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Spin chemistry and spintronics developed independently and with different terminology. Until now, the interaction between the two

fields has been very limited. In this review, we compile the two “languages” in an effort to enhance communication. We expect that

knowledge of spin chemistry will accelerate progress in spintronics.

Review
Introduction

In general, chemical reactions are discussed in terms of thermo-
dynamics: reaction enthalpy, reaction entropy and free energy.
It is also recognized that steric and charge effects can lead to
kinetic control of the reaction dynamics by introduction of acti-
vation energies. In some cases, chemical reactions are con-
trolled by diffusional transport of highly reactive particles, for
example, free radicals, to the reaction zone. This view on chem-
istry is sufficient for processes which are spin conserving, that
is, the spin multiplicity is not changed during the entire process.
If during the course of reaction the spin multiplicity is changed,
spin rules apply and magnetic field effects (MFE), magnetic
isotope effects (MIE), as well as electron and nuclear spin po-

larizations might occur. This is the field of spin chemistry [1-3].

The field of spin chemistry emerged with the discovery of
anomalous electron paramagnetic resonance (EPR) intensities in
CHy gas under irradiation by Fessenden and Schuler in 1963
[4]. Soon later, Bargon and Fischer observed anomalous nuclear
magnetic resonance (NMR) intensities upon thermal radical-
pair formation [5]. Such anomalous intensity patterns are nowa-
days interpreted in terms of transient non-Boltzmann magneti-
zation and called chemically induced dynamic electron polariza-
tion (CIDEP) and chemically induced dynamic nuclear polari-
zation (photo-CIDNP). The theoretical description by Kaptein
and Oosterhoff [6] as well as by Closs [7] in 1969 established
spin chemistry as a new field, which was initially mainly run by
physical organic chemists as well as EPR and NMR
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spectroscopists. The discovery of CIDEP and CIDNP was fol-
lowed by reports of MFE [8,9] on chemical reactions and MIE
[10,11]. All these effects originate from the spin-conserving
nature of most chemical reactions and from singlet—triplet inter-
conversion in radical pairs, which is sensitive to external
magnetic fields and local hyperfine fields of magnetic nuclei.
Although experiments have been done in gas phase (see
Sections IV.A and V.A of [2] and the references therein)
and in solid state (e.g., in photosynthetic reaction centers [12-
14] and in organic solids [15,16]), spin chemistry mostly deals
with small organic molecules in the solution state. The
radical-pair formation is now-a-days often initiated photochemi-
cally either by electron transfer or by bond breaking, although
thermal bond breaks also cause radical pairs. With the introduc-
tion of the concept of the “spin-correlated radical pair” (SCRP)
[17-20], spin chemistry appeared to be a “completed field”, in
the notation of Heisenberg’s closed theory (abgeschlossene
Theorie in German). The techniques of spin chemistry, such as
CIDNP, CIDEP, magnetically affected reaction yield (MARY)
and reaction yield detected magnetic resonance (RYDMR)
allow one to detect elusive paramagnetic species, such as radi-
cals, radical pairs and triplet states, and to obtain their EPR

parameters.

This review is dedicated to scientists of the field of spintronics
as an introduction into the older field of spin chemistry. It
seems to be economically reasonable to learn spin chemistry
language and concepts to prevent reinvention of previous know-
ledge. We will first review the languages that developed mostly
independently in both fields. By providing a dictionary, we can
short-cut the introduction into the world of spin chemistry for
scientists from the spintronics area. However, while spintronics
focuses on spin transport, spin chemistry deals with spin effects
during chemical reactions. Since this paper contains many
acronyms, we additionally summarize them all in a separate

section at the end.
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The language of spin chemistry

The following two tables compare the terminology of spin
chemistry and spintronics for states (Table 1) and processes
(Table 2). Obviously, two different “languages” have de-
veloped in parallel without having had much influence on each
other, except probably by EPR spectroscopists. To ease commu-
nication between different scientific communities (and to avoid
the situation that important concepts are lost in translation) we
present Table 1 and Table 2 as a simple “translator” between
the two languages.

Obviously the states are named very differently (Table 1), even
the two Zeeman states of a radical are often labeled differently.
Molecules with an unpaired electron are called radicals (R").
Two radicals on the same molecule form a biradical (R™-R"). In
this case, normally the two radicals are at the two ends of a long
molecule. If the two radicals are on the same molecule and
close together, they need to be in different orbitals, mostly one
is in the highest occupied and the other in the lowest unoccu-
pied molecular orbital. In this case, a molecular triplet state can
occur (PR™). A pair of two radicals on two different molecules
is called a radical pair (R* + R"). This pair is often formed by
the same chemical process, for example a bond break or a pho-
tochemically induced electron transfer: in this situation it is
formed in a particular spin state, either the singlet or the triplet
state. Such a radical pair is termed a spin-correlated radical pair
(SCRP). In liquids, where radicals can diffuse, radical pairs are
usually classified as geminate pairs (G-pairs), that is, pairs of
radicals born in the same chemical event, or radical pairs
formed upon encounters of free radicals in the solvent bulk
(F-pairs).

For the more complex processes (Table 2), sometimes the same
terminology is used. Interestingly, both spin phenomena and
processes are not only termed differently but also interpreted
differently: A spin chemist will discuss a radical pair mainly in

Table 1: Comparison of terminology and states in spin chemistry and spintronics.

Topological excitation, defect

spin states “up” and “down”
negatively charged polaron
positively charged polaron

electronic excitation, exciton—bipolaron formation

radical pair, bipolaron, polaron pair, charge-transfer exciton, (bound)

electron—hole pair, geminate pair

State Spin chemistry Spintronics
Intermediate, transient

R* spin states “a” and “B”

R* (mobile) radical soliton

R7/R™™ anion/radical anion

R*/R™* cation/radical cation

R* (local) electronic excitation

R* (in crystal)  electronic excitation exciton

R*-R"~ radical pair, SCRP

3R molecular triplet state

R*-R* biradical

triplet polaron pair, triplet exciton
soliton—antisoliton pair
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Table 2: Comparison of terminology and processes in spin chemistry and spintronics.

Process Spin chemistry
Spin dynamics

2R - R"-R"" charge separation, radical-pair formation,
electron transfer

(R*-R7) < 3(R**—R"") singlet—triplet interconversion

(R**-R™) & 3(R™*=R"") phase coherence, quantum beats

(R™*-R"™) < 3(R™*-R"") dephasing, T, relaxation

(R+R)*— (P +3P)  singlet fission

SR+3R - R+R
R'+R'— R-R,
R*-R~ - R-R
R*_R" — R + R
R1+R;—>R1+R;

triplettriplet annihilation
recombination reaction

escape reaction
spin diffusion

Spintronics
Soliton and polaron dynamics

charge transfer, charge transfer exciton formation

intersystem crossing?, singlet-triplet interconversion
phase coherence, quantum beats

dephasing, T relaxation

singlet fission

triplet-triplet annihilation

soliton—antisoliton annihilation, charge-carrier
recombination, geminate recombination

spin diffusion
polarization transfer

@In photochemistry, the term inter-system crossing (ISC) is only defined for an intra-molecular process (according the recommendations of the IUPAC
for terms used in photochemistry). Therefore, in spin chemistry, the change of spin multiplicity, which occurs in an inter-molecular process, is termed
singlet—triplet interconversion. We would recommend using this term also in spintronics.

terms of its spin evolution driven by internal interactions but
will tend to ignore interactions with the environment. A spin
physicist, however, will often focus on electric polarization
effects on the surrounding and might skip the magnetic forces
between the two centers. One should note, however, that
chemists are aware of the importance of electric polarization in
chemical processes; a prominent example of theoretical under-
standing of electric polarization effects is given in the famous
Marcus theory [21] of electron transfer. Spin—orbit coupling is
not a very prominent issue in spin chemistry of radical pairs
because of the absence of heavy atoms in most (but not all) of
the molecules, for which spin-chemical effects have been
studied. Spin—orbit coupling is of importance for the triplet
mechanism in spin chemistry and also for triplet state ONP and
OEDP; these cases are also briefly discussed later. One should
also note that the difference, Ag, in g-factors of radicals, which
is of great importance for spin chemistry, is also due to pertur-
bation terms in the spin Hamiltonian coming from spin—orbit
coupling. For spin physicists, however, it might be crucial since
it can occur at defects, determining how fast a triplet return to
the ground state. On the other hand, spin physicists have often
neglected hyperfine coupling (HFC) interactions, which are a
central issue in spin chemistry. Furthermore, similar (or even

identical) methods are termed differently.

Finally, Table 3 compares the terminology used in existing
methods. One can readily see that some methods exist in both
fields. It is obvious that both fields will profit from a fruitful
exchange of ideas and concepts. In such a situation, a better
communication between scientists of the two fields is desirable
not only for having a unified terminology, but mostly to avoid
possible rediscoveries of the same methods. Using some exam-
ples, we will show that scientists from both fields can learn
from each other. The CIDNP method, despite its utility for
studying short-lived radicals, has yet no analogue in spintronics.

Molecular systems

Open-shell compounds, such as radicals, radical pairs and triplet
states are at the heart of spin chemistry. Radicals are frequent
intermediates of many light-induced processes in chemistry.
Furthermore, some stable radicals are known that are not tran-
sient short-lived species but rather long-lived molecules with an
unpaired electron. Radical pairs can be generated in various
media by bond cleavage of a photo-excited molecule or by elec-
tron transfer from an excited electron donor to an acceptor (or
by electron transfer to an excited electron acceptor from a
donor). Such radical pairs inherit the spin state of their precur-
sor. Likewise, biradicals can be formed by photo-induced intra-
molecular electron transfer or by bond cleavage in a cyclic mol-

Table 3: Comparison of terminology and techniques for spin chemistry and spintronics.

Technique Spin chemistry

Reaction yield, reaction rate

MFE detection MARY, MFE

Effect of resonance fields RYDMR

Electron spin polarization CIDEP, CIDEP in SCRPs
Nuclear spin polarization CIDNP

Spintronics
Conductivity or resistance

OMAR

EDMR, ODMR

EPR of hyperpolarized charge transfer complex
no analog
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ecule. Since the ground state of most molecules is the singlet
state, triplet states are usually only transient species, which are
formed upon light excitation with subsequent intersystem
crossing producing the triplet state.

For similar reasons magnetic and spin effects are of importance
for physicists working in the spintronics field. The correspond-
ing devices allow the manipulation or detection of spins
[22,23]. The most prominent type of organic spintronics device
is the spin valve, in which a thin organic semiconductor layer is
sandwiched between two ferromagnetic electrodes [24]. A spin-
polarized current is injected from one of these electrodes and
transported through the semiconductor. Another type also
implements spin current, but without charge current, in the
structure ferromagnetic metal/organic semiconductor/nonmag-
netic metal, in which the first interface induces spin pumping
[25]. Other devices do not rely on spin manipulation by ferro-
magnetic layers, but on the intrinsic properties of the organic
semiconductor to show, for instance, organic magnetoresis-
tance [26]. These devices also allow spin detection by electrical
means. Organic light emitting diodes also rely on spin manipu-
lation of radical pairs created from injected charge carriers in
order to increase their electroluminescence quantum efficiency.
Another molecular system in which spins play a major role are
organic solar cells (OSCs) [27,28]. We chose this to serve as
example as it closely resembles the functional principles of
systems found in spin chemistry. While OSCs have significant
potential to become an inexpensive, large area and flexible
photovoltaic technology at lower cost than conventional tech-
nologies, we will focus here on the spin processes from absorp-
tion to the generation of free charge carriers. The study of spins
in organic semiconductors has a long-standing history, but their
role in the fundamental processes in OSC has only very recently
been highlighted in key publications [29-31]. Also, exploiting

4
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the unique properties of electronic spin interactions, the devel-
opment of novel routes to enhance both the power conversion

efficiency and lifespan of solar cells should be possible.

State-of-the-art OSCs consist of the combination of two organic
semiconductors, (electron) donor and (electron) acceptor, as the
photoactive layer. These two materials are combined either as a
blend (the resulting architecture is called bulk heterojunction
solar cell) or as two adjacent layers, yielding a planar hetero-
junction solar cell. The key processes for photovoltaic energy
conversion in these types of OSCs are shown in Figure 1.
Ideally, singlet excitons in either donor or acceptor material are
generated upon light absorption (a), here shown as Sy—S tran-
sition. For sake of simplicity we just consider the absorption
taking place in the donor: the singlet exciton can diffuse
towards the heterojunction, where an ultrafast electron transfer
(et) to the acceptor occurs on the femtosecond time scale with
almost unity yield. One reason is that this process is much faster
than the intersystem crossing within, for example, the donor
from S to the triplet state 7. The resulting polaron pair, the
negative polaron on the acceptor molecules with the positive
polaron remaining on the donor molecules, is called the charge
transfer state (CTS) or charge transfer complex. They have been
reported to show the emission—absorption signatures in tran-
sient EPR as expected for SCRP [32]. The free charge carrier
photogeneration in OSCs is mainly determined by the proper-
ties of the CTS. The dominant fraction of the CTS thermalizes
[33] and only a small fraction might remain “hot” before disso-
ciation [34,35] (d and d*, respectively) into free electrons and
holes (charge separated state (CSS)). These separated charge
carriers can be extracted to yield the photocurrent. The role of
the spin in several loss mechanisms [30,36,37], which reduce
the power conversion efficiency, is only partly understood. For
instance, if the delocalization of charge carriers in the CTS is

(et) (d*) css

S4 “—/-\ 7 R
(ebt) . /)
v /T\_"_/JA/

=T 0

ABious

)

Y Y

neat hetero-
material junction

neat
material

Figure 1: Spin dependent processes in organic solar cells. (Right) The steps from light absorption (a) towards generation of free charge carriers (d),
potentially supported by (Left) triplet-triplet annihilation (TTA), are described in the text. Only the lowest excited states of each kind are shown for

clarity.
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limited, for example, by energetic disorder, CTS dissociation
will be uncompetitive compared to geminate recombination,
leading to a lower photogeneration yield. The CTS can be in
singlet and triplet configuration, although (due to the weak
interaction within the polaron pair) energetically close. There-
fore, the interconversion from singlet to triplet within the CTS
might be comparatively fast. The detailed role of the spin in the
geminate recombination (in competition with the charge photo-
generation) is still unresolved. In principle, while the CTS
singlet can recombine to the ground state, a spin flip (intercon-
version) to the CTS triplet can occur, which makes an electron
back transfer (labeled as ebt in Figure 1) into an intramolecular
triplet state of either donor or acceptor possible. The loss in
photocurrent due to the electron back transfer is not known
quantitatively. It can be minimized by increasing the donor
LUMO-acceptor LUMO gap [31], which shifts the CTS below
the neat materials’ triplet energies, but this tuning of the energy
levels limits the achievable open circuit voltage. Up to now, it is
unclear what the spin statistics of the interfacial CTS recombi-
nation are and how they are influenced by morphology and

energetic or spatial disorder [38].

Two optimization strategies for improving the power conver-
sion efficiency based on spin processes are singlet fission and
triplet—triplet annihilation (TTA). Singlet fission is the spin
allowed conversion of one spin singlet exciton to two spin
triplet excitons, which can occur with high yield in some
organic semiconductors [39]. It can therefore be seen as down
conversion and so-called multiexciton generation. An enhanced
power conversion efficiency is then foreseen, with the premise
that fission of these high-energy singlet excitations into two in-
dependent triplets is quantitative, and that the resulting triplets
subsequently dissociate into pairs of free charge carriers. The
singlet fission process is also known to spin chemists; further-
more, it is known that this process is magnetic field-dependent
[40,41]. Another approach for harvesting low energy photons is
TTA [42] (see Figure 1). A singlet exciton is photogenerated in
the triplet sensitizer molecule and converted to a triplet by inter-
system crossing (ISC). When two of such triplet excitons are
transferred to the triplet acceptor, they can undergo TTA to
generate a higher energy singlet exciton. The latter can be
harvested by the solar cell concept as described above. This
concept allows, therefore, internal up-conversion of incident
photons, thus extending the absorption range of the photo-
voltaic system to the little exploited near-infrared regime of the

solar spectrum.

Spin dynamics in radical pairs
Radical pairs, or to be more precise, SCRPs, allow for magnet-
ic-field-dependent chemistry. The radical pair mechanism

(RPM) is seen as the key mechanism for magnetic field

Beilstein J. Nanotechnol. 2017, 8, 1427-1445.

effects on chemical reactivity. One should note that RPM is
not the only mechanism, since, for example, the d-type triplet
mechanism and triplet-radical mechanism (discussed
below) also lead to magnetic field effects in chemistry. The
RPM attributes MFEs to (i) spin-selective recombination of
radical pairs and (ii) to singlet—triplet interconversion, which is,
in turn, sensitive to magnetic fields. Sometimes organic chem-
istry textbooks state that the recombination reaction of the two
radicals (R;" + Ry" — R|—Ry) typically occurs without any acti-
vation barrier. That statement, however, is only true if the
radical pair (R;" + R,") forms a singlet state, that is, the elec-
tronic spin wavefunction is antisymmetric. If the spin wave-
function is symmetric (i.e., the radical pair is in a triplet state),
then the recombination is usually forbidden. Generally, the total
spin of reactants should be the same as that of the reaction
products:

2 5= X 5

i, reactant k,product

meaning that the singlet radical pair can only recombine to a
product in the singlet state (here the summation is taken over
each i-th reactant and k-th reaction product). Likewise, the
triplet radical pair can only recombine to a product in the triplet
spin state. In most cases, the two rates are considerably
different with the singlet-state recombination usually being
more efficient (although cases of more efficient triplet-state
recombination are also known [43] and even should not be
treated as exceptional). Spin rules strictly apply and impose a
rigorous kinetic control over thermodynamics. Hence, only
singlet-state radical pairs recombine, while triplet-state
radical pairs do not recombine, even when this would be ener-
getically very favorable, and will follow an alternative reaction

pathway.

Two radicals forming a radical pair can exist in four possible
spin states. Namely, these states are a single singlet state
(0p — Pa)/N2, also called S (or, sometimes, Sp) state, and three
triplet states: aa, Bp as well as (of + Ba)/\/Z. The three triplet
states are also called 77, 7— and T, respectively. Therefore, in
three of four cases, a recombination of radicals, although ther-
modynamically favorable, is spin-forbidden. In this case, radi-
cals would move apart or react with neighboring molecules to
form more stable radicals. The latter reaction is spin-allowed

because the total spin state is not changed.

When a radical pair is formed in a particular spin state (singlet
or triplet) its fate is different: in the former case, fast recombi-
nation occurs, whereas in the latter case, the radical pair decays
through a different pathway. Because of this, the radical pair re-
activity strongly depends on the rate of singlet—triplet intercon-
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version. The strongest effects of such interconversion on the
recombination yield are expected in the situation where the
radical pair is born in a nonreactive state. Thus, recombination
can only occur after the interconversion takes place. In turn, the
interconversion rate depends on the magnetic fields, which are
external fields (static or oscillating) and the local fields of mag-
netic nuclei of radicals. Below we explain the origin of such a
dependence and discuss its consequences. These consequences

are the magnetic and spin phenomena in chemistry.

In order to describe the spin dynamics of radical pairs on the
quantitative level, the Stochastic Liouville equation for its spin
density matrix, P, is commonly used [44,45]. This equation
takes into account the coherent spin evolution (driven by the
radical pairs Hamiltonian, ﬁ), spin relaxation and chemical
reactions. Additionally, one can take into account the relative
motion, which is described by a corresponding operator L, for
instance, for diffusing radicals L = DA, with the reflecting
boundary condition at closest approach (here D is the relative
diffusion coefficient, A, is the Laplace operator where r is the
distance between the radicals. The equation for the density
matrix takes the following form:

dp(r,?) ira « 2.
5 g[H,p(r,t)J—Rp(r,t

S0 - Bp(r)- ) Rp(r.0)

where the portion of the equation in square brackets is the
commutator, R is the relaxation super-operator and the K
super-operator stands for spin selective recombination. Here,
for simplicity, we do not discuss relaxation effects. When the
radical pair selectively recombines from the singlet state, K

acts on the density matrix in the following way:

£p(r.)=280)

Where wg(r) is the position-dependent recombination rate, f’s is
the projection operator for the S state and the portion of the
equation in brackets stands for the anti-commutator. For a static
radical pair the position-dependent rate wg(r) can be replaced
simply by a constant rate kg. Such a form of the reaction oper-
ator corresponds to the decay of the singlet-state population at a
rate kg, whereas the phase elements, singlet—triplet coherences,
decay at kg/2 [46,47] Recently, possible corrections to such a
form of the operator were discussed [48] differing in the decay
of the coherences, which is faster than kg/2 in some models.
The time-dependent rate of the product is given by the
following quantity:

R(t)= kspgs (1) = ks Tr{ Psp (1)}

Beilstein J. Nanotechnol. 2017, 8, 1427-1445.

or, when the reactivity is position-dependent, by the integral

over spatial coordinates:

= [drws (1)pss (r.¢) = [drws () Tr{Ap

(1)}

To calculate the steady-state reaction yield, one should perform
integration over time from 0 to o. The reaction yield, Y, is ob-

tained by integration of R(#) from zero to infinity:

Y(By) = jR(t)dt
0

In this formula we stress that the yield is a function of the field
strength, By. The reaction operator presented here and the
method of calculating R(?) is valid for singlet-state recombina-
tion and weak spin—orbit coupling.

The Hamiltonian of the radical pair typically takes into account
the Zeeman interactions of spins with the external field B
(hereafter, the static field directed parallel to the z-axis), HFC
and electronic exchange interaction. For simplicity, we consider
only the case of isotropic liquids. In this situation the Hamil-
tonian takes the form (here written in the angular frequency
units):

H(l‘) =0, ‘§lz + (’026522

N a(-l) § i() p A A(2)
I8 ) g o

Y (r){(s1 .sz)%}.

Here o;, = g;ugBy are the electronic Zeeman interactions with

g1 and g bemg the electronic g-factors (ug is the Bohr
magneton), Sl and 32 are the electron spin operators. We
assume that each radical has a set of magnetic nuclei with spins
I(l) and 1(2) (the superscript denotes the radical, to which the
nuclel belong) and HFC constants a(l) and a(z) Finally, Jex(1)
is the position-dependent exchange couplmg (also giving rise to
the r-dependence of the Hamiltonian). In the presence of a
transverse microwave (MW) field, which is commonly used to
affect the spin evolution of radical pairs or to detect its CIDEP
spectrum, one should add the corresponding terms to the Hamil-
tonian. Such terms are generally time-dependent but typically
vanish in the MW-rotating frame of reference. The nuclear
Zeeman interaction is omitted in the expression for the Hamil-
tonian because in liquids it is usually irrelevant. The reason is
that at low fields this interaction is way too small to affect the

spin dynamics, whereas at high fields, the nuclear Zeeman

1432



interaction simply changes the splitting between the eigenstates
of the Hamiltonian corresponding to the nuclear states o and
and does not affect spin mixing. In solids, however, such states
are mixed by the anisotropic parts of the HFCs, which thus
become relevant as well as the electron—electron dipolar cou-
pling. In liquids anisotropic interactions are averaged out by
molecular motion.

To simplify the description, it is common to present the spin
state of SCRPs using a vector model (Figure 2) [1,2,18,19]. The
arrows shown on the cones are not static but considered to
precess with their Larmor frequency around the central axis. In
this diagram, all four states are distinguished by different quan-
tum numbers. In the singlet state, the total spin is zero. In fact,
both arrows point into opposite directions and their magnetism
is cancelled, i.e., a singlet state is not magnetic and does not
interact with external magnetic fields. The situation is different
for the three triplet states. Here, the magnetism does not disap-
pear, and a triplet state is able to interact with external magnet-
ic fields. While for the singlet state and the T = (aff + Po)/N2
triplet, the energies are not affected by external magnetic fields,
the aa triplet gets destabilized while the Bf triplet becomes
stabilized. Hence, the transition energies of a triplet are affected
by external magnetic fields (Figure 3). For radical pairs, the
transition between 7 = ao and 7— = B is considered to be a
double-quantum transition and is forbidden by optical means as
well as in magnetic resonance. Such triplet states do not only
occur in radical pairs but also by ISC at a single molecule
mostly having one free electron in the HOMO and the second
one in the LUMO.

Figure 2: Vector model of the spin states of a radical pair. Here the
red and blue arrows show the spin vectors of the two radicals; at high
By field, each spin precesses on a cone about the z-axis, here z||Bp.
The singlet state is the state with anti-parallel spins. In the T, and T-
state there is positive and negative net polarization of the two spins on
the direction of the By field axis, respectively. In the T state there is no
net z-magnetization, but the total spin is non-zero.

The vector model also assumes that the electron spins precess
about their effective magnetic fields, which are given by the
superposition of the external fields and the local fields [49,50].
The scheme allows one to understand in a simple way how

Beilstein J. Nanotechnol. 2017, 8, 1427-1445.
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Figure 3: Schematic representation of the energy levels of a radical
pair. The spacing between the S and Ty levels is equal to 2J. In
radical pairs, typically, the singlet state is lower in energy at By = 0, al-
though the opposite situation can also be met. The splitting between
the triplet levels linearly increases with the magnetic field due to the
Zeeman effect.

interconversion in radical pairs is occurring. The S—T7|, conver-
sion proceeds due to different precession frequencies of the two
electrons: when one electron spin precesses about the z-axis
faster than the other one, the radical pair oscillates between the
S state and the T state. If one of the spins rotates about the
x-axis (or y-axis), transitions between S and T triplet states
occurs. We will use this description to give a simple explana-
tion of magnetic and spin phenomena in radical pairs. Of
course, such a simplistic treatment is not always applicable, in
particular, for quantitative assessment of magnetic phenomena
in chemistry. The reason, for instance, is that depicting the
singlet state by two anti-parallel arrows is an over-simplifica-
tion, which does not take into account the rules of quantum
mechanics. Nonetheless, the vector model provides a reason-

able qualitative view on the spin dynamics.

MFE, MIE, MARY

As far as MFEs are concerned, their origin can be explained in
simple terms using the vector model [1,2,18,19]. To do so, we
compare the situations of high external fields and low fields, as
compared to the electron—nuclear HFC interaction. HFCs in-
duce local magnetic fields in the x,y,z-directions in space, which
can “rotate” the electron spins about the x-, y-, and z-axes, as
shown in Figure 4. At low fields, due to HFC, all rotations are
possible. Hence, all three interconversion pathways, S—7_,
STy and ST, are operative. At high fields, however, the
ST, transitions become energy forbidden because a small
HFC cannot flip the electron spins. So, only the S«<»T( conver-
sion pathway is left, which is driven by the secular part of HFC
and by the difference, Ag = (g1 — g») in the g-factors of the radi-
cals. Consequently, the interconversion efficiency drops: in this
simple model, roughly by a factor of three. In real cases, a

quantum mechanical treatment should be used to calculate the
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Figure 4: Schematic representation of singlet-triplet transitions in a
radical pair. Top: S—Tj transitions occur due to the difference in the
precession frequency of the two radicals. Consequently, a radical pair
starting from the singlet state transforms to a superposition of the S
and T states, then to Ty and back. The difference in the precession
frequencies can be caused by secular HFCs and by Ag # 0. Bottom:
Flips of the spins, e.g., due to local HFC fields or due to external
MW-fields, can lead to mixing between the S state and T, states. The
By field is parallel to the z-axis.

conversion efficiency as a function of the external magnetic
field strength. Thus, we obtain that the interconversion effi-
ciency is sensitive to external magnetic fields, giving rise to
MFEs on chemical reactions. Such MFEs are well-established
and can be found in a number of reactive systems. For further
details we recommend reviews on this subject [1-3,51-54].

The formation of MFEs on recombination of SCRPs can be ex-
plained using the scheme shown in Figure 5 (the outline of this
figure is following that of Figure 1 of [53]). Due to the pres-
ence of the magneto-sensitive interconversion stage, the reac-
tion yield becomes sensitive to the magnetic field strength. In
this example, when the radical pair is born from a singlet pre-
cursor the yield of (R{Rjy) is higher at high magnetic fields.
When the initial state of the radical pair is a triplet, the MFE is
just the opposite. The size of the MFE also depends on the pre-
cursor. Specifically, MFEs are stronger when the magneto-
sensitive interconversion is the kinetic bottleneck of the
process. In liquids, MFEs can be formed for recombination of
G-pairs as well as for F-pairs. The formation of MFEs of
G-pairs generated in a particular spin state is the same as de-
scribed above. For F-pairs formed in a random spin state, the
existence of MFEs is, at first glance, puzzling. However, one
should bear in mind that the size of MFEs for singlet-born and
triplet-born is different. MFEs from such pairs, though opposite
in sign, do not compensate each other completely.
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Figure 5: Formation of MFEs upon recombination of SCRPs. In this
example the (R1R2) molecule goes to the singlet excited state (R1R)’;
subsequently, the SCRP [R1°R>’] is formed in the singlet state. The
singlet-state SCRP can recombine to the ground state or go to the
triplet state by interconversion: this stage is magneto-sensitive as
symbolically indicated. Both singlet and triplet SCRP can go to the
state C, e.g., SCRP can undergo diffusional separation to form
escaped radicals. Typically, the interconversion is slower at higher
fields, i.e., formation of (R1Ryz) is more efficient at high fields. For the
triplet precursor the MFE is the opposite: formation of (R1Ry) is less
efficient at high fields. The same scheme can be used to explain MIE:
the interconversion rate depends on the content of magnetic isotopes
in radicals. The interconversion rate is, e.g., higher for 13C enriched
radicals. One should note the similarities with Figure 1: (R1R2)" corre-
sponds to (singlet) exciton in neat material; '[R1°R>"] and 3[R1°Ry’] cor-
respond to CTS; (R{Ry) = ground state; C = charge separated state
(CSS).

For observing MFEs on chemical reactions one can either
monitor the concentration of the reaction product in real time at
various magnetic fields or perform a steady-state experiment.
For observing MFEs in steady-state experiments, it is necessary
to have some “branching”, which makes the overall product
yield dependent on the interconversion rate, i.e., on the external
magnetic field strength. In the absence of such branching, all
radical pairs would eventually recombine, leading to cancella-
tion of potential MFEs. In the example given in Figure 5,

branching is provided by the reactions, in which C is formed.

MFEs can be obtained not only for recombining radicals but
also in other cases where spin interconversion affects the reac-
tivity. Such cases are the quenching of excited triplet states by
radicals [55,56] and triplet—triplet annihilation [57-59]. In the
former case, the process is usually allowed from the doublet
state (producing the molecule in the singlet ground state and not
causing any chemical changes of the radical) so that the
magneto-sensitive doublet—quartet interconversion comes into
play. In the latter case, the total spin of the reactants can be
equal to zero (singlet), one (triplet) or two (quintet) with only
the singlet reaction channel being reactive. This spin selectivity
in combination with the magnetic field-dependent interconver-
sion can give rise to MFEs.

The same scheme can be used to obtain a simple explanation of

MIE. MIE in chemical reactions are not due to the difference in
mass of isotopes (which is less than 10% for '2C and '3C) but
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due to the different spin and gyromagnetic ratio of them. For
instance, the 12C carbon isotope is non-magnetic having zero
spin, whereas 13C is a magnetic spin-1/2 nucleus. Consequently,
in a 13C labelled radical HFC appears, which can drive the
interconversion and make it faster. MIEs can be positive or
negative depending on the initial state of the radical pair.
Typical applications of MIEs are fractioning of isotopes and
elucidating the mechanism of chemical reaction: the presence of
MIE provides clear evidence that radical pairs are reaction inter-
mediates, and allows one to identify the spin multiplicity of
reaction intermediates. For learning more about MIE in chem-
istry, we advise the reader to go for more specialized reviews
[60-62].

In this context it is also important to mention the so-called
“cage effect”, which is crucial for MFEs in liquids [1-3]. Gener-
ally, the spin dynamics of radical pairs needs a certain time to
develop. The typical time required for interconversion is on the
nanosecond timescale, meaning that the radical pair partners
need to stay close to each other for a time period of comparable
duration. This becomes possible due to the cage affect: solvent
molecules trap radicals and do not let them separate immedi-
ately. Importantly, when radicals undergo stochastic motion
(diffusion) due to “kicks” from solvent molecules, they collide
many times before radical pair separation, i.e., numerous re-en-
counters of radicals occur. Generally, for radicals separated by a
distance 7, the probability of at least one re-encounter is equal
[63] to R/r. Consequently, the two radicals spend an extended
time in the proximity of each other and completely loose corre-
lation with each other after the characteristic time, which is
equal [64] to Tp = R2/D, see Figure 6. For spherical particles
diffusing in three dimensions, R is the closest approach dis-

tance equal to the sum of the radical radii.

MFEs can be studied using different techniques. The concentra-
tion of radicals, as well as the radical pair recombination yield

RS R>

Figure 6: Re-encounters of radicals. In liquids, particles usually move
by means of diffusion. In this situation, two radicals, R4 and Ry, collide
a few times before they escape to the solvent bulk and lose correla-
tion with each other (after the characteristic time, which is equal to

0 = R2/D).
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can be traced by detecting optical absorption, luminescence,
photocurrent, etc. These quantities can be monitored either in
steady-state experiments or in a time-resolved fashion. Time-
resolved measurements can reveal very unusual behavior of
the reaction rate of radical pair recombination: this rate
has an oscillatory component due to the coherent nature of
singlet—triplet mixing [65-67]. The oscillations, often termed
“quantum beats”, are driven by HFC and Ag. Hence, the fre-
quency of the quantum beats is given by HFCs and, when the
magnetic field is sufficiently strong, also by the Ag-term, see
Figure 7. Time-resolved MFEs allow one to obtain EPR param-
eters of radical pairs, which are often too short-lived for detec-
tion by conventional EPR methods. Quantum beats are usually
observed on the nanosecond timescale; however, when the
Ag-term is extraordinarily large, quantum beats occur on the
picosecond timescale [68].
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Figure 7: Calculated time-resolved MFE traces as obtained by moni-
toring recombination fluorescence, resulting from recombination of
radical ion pairs in singlet state (such a situation is frequently met upon
pulsed radiolysis of non-polar solutions of electron and hole
acceptors). Magneto-sensitive interconversion (indicated in the reac-
tion scheme) results in oscillations (quantum beats) of the singlet-state
population, which manifest themselves in the fluorescence of A",
Quantum beats can be due to HFCs (curve 1, HFC-driven quantum
beats) and also due to Ag # 0 (curve 2, HFC-driven and Ag-driven
quantum beats are superimposed). For convenience of the reader,
trace 2 is shifted along the vertical axis (at t = 0, the fluorescence in-
tensity is the same in both cases). Here we consider a radical ion pair
with equivalent magnetic nuclei with HFC of 20 MHz; for curve 2, the
Ag-term is taken equal to 5 MHz. Fluorescence decays due to recom-
bination of the SCRP (additionally, quantum beats decay due to relax-
ation).

The magnetic field dependence of the reaction yield of a radical
pair is often termed a MARY curve. MARY curves typically
contain maxima and minima with their positions depending on
the EPR parameters of radical pairs, see Figure 8 [69-73]. At
zero field, there are two kinds of features observed: a broad fea-

ture having a width
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Figure 8: MARY curve, i.e., magnetic field dependence of the reaction
yield for a singlet-born radical pair. Here sharp maxima correspond to
crossings of the spin energy levels of the radical pair. A crossing at
zero field gives rise to the low-field effect (LFE). Additional level cross-
ings are found at specific field strengths (e.g., for radical with 6 equiva-
lent magnetic nuclei these fields are 3a and 6a). The width, Q (given
by the effective HFC of the radical pair), of the broad MARY line at

Bp = 0 is also indicated.

(summation is performed over all magnetic nuclei of the radical
pair having HFC constants a; and spins /) of about the effec-
tive HFC in the radical pair and a sharp feature (often termed
low-field effect (LFE)). The broad feature is, in fact, a level
anti-crossing effect, whereas the sharp feature results from a
pure level crossing, which is always present in radical pairs at
zero field (originating from the equivalence of all directions in
space). As usual, we assume that level crossing corresponds to a
situation where two levels, |K) and |L), become degenerate at
particular field strength. However, it is known that if there is
small perturbation, Vg; mixing the two levels, they never cross.
Hence, the level crossing turns into a level anti-crossing (often
termed avoided crossing); at the level anti-crossing the initial
states |K) and |L) become mixed. The width of the LFE feature
is given by the inverse decoherence time in the radical pair,
which comes from the electronic spin relaxation as well as from
chemical reactions, i.e., radical pair recombination and radical
pair transformation. Hence, the LFE width can be used to deter-
mine rates of fast chemical processes on the nanosecond time
scale. Interestingly, in some radical pair systems, additional
sharp features at By # 0 can be found, resulting from additional
level crossings. For instance, in radical pairs comprising radi-
cals of hexafluorobenzene (which has six equivalent '°F
nuclei), sharp features on top of a smooth background have
been found for B = 0, B = 3a, B = 6a; here a is the 19F HFC
constant of the hexafluorobenzene radical anion [74,75]. Such

findings are in agreement with analytical theory, which can be
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developed for radicals with a set of equivalent nuclei [76].
Sharp features coming from level crossings (at By = 0 as well as
at non-zero fields) have been found [70,71,74,75,77] for a num-
ber of experimental systems where the SCRP has a set of equiv-

alent nuclei.

Considerable MFEs and additional features in MARY curves
can also arise due to other interactions, notably, due to the elec-
tron—electron exchange interaction. In the presence of Jgy there
is an energy gap between the singlet and triplet levels; conse-
quently, the interconversion slows down. Only at a particular
field strength, B = 2|J.4|, which matches the singlet—triplet
energy gap, one of the triplet levels, 7. or 7_, that tends to cross
with the singlet level. At this field, the interconversion becomes
efficient due to the transitions between the crossing energy
levels; these transitions are operative due to HFCs, which also
turn the level crossing into an avoided crossing. Consequently,
in the field dependence of the reaction yield a peak or a dip is
observed at B = 2|J.«|. Additional features can appear at other
matching conditions, for instance, when the HFC term matches
the Ag-term: upon such a matching the interconversion in a par-

ticular nuclear spin ensemble is slowed down.

The MARY and organic magneto-resistance (OMAR) [78]
techniques represent essentially the same method, despite
having different names. The OMAR effect is observed by moni-
toring the resistance of an organic material originating from the
spin-dependent nature of charge carrier transport and recombi-
nation. The mechanism underlying OMAR is the same as for
MARY. On the one hand, MARY is a more general term, since
MARY is not supposed to be bound to only organic systems
(examples of MARY in inorganic systems also exist [77]) and
does not imply that resistance is used to monitor reaction yield.
In OMAR, effects known for MARY have been reported. For
instance, the LFE-type behavior has been found [79-81] in a
number of systems used for spintronics applications. On the
other hand, OMAR is just one instance of MFE, which has been
reported not only for (magneto)resistance, but also electrolumi-

nescence and other observables [82].

The exact mechanism leading to MFE, as observed in organic
diodes, is still not completely understood. Several relevant pro-
cesses have been proposed: as mentioned above, they are all
similar in relying on spin-selective reactions of particle pairs.
The most important underlying mechanism is spin mixing of the
particles by hyperfine interaction, which is suppressed by the
magnetic field. The particle pairs are bipolarons, electron—hole
(polaron) pairs (or charge transfer excitons), but also polarons
interacting with triplets, as well as triplet—exciton pairs. The
bipolaron model [83] can explain a positive magnetoresistance

in energetically disordered systems, such as a conjugated
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polymer film. A mobile polaron is able to hop to a site already
occupied by a polaron of the same charge type (unipolar
OMAR), if the thus-generated bipolaron is in the singlet state,
while the triplet formation is unfavorable. The singlet bipolaron
enhances current flow, whereas the triplet configuration blocks
the current. This so-called spin blocking can be cancelled by the
magnetic field. The spin mixing seems to be most pronounced
in the slow hopping regime [84], for instance, when deep traps
reduce the charge carrier mobility [85]. Oppositely charged
polaron pairs [16] (or correlated radical ion pairs) can show a
bipolar OMAR, if the charge transport is limited by spin-selec-
tive electron—hole recombination [86]. In contrast to the
unipolar OMAR (where bipolarons enhance the current flow)
here two (oppositely charged) polaron pairs usually reduce the
current: either by recombination or generation of a triplet
exciton. Accordingly, the resulting OMAR is usually negative
[84], although the original model [82] can in principle accom-
modate also positive changes. The Ag-mechanism described
above can show MFE [82], usually of the opposite sign than the
OMAR due to suppression of the hyperfine induced spin
mixing. Spin—orbit coupling is usually of lesser importance,
unless the hyperfine interaction is strongly suppressed (e.g. in
C60, which lacks the protons and contains 99% 12C, having
zero nuclear spin [87]) or heavy metal atoms are present as part
of the molecule or by doping [86,88]. An MFE can also be ob-
served by interactions with excitons: polaron—triplet interac-
tions [89], triplet—triplet annihilation [90], or singlet fission
[40].

Generally, the magnetic field is characterized not only by its
strength but also by its direction with respect to the molecular
axes system. Hence, there is not only the dependence of the
reaction yield on the field strength, but also on the molecular
orientation [91], for instance due to the anisotropy of the hyper-
fine interaction. The orientation dependence is of importance in
solids, since in liquids molecules usually tumble so fast that
anisotropic spin interactions are averaged out and all field direc-
tions in space become completely equivalent. However, in
solids the reaction yield and the MFE can depend on the direc-
tion of the external magnetic field [91-93].

RYDMR

One more important member of the family of spin-chemistry
techniques is RYDMR [94-97]. The idea of RYDMR is based
on affecting the singlet—triplet interconversion in radical pairs
by applying resonant MW-fields, see Figure 9. When such
MW-fields enhance or slow down the interconversion, the reac-
tion yield is altered. Of course, MW-fields affect the intercon-
version only when they are applied resonantly to some of the
EPR transitions in the radical pair. Therefore, variation of the

MW-frequency (to be more precise, by variation of the external
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Figure 9: Principle of the RYDMR method. Top: reaction scheme —
interconversion mixes the S and Ty of a radical pair, which reacts from
the S state. Hereafter, in the energy level diagram, the thickness of
levels corresponds to the state population. A MW-field can drive the
To— T+ and Ty T- transitions. Bottom: schematic representation of
the RYDMR spectrum — the singlet-state population can be monitored
by measuring the reaction yield as a function of the MW-frequency.
When the MW-field is applied in resonance with the triplet transitions,
To— T+ and To—T- (i.e., the MW frequency is matched to wg, which is
the precession frequency of the SCRP partners), the populations of the
S and T states are decreased. The RYDMR signal can be obtained as
a dip in the dependence of the reaction yield on the MW-frequency,
wpmw- Experiments with MW-pulses with variable lengths and inter-
pulse delays can be performed to obtain quantum beats and echo-like
signals.

magnetic field, as usually done in EPR) allows one to obtain the
EPR spectrum of the radical pair by monitoring the reaction
yield. This is the essence of the RYDMR technique, which can
be used for two purposes: (i) controlling the reactivity of radical
pairs by using spin degrees of freedom and (ii) obtaining EPR
parameters of short-lived radicals and radical pairs.

RYDMR spectra can be obtained [95] by monitoring optical
absorption, luminescence of the reaction product or photocur-
rent from radical ions which escape recombination, i.e.,
RYDMR exists in different versions depending on the observ-
able. Although RYDMR is not as generally applicable as EPR,
it has advantages, namely, sensitivity and time resolution. In ad-
dition to the possibility of acquiring EPR spectra of radical
pairs, one can also perform more complicated experiments. For
instance, it is possible to obtain quantum beats in the recombi-
nation efficiency, which are indicative of the coherent spin dy-
namics and can be used for precise measurements of EPR pa-

rameters [98,99]. Typically, selective excitation of one of the
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radicals results in quantum beats with the nutation frequency
of the MW-field, whereas non-selective excitation (spin
locking) produces “double beats” with the frequency of 2w;.
Somewhat later than in spin chemistry, such effects were also
discussed in the spintronics field [100,101]. One more impor-
tant aspect of using RYDMR is that it allows one to affect the
reactivity of radical pairs. This can most easily be done by
applying a strong MW-field that drives the EPR transitions of
both partners of the radical pair. In this situation, spin locking
takes place: the singlet state of the two spins is isolated from the
triplet state. Consequently, the interconversion is blocked (if a
very strong field is used) or at least suppressed.

The RYDMR equivalent in spintronics is electrically detected
magnetic resonance (EDMR) or optically detected magnetic
resonance (ODMR) [16,102]. Recently, important results have
been obtained in the EDMR field [102]: pulsed EPR experi-
ments have become feasible by combining EPR pulse se-
quences with sensitive current detection. In such experiments
echo-type signals have been obtained. One should note that
RYDMR and EPR use different observables; for this reason,
one cannot use EPR pulse sequences in RYDMR without a
pertinent modification [103]. Specifically, in EPR, spin magne-
tization is detected, whereas the RYDMR signal is maximal
when the radical pair is in the singlet state. However, in such a
pair, all magnetization components are zero. Likewise, pure
spin magnetization does not give any contribution to the singlet
state population because the singlet spin order is essentially a
two-spin order.

These problems can be overcome by using a modification of
spin echo experiments in EPR [102]. At the instance of time
where the spin echo is formed, the refocused magnetization can
be converted into two-spin order by applying an additional 90°
pulse. The echo is then monitored by changing the instance of
time when the last pulse is applied. Such a scheme can be
modified further to exploit more advanced EPR methods
for RYDMR purposes. For instance, the feasibility of the elec-
tron—electron double resonance [104] and electron—nuclear
double resonance [105] has been demonstrated.

CIDEP and CIDNP

In this section, we provide a short description of spin “hyperpo-
larization” generated in chemical processes. Hyperpolarization
refers to non-Boltzmann spin polarization which is highly
desired by spectroscopists since it enhances the sensitivity of
the method. Polarization of electron spins (CIDEP) and nuclear
spins (CIDNP) results from spin selectivity of chemical reac-
tions and can be used for sensitive detection of transient radical
species. We start our description from CIDEP and introduce the

main mechanisms for CIDNP formation.
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In SCRPs, singlet and triplet states are not eigenstates but
allowed to evolve in a coherent superposition of states. At high
fields, in particular, a dynamic interconversion between the S
and T states occurs if there is a difference in the precession fre-
quency of the SCRP partners. There are two reasons for having
different precession frequencies: (i) both individual radicals
have different g-values, i.e., have different “chemical shifts” on
their EPR axis, which is due to different chemical environ-
ments. In this case, Ag is not equal to 0. (ii) Coupling of an
electron spin to magnetic nuclei by HFC interaction will either
accelerate or slow down the precession frequency of the elec-
tron depending on the direction of the nuclear spin state. As a
consequence of the spin mixing, the population becomes evenly
distributed between the two spin states, S and 7.

SCRPs, in contrast to radical pairs with equilibrium popula-
tions of the spin states, show a particular intensity pattern in the
EPR experiment (Figure 10) [1,3,106,107]. While a thermally
relaxed radical pair shows transitions with absorptive (positive)
intensity, a SCRP born for example by a bond break from a
singlet state would populate initially only the S state, which has
50% of and 50% Po characteristics. This population distribu-
tion leads to a special pattern showing both emissive (negative)
and enhanced absorptive (positive) signal intensities. The spec-
trum thus consists of two “anti-phase” doublets. Such transient

electron spin order is often observed in EPR spectroscopy, cor-
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Figure 10: Top: Populations of the electronic spin state of an SCRP —
when the radical pair is singlet-born initially, only the two central states,
|12) and |3) have “singlet character” (each of them is a superposition of
|S) and |Tp)) and are populated, resulting in two EPR transitions in
absorption and two in emission. Positions of the energy levels are not
to scale. Bottom: Schematic representation of the corresponding
CIDEP spectrum, consisting of two anti-phase doublets.
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responding to CIDEP. For observing such CIDEP spectra, it is
required that either J,y is non-zero or that a non-averaged elec-
tronic dipolar coupling is present, which is often the case in
solids.

A more complex situation arises in solids where a distribution
of different interactions exists, notably, of g-anisotropies and of
the electronic dipolar coupling. As a result, the shape of the
spectral doublets can change but the antiphase nature of polari-
zation remains [106,107]. The antiphase polarization originates
from the spin-selective formation of radical pairs: in this situa-
tion no net polarization is expected (because the initial magneti-
zation of the pair of spins is zero). Instead, two-spin order is
formed. This spin order results in different phase of EPR lines
within each multiplet; for this reason, such CIDEP is some-
times termed “multiplet CIDEP”. Detection of spin echo from
SCRPs is also possible by EPR methods. It is worth noting that
the spin echo is collected 90° out-of-phase [107-109]. This fea-
ture of the spin echo formation is markedly different from the
spin echo coming from thermally polarized spins, allowing for
selective detection of SCRPs. Furthermore, the out-of-phase
echo signal is modulated due to the electronic spin—spin cou-
pling, exchange or dipolar. Consequently, a precise determina-
tion of this coupling becomes feasible, providing the informa-
tion about the SCRP structure, notably, about the distance be-
tween the radical centers.

In liquids, detection of CIDEP of SCRPs is often impossible
because radicals quickly separate. Nevertheless, CIDEP of radi-
cals can be often detected. Such CIDEP usually results in the
opposite phase of polarization of the partner radicals avoiding
geminate recombination: when the SCRP is singlet-born, no net
spin polarization can be formed. The formation of such CIDEP
can be explained using the fictitious spin representation of
CIDEP, as proposed by Adrian [110].

Other CIDEP mechanisms are also known. CIDEP can be
generated from molecular triplet states. The corresponding
mechanism is termed “triplet mechanism” [1-3], see the Section
“Optical nuclear polarization” which follows later in this article.
In this situation, the polarization formation is due to the differ-
ence in the ISC rates for different triplet substates in non-sym-
metric molecules. For instance, when a triplet 7 state is formed
from an excited singlet state, Sy, the ISC rate is different for the
three triplet sublevels, T, T,, T.. Consequently, the triplet state
is formed in a non-equilibrium spin state and exhibits CIDEP.
This mechanism is termed the “p-type” (population-type) triplet
mechanism [111,112]. Alternatively, CIDEP can be formed due
to the “d-type” (depopulation-type) triplet mechanism [113]
when the decay of the triplet state is different for the different
sublevels. In contrast to the “p-type” triplet mechanism,
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“d-type” triplet mechanism can also lead to magnetic field
effects on product yield [114-116]. When a radical pair is
formed from the polarized triplet state, it inherits the triplet-
state CIDEP. Finally, we would like to mention that CIDEP can
be due spin-selective processes involving particles with higher
spin, e.g., due to the radical—triplet pair mechanism [117,118].
CIDEP effects have already been observed in materials, which
are used for OPV: Behrends et al. [32] and Kobori et al. [119]
have detected antiphase EPR lines of photo-induced charge
transfer complexes, i.e., of SCRPs, whereas Lukina et al. [120]
have recently reported a study of the out-of-phase electron spin
echo.

Until now, no CIDNP phenomenon has been observed in spin-
tronics [121-124], although the possibility of obtaining such
effects has been mentioned [125]: “If nuclear spin resonance is
found to have an impact on the spin-dependent electron trans-
port due to the hyperfine interaction, ultimately the opposite
process may become possible: storing electronic spin informa-
tion in the nuclear spin.” Despite that we want to describe the
basic CIDNP theory, based on the classical RPM [1,3] with the
intention to stimulate future NMR research in that field.
Figure 11 explains the situation for a radical pair with a single
proton (R{H + R,). Here we schematically show the EPR spec-
trum of the radical pair assuming that the two partners R{H and
R, have slightly different g-values. Therefore, the two elec-
trons have also slightly different precession frequencies and
oscillate between S and T states. The Ry signal in the EPR
spectrum in Figure 11, however, is split into two components.
The origin of this split is due to the HFC of the nearby proton.
Also the proton has two nuclear spin states, either a or f.
Hence, the interaction with the nucleus induces on the electron
frequency a splitting into two lines of similar intensity. The fre-
quency difference between the two lines (given in units of Tesla
or Hertz) is the HFC. The term “constant” is used although it is
actually a factor. Figure 11 shows a special situation in which
the three-spin system R{H + R, might operate: The half of Ag is
close to the value of the HFC. In this case, half of the popula-
tion of Ry has a Larmor frequency close to that of Ry, while the
other half is far off that matching frequency. Hence, in one half
of the radical pair, the total spin state remains, while it is oscil-
lating in the other half. If a radical pair is born in the triplet 7}
state, half of the population will remain in the triplet state, while
the other half soon will undergo interconversion to the singlet
state and react. The control over the spin dynamics, therefore, is
given by the spin state of the nucleus. This control is also called
“spin sorting” and is considered to be the first step — the initial
spin-physical step of the RPM.

Radical pairs in their singlet state are allowed to recombine to

the recombination products (Figure 7). That reaction is spin-

1439



RP(T,)} —» RP(S)} —» Product}

RP(T,)} —» Separation|

& /3

_ :
A

NMR, escape
product

e

Figure 11: Scheme of CIDNP formation by spin sorting at high mag-
netic fields. Top: EPR spectra of the two radicals — one radical has a
single spin-1/2 nucleus resulting in splitting of the EPR line into two
components; the other radical has no nuclei, i.e., a single EPR line.
The difference in EPR frequencies, Awg and Awg, are indicated for the
radical pairs with the nucleus in the a-state and B-state, respectively.
Since Awg # Awg, the S — Ty interconversion rate is different for the
two nuclear spin states. Middle: Kinetic scheme of CIDNP formation —
a triplet-born radical pair in the Ty state rapidly goes to the reactive
single state for the a nuclear spin state, resulting in a reaction product
enriched in this nuclear spin state. For the B nuclear spin state, radical
pairs react less efficiently and undergo separation. Bottom: The gemi-
nate reaction product is enriched in the a nuclear spin state giving an
NMR line with enhanced absorption, whereas for reaction products of
the escaped radicals, the opposite sign of polarization and opposite
CIDNP sign is expected.

NMR, geminate
product

forbidden for radical pairs in their triplet state. In solution state,
the triplet radical pair will diffuse apart and form two indepen-
dent radicals surrounded by their own solvation shell each.
These radicals of the so-called escape reaction might undergo
subsequent chemical reactions for example with solvent mole-
cules. If the products of the both reaction pathways are chemi-
cally distinguished, i.e., have different chemical shifts, they will
appear in an NMR spectrum with opposite sign as either emis-
sive (negative) or enhanced absorptive (positive) signals. The
nuclear polarization pattern appearing in NMR shows positive

(“enhanced absorptive”) and negative (“emissive”) signals.
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Hence, spin sorting can be observed by NMR if the products are
different chemical species allowing for the second, the spin-
chemical step of the RPM. Therefore, photo-CIDNP NMR
spectra transiently show intensity patterns having the same area
of positive and negative signal intensities. Photo-CIDNP NMR
provides indeed an attractive hyperpolarization technique since
it relies simply on the irradiation of the sample by visible light.

The efficiency of photo-CIDNP mechanisms is highly depend-
ent on the strength of the magnetic fields [126-128]. Photo-
CIDNP can also appear at low fields comparable to HFCs
[126,128,129], at the earth field, as well as under solid-state
conditions [130-135]. In confined systems, such as SCRP in
micelles or biradicals, CIDNP can also exhibit features caused
by the electronic exchange coupling found at By = 2{Juy) [136-
138]. In solids, CIDNP is strongly affected by non-averaged
spin interactions [133,139,140], such as anisotropic HFC and
electron—electron dipolar coupling. Generally, the spin
dynamics underlying CIDNP in liquids and in solids is consid-
erably different. For these cases, we refer to the literature
[123,124,132,141].

Optical nuclear polarization (ONP)

To manipulate chemical reactions by magnetic fields, i.e., to do
spin chemistry, transient magnetic species need to occur during
the reaction course. Mostly, spin dynamics of SCRPs is used to
this end. Another option is to employ molecular triplet states.
Depending on symmetry considerations, its three substates 7Y,
T: and 7- might be formed and might decay with individual
kinetics, allowing for enrichment of a particular substate (i.e.,
electron-spin hyperpolarization).

Using highly purified anthracene single crystals under continu-
ous illumination under UV-rich white light, in 1967 Maier et al.
[142] observed nuclear hyperpolarization for the first time. The
effect could also be detected in doped crystals of similarly fused
aromatic compounds. It appeared that the phenomenon has a
maximum at rather low fields (around 0.01 T), which is the
range of hyperfine fields, and often remains observable at
higher magnetic fields. Normally, the samples are illuminated in
the stray field of the magnet and can be conveniently trans-
ferred into the magnet for the NMR experiment due to the long
nuclear 7. In any case, the sample needs to pass the stray field
which will provide at some place the same strength as the

hyperfine field.

It is the electron hyperpolarization occurring in the molecular
triplet state, called optical electron polarization (OEP), which is
converted into optical nuclear polarization (ONP) [143,144]: the
illumination with UV or white light initially caused an excited

electronic singlet state (Figure 12). Upon ISC, the population is
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transferred into the electronic triplet states. In extended mole-
cules, owing to zero-field splitting (ZFS), the three triplet states
are not degenerate. Under these conditions, as proven by Wolf
et al. [142] as well as Schmidt and van der Waals [145,146] in
the late 1960s, the pathways of spin—orbit coupling which
enable ISC are strongly spin selective. As a result, often only
that triplet state gets populated, matching the symmetry of the
preceding excited singlet state. In the same way, the decay to
the electronic ground state also depends on spin-selective ISC.
Therefore, transient non-equilibrium electron populations can
occur, which are observable with EPR spectroscopy.

S
ISC T,
- TZ
=
_|E " S\ nuclear
| E _¢2E—TX Polarization spins
% - Ty transfer
ISC
So

Figure 12: Scheme of triplet-state OEP and ONP formation. In
anisotropic molecules, the ISC process S1— T4 has a different rate for
the three triplet states resulting in OEP of the T4-state; the triplet
states, Ty, Ty, and T, are indicated as well as the ZFS parameters, D
and E. Alternatively, OEP can be formed due to the different T4 depop-
ulation rates in the ISC process T1—Sy. ONP is formed by spin-polari-
zation transfer from the polarized T4 state to nuclear spins of the
matrix.

In the second step, electron—spin hyperpolarization is converted
to nuclear hyperpolarization by static hyperfine interaction. In-
dependently, both Veeman et al. [147] and Stehlik et al. [148-
150] demonstrated that the optimum polarization transfer to
nuclei occurs upon matching of the hyperfine field with the
external stray field. In this case, a hyperfine interaction occurs,
leading to a selective mixing of the electronic triplet states,
which results in a level anti-crossing without a change of the
total magnetic quantum number. In molecular crystals, the
kinetics and site of the occurrence of ONP may be controlled by
migration of triplet excitations and their trapping. Triplet-state
OEP and ONP, despite using a different photo-cycle, can also
be generated in negatively charged nitrogen vacancy (NV")
centers in diamond crystals, which is presently a hot field of
research [151-154].

Hence, spin chemistry deals with transient magnetic species as
SCRPs and molecular triplet states interacting with the external
magnetic field. Their production in chemical reactions often
leads to spin-hyperpolarization, which can be observed with
NMR and EPR spectroscopy.
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Conclusion

Magnetic field sensitive techniques are a well-established field
for spin-dependent reactions in chemistry, mainly focusing on
molecules in solution phase. More recently, spin-sensitive tech-
niques have also been proposed for investigation of spin dy-
namics in organic photovoltaics and light emitting diodes.
Based on solid films of molecules, a complete independent
nomenclature has been developed. This begins with the termi-
nology of spins, “o” and “f” versus "up" and "down" and
reaches through the entire field. An adequate exchange of
knowledge between both fields is cumbersome and ends far too
often at language barriers.

If one is familiar with both fields, it becomes evident that
certain spin-sensitive techniques have been reinvented during
the last decades. This obviously can be seen as an unpleasant
development: Time and money is lost to recreate already avail-
able knowledge, existing measurement setups are unused and
early stage scientists do not receive their deserved recognition.
Therefore, it is wise to be aware of the two fields, spin chem-
istry and spintronics. Examples of independently developed
methods are, e.g., RYDMR for spin chemisty and EDMR for
spintronics. Another example is given by CIDEP and certain
EPR measurements. However, there are still techniques like
CIDNP available which are not yet used in device physics.

Organic spintronics is a wide field, covering devices with spin-
polarized injection or light emitting diodes, which also show a
magnetic field effect. We consider the relation to spin chem-
istry from the perspective of organic photovoltaics, as an exam-
ple with close similarity to spin chemistry, in which the influ-
ence of spin dynamics for the working solar cell is still only
superficially investigated. Spin chemistry makes clear that
singlet—triplet interaction will have an effect. The recombina-
tion of anions and cations, i.e., polarons, is a desired effect in
light emitting diodes and an undesired one for solar cells. If
recombination could be engineered by spin statistics, an
increase of the quantum and power conversion efficiency
should be the consequence.

Regarding Tables 1-3, it becomes evident that scientists from
spin chemistry will have a problem reading literature from spin-
tronics and vice versa. We therefore hope to give an impetus to
both communities to exchange their knowledge. If successful, a
foreseeable time and money consuming process will be
abridged, introducing hitherto unknown techniques as CIDNP
to spintronics and the solid state systems to spin chemistry.
Considering the current progresses in both fields, this might be
the right time to merge them together. The exchange of ideas
between the two fields would strongly enhance progress in both

research directions.
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List of Acronyms

The following is a list of acronyms used throughout this review
article: CIDEP = chemically induced dynamic nuclear polariza-
tion, CIDNP = chemically induced dynamic electron polariza-
tion, CSS = charge separated state, CTS = charge transfer
state, EDMR = electrically detected magnetic resonance,
EPR/ESR = electron paramagnetic resonance/electron spin reso-
nance, et/ebt = electron transfer/electron back transfer,
F-pair/G-pair = free pair/geminate pair, ISC = intersystem
crossing, LFE = low-field effect, MARY = magnetically
affected reaction yield, MFE = magnetic field effect,
MIE = magnetic isotope effect, NMR = nuclear magnetic reso-
nance, NV = nitrogen vacancy, OMAR = organic magneto-
resistance, ODMR = optically detected magnetic resonance,
OEP = optical electron polarization, ONP = optical nuclear po-
larization, OSC = organic solar cells, RPM = radical pair mech-
anism, RYDMR = reaction yield detected magnetic resonance,
SCRP = spin-correlated radical pair, TTA = triplet-triplet anni-
hilation, ZFS = zero field splitting.
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