purely organic magnetic materials
and magnetic devices include p-conjugated superparamagnetic organic compounds
including high-spin polyradicals, polyarylmethyl tri-, penta-, hepta-, and hexadeca
radicals. Some of these compounds are particularly attractive as they exhibit high
stability at ambient temperature and/or higher magnetic ordering temperatures have
been attracted attention. This area of research had flourished over the last two
decades and the current and future technology needs are expected to fuel its further
grows in years to come.

Nature's solar energy conversion and storage systems that is found in photo-
synthetic organisms, including plants, algae and a variety of types of bacteria,
provide us with an astonishing example in energy efficiency with the quantum yield
close to one. The primary photochemical and photophysical processes in
donor-acceptor D-A pair of photosynthetic reaction centers RCs lead to charge
photoseparation (D+A-), where the cation-radical D+ is a strong oxidant and the
anion-radical A− is a strong reducing agent. The most challenging problems of
photosynthetis—prevention of the fast recombination in the charge-separated pair
—was solved brilliantly by the mother Nature building subsequent chemical
reactions that store energy in stable chemical bonds. Spin electron effects in bac-
terial photosynthetic reaction center (BRC), plants photosystem I (PS I) and pho-
tosystem II (PS II), the role of polynuclear manganese systems in the
photooxidation of water, oxygen evolution complex (OEC)—all have been studied
and described in detail in the recent years. The overall picture of energy trans-
duction in photosynthesis had emerged providing us with a remarkable example of
how a clever combination of ordinary active groups into an ordered structure would
yield qualitatively new and remarkable properties. While x-ray crystallography
revealed the intricate organization of photosynthetic centers, the understanding of
spin-effects that run this nature’s energy capture machinery would not be possible
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without advanced EPR (particularly pulsed and high field/multifrequency methods),
double resonance (ENDOR and PELDOR), CIDNP, and NMR methods. The same
methods were found to be essential in solving the mechanism of water splitting that
gives the life on Earth. These lessons from the Nature should be taken into con-
sideration when solving the problem of artificial water photochemical splitting into
O2. The first important lesson is that manganese or other transition metal clusters of
high redox potential should be used. The second essential lesson is that the potential
should be collected by four one-electron steps and be terminated by one step
four-electron mechanism.

Even though x-ray crystallography has been exceptionally successful in under-
standing molecular structure (and to lesser degree function) of biological macro-
molecules including proteins, the growing consensus is that not all the problems of
structural biology could be solved by forcing intrinsically flexible molecules into
just a few conformations that can be found in the crystal. Some of these problems,
including structure and dynamics of flexible and/or partially disordered domains as
well as exceptionally large protein complexes could be solved by magnetic reso-
nance methods and particularly those involving electron spins. One can modify a
small fraction of the molecular system by a molecular spin label (niroxide and other
stable radicals, paramagnetic complex, luminophores in excited triplet state) and
then follow the labeled site by monitoring its spin state and properties by corre-
sponding physical methods. The following magnetic spin-spin interactions provide
the means for measuring spin-spin distances and molecular dynamics of the spin
compound bearing spin electron: dipole-dipole electron-electron and electron-nuclei
interaction, and spin exchange. Continuous wave and pulse electron spin resonance
methods have proved to be exceptionally sensitive and informative for establishing
structural and dynamic properties of molecular systems, including biological
macromolecules. Molecular structure, local dynamics of molecular chains, con-
formational transitions in labeled biological and chemical polymers, biological and
model lipid bialyer membranes in solid and liquid states have all been investigated.

Measurements of electric potential, dielectric properties, redox status, concen-
tration of dioxygen and acidity in various objects including living organisms are
readily available for the physical labeling techniques as well. One of the authors of
this monograph wrote in the first book on spin labeling [2, 3]: “It is thus our hope
that spin labeling will continue to be an effective tool for solving various compli-
cated problems in molecular biology”. Now after 42 years, it is evident that pre-
sent–day reality has surpassed all our optimistic expectations.

Theoretical and experimental material described in the book have formed the-
oretical and experimental basis to pursue further studies on the detailed mechanisms
of numerous chemical and biological reactions. It is our hope that it will also
stimulate further developments of novel methods for structural and dynamic stud-
ies, and inspire engineers for constructing new efficient devices. Organic and, in
particular, metalloorganic compounds bearing spins appear to be promising mate-
rials for optical data storage, spintronics applications, optical sensing, spin valves,
magnetic switching systems, optical information processing devices, conducting
and semiconducting magnetic materials, etc. Superparamagnet-like isolated

Conclusions and Outlook 335



one-dimensional materials, with their intrinsic bistability, are promising for the
development of devices for data storage, sensors of light and heat and switching
units. Upconversion phenomena have already attracted much attention due to
potential applications in photocatalysis, photovoltics (dye-sensitized solar cells),
nonlinear optics, and molecular probes. Among these applications we would like to
emphasize wavelength shifting for spectroscopy, sensitized photoreaction by
low-energy photons, luminescent probes for bioimaging and improving the energy
conversion efficiency of solar cells by harvesting photons below the energy
threshold.

As we look into the future, there are all reasons to believe that the progress in
both spin effects theory and experiment would continue for years to come. The field
is vast and still awaits for rigorous exploration by curious minds. What one cannot
ever predict are the new unexpectedly bright ideas and the paradigm-shifting dis-
coveries. But what we can promise for sure is that new spectators will certainly
come to appreciate one of the Nature’s greatest play that certainly involves the
spins.
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