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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, efc.

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.

XiX



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 1
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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

1 Basic Conceptions: Spin Exchange and Electron Transfer

N

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.


https://en.wikipedia.org/wiki/Spin_(physics)
https://en.wikipedia.org/wiki/Spin_(physics)
https://en.wikipedia.org/wiki/Spin_quantum_number
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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

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.
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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. ®,(ry) for the first electron and ®,(r,) for the second electron in
position space is:

\% (@, () ®y(r2) — By (11 )Du(r)] (1.1)

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

Yi(ri,m) =

Wy(r.r2) = % [, (1) Dy (1) + Dy (1) ()] (12)

The energies E, for the spatially symmetric solution and E_ for the spatially
antisymmetric solution are given as

C £ Jp

E =F 1.3
+/- 0+ 1+ B2 (1.3)
where
1 1 1 1
c= [ ®,(n) ) ®y(r)%dr d 1.4
/ (rl) <Rab + rp2 Tal ra2> b(rZ) nan ( )

is the Coulomb integral,

B = /q);,(rz)(l)a(rz)drz (15)

is the overlap integral, and

o= [ @By 0m) G YOy () @y (1) dry drs (1.6)

is the exchange integral.
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The terms in parentheses in (1.4-1.6) correspond to proton—proton repulsion
(R.p), electron—electron repulsion (r1,), and electron—proton attraction (71/22/b1/v2)-
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]

Iy, — %u«bmbm ~ |6uBdyol)
3lPl = |¢aa¢ba|
1.
W = (10,0y Bl + [0yt "
\/z a b a b
W, = (¢,

where ¢aand ¢pb are orbital functions and o and B the spin function indicating
mg = % 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:

H,, = —2J5,5, (1.8)

where S and S, 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|
clket>; (¢|y) consisting of a quantity, (¢|, called the bra and a quantity, |\/), called
the ket. “The Bra-ket notation describes quantum leap from the initial state |{/) to

the final state |¢) with probability of |(y|¢)|>. They can be put into one-to-one

3J/2
2J
N ——— 1 E=0
- ay, —\7..1;2
i —
c-d = ¥, =
Y

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

(Wﬂz/@@ﬁﬁ%%ﬁ@ﬁﬁﬁ%dm (1.9)

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 |i) to a set of final
states | f) is given, to first order in the perturbation, by

2n a2
T = 22151810 P, (1.10)

where p is the density of final states (number of states per unit energy) and (f|H’|i)
is the matrix element (in bra-ket notation) of the perturbation H’' 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 k;, is

2

J
ky =" FC (1.11)

which includes the exchange integral (an electronic coupling term) J,, 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.
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1.3.1 Direct Exchange

The direct spin exchange process with spin Hamiltonian H,, (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 =Joexp (—pr). (1.12)

where Jj is the exchange integral at a certain (for example Van der Waals) distance,
r is the spin-spin distance and f—is the distance decay (attenuation) parameter.
The Hamiltonian for a trimeric spin system can be written as [7]

H= 72(J1S2S3 +J2_S‘3S1 +J3_S‘1S2) (113)
where all three exchange integrals are in principle different [7]. For a system

consisting of a number of spin pairs with different J,,, the appropriate simplified
expression for the exchange interaction is

Hee = -2 Jj (1.14)
ij

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

Hupyy = Jsasp (1.15)

where s, and s, are the total spins of the many-electron atoms:
Sp = Z Sib
i
Sa = Z Sia

i

(1.16)

Hpypyy operates in the space of wavefunctions associated with total spins s, and s,,.

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 AMBA) — AD)B(M)
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 (H,g) 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 (hap, Apg), the coupling
between adjacent bridge elements (hy,,), and the tunneling energy gap (Ae). 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

Scheme 1.2 Spin exchange AMXMBQA) — ADXANB
via a bridge

Fig. 1.5 Tllustration of the n-1
individual parameters h h

involved in the H — Db, [__bb . h
superexchange model. A: DA Ag Ag bA

acceptor, D: donor, b:

bridging unit, h; coupling Py hy, Ppa
strength [11] @
S
2 D'-b-A
S| D-b-A %
o Ag}
q) H
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The electronic coupling hxy and Hps was shown to decrease exponentially with
distance (d), via the distance decay constant

2 Ae
ﬁ:51n<h—bb> (1.17)

In references [12—-17] the interaction of the donor/acceptor with the bridge was
also treated as a perturbation. The electronic coupling matrix element Vp, repre-
sents the interaction of the electron donor (D) and acceptor (A) orbitals with the
bridge (X) and AEy 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 (Vpa) is given by the expression:

>_ DaxDxa
Vs = =——FF— 1.18
o = = (118)
for spins connected by a bridge X. In more general cases, one finds:
> JaxJxa
Jap = =" 1.19
= = (1.19)

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:

N
VaB = VOHGh (1.20)
I

where V) is the coupling between the donor and the first bond of the path way and
&i is the attenuation factor associated with the exponential decay of electron density
from one bond to another and the distance decay parameter (f5), taken as
pr=17A"

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 (//T,,) and spin-lattice (1//T;,) 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 ().

The rate constant of the exchange relaxation (k.,) 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/T5) and spin-lattice (1/T ) relaxation in the presence of
a paramagnetic species:

1
Al — | =k,C 1.21
() =+ (121)
Since 1/T; is usually more sensitive to spin-spin interaction than 1/T,, espe-
cially in the region of slow rotation and in solids, this method widens the accessible
range of k., values [19-21].
It has been shown [18] for a radical of spin S = Y4:

_ _ fofuskal?T;
kex — Pexkd - (1 —|—J2‘L'3) (122)

where kg is the rate constant of encounters in solution, P, is the probability of spin
exchange during the life time (t.) of the encounter complex, f, is a geometric steric
factor, f; 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 erg > 1, ke is independent of J (strong exchange) and

Kex = Fyfnskq (1.23)

Scheme 1.3 Dynamic spin AN +B@) — AMDBA) — AQ)B() — AD) + (B(D)
exchange
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In the case of weak exchange J*1> < 1 and
Kex = fofnskal* 1> (1.24)

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 = 1.3 A7 linto (1.12) gives

kex = fufuskat> 10 exp 2[—1.3(Ry — 1,)] (1.25)

This equation can be used for estimation of the distance of closest approach (or
depth of the paramagnetic center immersion), Ry, if other factors in the equation are
known %, For example, in water solution a typical value of fo T
kq=2 x 107° M~ 57! for interaction between a nitroxide radical and a param-
agnetic species and 1. =5 x 107'" 5. For an object with a buried paramagnetic
center, if the experimental ke, = 107" M ™! s~ !, the value of (Ry — ry) = 10 A.

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 S; and S, and nuclear spin operator
I; and I, each has the interactions in the systems in the presence of magnetic field
H, are described by the following Hamiltonian:

H = g, B.Ho(S! +82) +a(S!T! +S2I?) +7JS,S, (1.26)

where index z notes projections of the electron and nuclear spins on the Z-axis; g, is
the isotropic g-factor of the radical fragments; 3, 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 (Aw) the

A(D~~B() — [AMDBA) — AD)B(N)] — Ay~~~ (B(1)

Scheme 1.4 Dynamic spin exchange in flexible biradicals
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residence times t; and 1, of the contact and remote states of the radical fragments,
respectively, the contact (J.,,) and average (J,,) integrals and fractions of the
contact (P;) and remote (P,) 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 V°/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 AG 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 (kgp): (1) the
process driving force (AGy); (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 E, is the activation energy; and (4) the probability of quantum
mechanical jumping (tunneling) of the electronic cloud from its initial to the final
configuration (a,,) in the region around the reaction coordinate Q:

Thus, the rate constant of the transition (k) in the crossing area is dependent on
the height of the energetic barrier (the free energy of activation AG™), the frequency
of sampling the crossing area (v) and the transition coefficient (a,,):
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normal

Free Ener

/] inverted

AGT

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 4G, The electron in the initial state requires a positive excitation
energy A for the normal reaction, and a negative excitation energy A for the inverted reaction
which could be directly emitted as light [24]

ky = octrvexp(—AG#) (1.27)

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

2P
= — 1.28
Oy (1 +P) ( )
where
—4 27,2
Pel—exp— V" (1.29)
hv(S; — Sf)

Hear V is the electronic coupling factor (the resonance integral), v is the velocity
of nuclear motion, and S; and Sy are the slopes of the initial and final terms in the Q,
region. The coupling V is
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V = Hy = (W,|H|,) (1.30)

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

2y2

_ AV (131)

hy (Si - Sf)
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 S; — S¢). 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 AGq causes a shift of the
parabolas. Within the adiabatic regime (strong electronic coupling, where the res-
onance integral V > 200 cmfl), The value of the electron transfer rate constant is
given by the Eyring theory of the transition state:

kgT

ksT (A+AGp)*
h

4)kgT (1.32)

ker =

where A is the reorganization energy defined as the energy for electron excitation
without distortion of the nuclear frame. The following relationships based on log
ker — AGq graphs and dependent on the relative magnitudes of A and AG, were
predicted from the Marcus model (1.30) (Fig. 1.6): (1) 4 > 4Gy, log k increases if
AGy decreases (normal Marcus region), (2) 2 = AGy, the reaction becomes barri-
erless, and (3) 4 < AGy, 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
(A4Gy). If the ET occurs, for account of the fast vibrational modes, before the
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Fig. 1.7 Schematic representation of the dependence of the ET constants logarithm on the

equilibrium Gibbs energy I'0: I non-equilibrium conformational and solvational processes;

2 partial non-equilibrium processes, 2" and 4G are slightly dependent on Go; and 3 equilibrium

processes. Arrows a and b indicate the conditions for the maximum A = 4G, and 1" = AGgeq,
respectively [16]

formation of conformational and solvatational states of the medium, the thermo-
dynamic standard energy for the ET (AG,) appears to be less than that which is
observed in the case of equilibrium dielectric stabilization of redox centers AG,"?
(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:
AG” = (AGy + Ep)* /4Ep (1.33)
where
p = (87n) ' (1/em — 1/&5)Int AD?(r)dr (1.34)

and g, is the AC permittivity and & is the DC or static permittivity of the solvent,
AD (1) is the difference of inductions. In (1.32) the “equilibrium” reorganization
energy A 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 vt 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
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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

2nV? A+ AGy)?
ker :niexp _ (2+AGo)” (1.35)
h/4nlkgT 40kgT
where the maximum rate of ET at 1 = AG is given by
21 V?
n (1.36)

k max = T
Ermax) = A ikgT

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 (hv) 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

(1.37)

.Y 2nF; V2 (jhv + s + AGo)?
e kg T 4)kgT

where j is the number of high-frequency modes, F; = e 5/j!, S = 1,/hv and 1, and 1
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 E,, are energies of these states, respectively, and
A is the total nuclear reorganization energy of the charge-transfer reaction [39, 40]:

2] = AEs — AE;
_ Z |<lPRP|VRPn|‘Pn>2‘| B lz | (Pre|Vip—n|Pa) | (1.38)
n S n

Erp — E, — 7 Erp — E, — 4 .

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 H,,, a linear
correlation between H,;, of the two diabatic electronic wave functions for initial and
final electron transfer (ET) states, ¥, and P, respectively (Hy, = (W |H|¥,) and
the corresponding overlap S, = (‘Pa|‘Pb) has been established [41]. The calculation
of H,, and S,, 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 H,, and S,, 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 Qp and Q,, respectively, inter-
atomic currents J,, connected to the coupling matrix element. The connection is as
follows:

Vpa = —h Z Jab (1.39)
azQp,beQa
Fig. 1.8 Correlation between 10°
electronic coupling matrix
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where Vp, 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 Eg 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:%/dICDA(I)CB(I), (140)

where

1 . .
Cpa(t) = Q—tr[e—/‘HDelHD’/he—lHAf/h] (1.41)
D

is the usual correlation function of the ET theory and

Ca() = étf[e_ﬁ e Mt/ (Q) e 0 Hpa (Q)]. (1.42)

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
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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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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]

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:

o 2u 2/3 . 2,uAF2 1/3
p‘:l]1 el(E) :47T2Hf2 (m) Al2 —E 1/’27 (143)

where AF 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, Hy, 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 p is the reduced mass of the system as it moves
along the hopping coordinate.

Reorganization Energy

The values of the driving force (AGy) reorganization energy A, 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
p; and ra— separated by the distance Rp, with media of dielectric constant ey 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
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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 (Ug) and product state (Up) with the reaction nuclear
coordinate q was suggested to be as:

Ae(q) = Up(q) — Ur(q) (1.44)

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

1
7= 3B((8e = (8e))) (1.45)
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:

N N
= (Z Ua,iOp,i — Z Up,iOp,i) (1.46)
=1 =1

where Up; and U, ; are the solvation potentials acting on the ith atom.

In recent years, the specific role of vibrational modes in electron transfer has
received increasing