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Chapter 17

Study of Spin-Correlated Radical Ion Pairs in
Irradiated Solutions by Optically Detected EPR
and Related Techniques

Vsevolod Borovkov, Dmitri Stass, Victor Bagryansky and Yuriy Molin

Abstract The strong Coulomb attraction and recombination dramatically shorten
the lifetime of radical ion pairs generated by ionizing irradiation in organic solu-
tions, which complicates the use of conventional EPR spectroscopy to study these
short-lived radical ions. However, the recombination of the oppositely charged ions
gives birth to a fluorescence response of the irradiated media. This response appears
to depend on the same properties of the radical ions that are studied by EPR spec-
troscopy. The dependence can be revealed with an external magnetic field, thus
allowing a quantitative study of hyperfine couplings, spin-orbit interaction, para-
magnetic relaxation times of radical ions, whose lifetime can amount to only a few
nanoseconds. In this chapter we consider experimental approaches, both steady-
state and time-resolved, which are based on the registration of the fluorescence
response influenced by an external magnetic field. These are Optically Detected
EPR, MARY (Magnetically Affected Reaction Yield) spectroscopy, and the tech-
nique of Time-Resolved Magnetic Field Effect (TR MFE) in recombination fluo-
rescence. A brief history, a theoretical background, methodological details, as well
as some unique experimental results obtained with these techniques are discussed.

17.1 Introduction

It is difficult to tell when the chemical effect of radiation on a molecular medium
ends, but it begins at the moment when the radiation makes electrons leave the
closed electron shells of the molecules forming (super)excited and ionized molecu-
lar states. Within several picoseconds a lot of species with open electronic shells ap-
pear in the region where an ionizing particle has passed. Some of them have electric
charge, some are neutral. Although conventional EPR is generally sensitive to any
paramagnetic species, in practice it is only applicable to study neutral radicals that

V. Borovkov (><)) - D. Stass - V. Bagryansky - Y. Molin

V. V. Voevodsky Institute of Chemical Kinetics and Combustion, SB RAS, 3, Institutskaya Str.,
Novosibirsk, Russia

e-mail: borovkov(@kinetics.nsc.ru

V. Borovkov - D. Stass - V. Bagryansky
Novosibirsk State University, 2, Pirogova Str., Novosibirsk, Russia

© Springer International Publishing 2014 629
A. Lund, M. Shiotani (eds.), Applications of EPR in Radiation Research,
DOI 10.1007/978-3-319-09216-4 17



630 V. Borovkov et al.

escape from the track into the bulk with high probability. Radical ions arising as
the pairs of oppositely charged species recombine quite quickly with their partners,
with only few of them (several per cent in non-polar solutions) becoming separated
by a very large distance. Thus, the Coulomb interaction and recombination dramati-
cally limit the applicability of conventional EPR to study the radiation-generated
radical ions in organic solutions.

In this chapter we discuss a somewhat different approach to study such radical
ions. It is based on the spin correlation between the partners in a substantial frac-
tion of the recombining radical ion pairs. Experimentally it can be implemented by
detecting the luminescence response of the irradiated medium and investigating the
effect of an external magnetic field on this response. In this chapter we discuss sev-
eral ways to develop this approach, including Optically Detected EPR (OD EPR),
MARY (Magnetically Affected Reaction Yield) spectroscopy, and the technique of
Time-Resolved Magnetic Field Effect (TR MFE) in recombination fluorescence.
All these methods share their basic principles with EPR and thus provide informa-
tion similar to information obtained by magnetic resonance techniques: g-values,
hyperfine coupling (HFC) constants, paramagnetic relaxation times of the recom-
bining radical ions. For practical use it is important to realize that they have their
own, often adjacent, but not fully overlapping, areas of optimal use.

The discussion is arranged as follows: first, we give a very brief historical over-
view, outline the basic principles of the approach, and provide an overview of the
processes in the track of an ionizing particle where radical ion pairs arise and decay.
Then, we discuss several key theoretical notions that the techniques rely upon, the
experimental implementation of the techniques, and results obtained from the study
of various radical ions, including many that were not studied by other techniques.
This chapter mostly focuses on results obtained in this century.

17.2 Historical Sketch

The history of the controlled effect of radiation on the matter starts from the dis-
covery of cathode rays [1], X-rays [2], and radioactivity [3]. These very discoveries
and the active exploration of the properties of radiation became possible, to a large
extent, due to the fact that the radiation-induced luminescence of matter is a wide-
spread phenomenon that can be easily observed by eye.

In the beginning of the XX century it was realized that at least some part of the
luminescence comes from the recombination of oppositely charged ions [4, 5]. A
little later it was found that the recombination of ions in an irradiated matter can
only be described if their pairwise generation is taken into account, which means
that their initial spatial correlation is important [6]. Those days, the luminescence
itself was interesting to the explorers of radiation primarily as an indicator of the
presence of ionizing radiation or as a measure of certain atomic parameters. Only
in the 1960-s it was understood that it was ion recombination that produced a con-
siderable fraction of the luminescence response from irradiated organic solutions,
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and that the ratio of singlet (S) and triplet (T) states of the excited recombination
products was not statistical, i.e., it differed from S:T=1:3 [7, 8].

In the milestone work [9] it was proposed that, due to the initial spin correlation
in the primary pairs, the relation between the singlet and the triplet-excited states in
radiolysis could change with time in a static external magnetic field or a resonance
microwave field driving EPR transitions. An applied magnetic field modifies the
proportion of singlet and triplet pairs, which was detected experimentally by Brock-
lehurst et al. [10] as an increasing yield of singlet excited states with a simultaneous
decrease of the yield of triplet states. The variations of predicted magnetic field ef-
fects in time were found to depend on the hyperfine interactions in the radical ions
[11, 12]. This opened the possibility to use the method of Time-Resolved Magnetic
Field Effect (TR MFE) in recombination fluorescence to study the properties of
the radical ions themselves, more specifically, those of them, whose recombina-
tion leads to the excited states of luminescent molecules. Quantum beats driven by
the hyperfine interactions in the spin-correlated radical ion pair, the precursor of
the excited molecule, were detected in the recombination fluorescence [13]. Very
prominent quantum beats driven by the difference in the g-values of the geminate
radical ions, the so-called Ag-beats, were also observed [14—16].

The dependence of the integrated yield of singlet excited states on the static ex-
ternal magnetic field strength—the so-called magnetic field effect curve—often has
the form of a monotonously rising curve as the magnetic field strength is increased
from zero to values much higher than the EPR spectrum width of the radicals [10].
However, it was found [17, 18] that features providing detailed information about
both HFC in the radicals and their lifetimes appear in stationary MFE curve.

In 1979, the idea of the effect of the microwave field on the yield of singlet ex-
cited states was implemented in the optical detection of the EPR spectra of organic
radical ions in a solution irradiated by continuous ionizing radiation [19, 20]. A year
later, a time-resolved version of the EPR registration technique named Fluorescence
Detected Magnetic Resonance (FDMR) was developed in Argonne National Labo-
ratory (USA) based on a pulsed electron accelerator [21].

The OD EPR technique was used to study the primary charge carriers and the
secondary radical ions in irradiated organic solutions [22-25]. Both the experimen-
tal method and the theoretical approaches were further developed. This consider-
ably extended the range of objects studied by techniques, which focus on spin-
correlated radical ion pairs generated in organic solutions by ionizing irradiation.

17.3 Track Structure and Spin-Correlated Radical
Ion Pairs

After an ionizing particle passes through an organic medium, within several pico-
seconds primary ion pairs are formed consisting of a radical cation (hole) of the
matrix/solvent and an excess electron. The ejected electron reaches thermodynam-
ic equilibrium with the medium at a distance of about several nanometers [26].
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Typically, radical ion pairs (RIPs) do not arise as isolated objects, and there is a non-
zero probability of recombination of the charged species produced by ionization
of different molecules. Such RIPs are called non-geminate. It is usually assumed
that their recombination produces excited singlet and triplet states in the proportion
S:T=1:3. On the contrary, geminate RIPs, originating from the same molecule, can
exhibit a non-trivial evolution of the S:T proportion in time, since these RIPs are
spin-correlated.

For the approaches discussed in this chapter it is essential that this evolution
also depends on the external magnetic field. Thus, the magnitude of the TR MFEs
related to spin-correlated RIPs depends on the ionization density. For solutions of
aromatic luminophores, the typical TR MFE magnitude decreases from 40 % for
irradiation with fast electrons to several per cent for irradiation with helium ions
[27] in accord with the expected decrease in the fraction of singlet RIPs. In refs [28,
29] similar effect was observed on going from soft X-rays to fast electrons. The
maximum amplitude of the TR MFE curves in recombination fluorescence—up to
80 %—was observed under synchrotron radiation with quantum energy 15 eV [30].
For 40 eV quanta the effects were comparable to -electron irradiation, decreasing
to about 40 %.

A quantitative comparison of the local structure of the radiation track and the
degree of the manifestation of spin correlation between the recombining ions can
only be performed using computer simulation of the intra-track processes [31-33].
In particular, such simulations show that the ratio of the recombination rates for
geminate and non-geminate RIPs in low viscosity liquids only weakly depends on
time already after several nanoseconds.

17.4 Theoretical Background

Although the theoretical basis of the method of optically detected EPR is similar
to conventional EPR, the application of the other two techniques, TR MFE and
MARY, required an essential development to study the spin-correlated RIPs. The
principles of spin effects in the reactions of species with open electronic shells were
discussed in many works, including several reviews and monographs (e.g., see [34—
38] and references therein). The experiments discussed in this chapter are focused
on radical ions in non-polar solutions, and the measured value is the fluorescence
intensity from the singlet-excited recombination products of RIPs. Such products
are believed to arise from the recombination of RIPs in singlet spin state. Any phos-
phorescence generated upon the recombination of triplet pairs in solutions is either
strongly quenched or can be rejected with an optical filter.

Thus, the intensity of the recombination fluorescence /(?) is generally determined
by the recombination kinetics F(z) and the singlet state population p(?) of the radi-
cal ion pairs. Importantly, in non-polar solutions the Coulomb interaction is likely
to result in equally effective recombination from both singlet and triplet states, in-
dependently on the magnetic field. Therefore, for RIP recombination in non-polar
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solvents F(¢) and p(?) are believed to be independent, and the experimentally ob-
served kinetics /(?) is given by a convolution involving their product. At any rate,
there is no known experimental evidence that contradicts this statement. For a short
fluorescence time of the luminophore the convolution turns into a simple product,
and /(?) can be represented as follows:

I(t) o< F(t)-p s (). (17.1)

This relationship in turn lets us separate the problem of describing the RIP spin dy-
namics from the very sophisticated task of calculating the time dependent yield of
singlet excited molecules. In this chapter, the Time-Resolved Magnetic Field Effect
(TR MFE) is defined as the ratio:

L) _pe(®) (172)
INGENHO)

The subscript and superscript B or 0 correspond to the measurements in high or zero
magnetic field, respectively.

17.4.1 Evolution of Spin State of Spin-Correlated Radical
Ion Pairs

In terms of spin chemistry, the evolution of an ensemble of RIPs proceeds as transi-
tions between S and T states of the pair of unpaired electron spins of the radicals.
The quantum beats between these states are driven by various interactions the two
electron spins experience. These are, first of all, the interactions with external mag-
netic fields, either static or oscillating, and HFC with the magnetic nuclei of the
radical ions. The interactions between the electron spins of the two organic radicals
in a RIP are quite weak and can be neglected. Indeed, the exchange interaction
has no effect for a RIP in non-polar solution, as the pairs mostly recombine from
a distance of at least 10 A [39] where these interactions are negligible. Also, due
to the fast rotation of radicals in solution, only the isotropic components of both
the hyperfine and g-tensors in each radical need to be considered. The fluctuating
anisotropic components of the couplings can be accounted for as a contribution to
paramagnetic relaxation.

Dynamics of Spin State of a Singlet Born RIP The results of the calculations can
be most concisely presented using the density matrix /() of the spin system of
the radical pair, as suggested by Schulten and Wolynes [40]. The population py(#)
of the singlet electronic spin state can be obtained using the projection operator
Ps = |S) (S| applied to the density matrix

pss(t) =Tr {ﬁsﬁ(f)}a (17.3)
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where Tr is the trace over the electron and nuclear indices. If there is no interaction
between the electron spins of the radicals in the RIP, expression (17.3) can be writ-
ten as

1
PO =7+ 2T O @), (17.4)
ik

in terms of the components of the correlation tensor 7" (¢)
OE <Tre {Sli(l‘)s'lk(())}>,];,((2)(l‘) = <Tr€ {S‘zi(t)SZk(O)}>. (17.5)

Here, ik={x.5z}, S,,(t) = exp(iHl, ,t)S, ,exp(~ifl, ,t) are the operators of the elec-
tron spins of the RIP partners in the Heisenberg representation, 7r, is the trace over
the electron spin variables, and the brackets mean averaging over the projections of
the magnetic nuclei, H, and H, are the Hamiltonian terms (frequency units) for the
interactions in each radical. This approach simplifies the solution of the quantum
problem for two nearly isolated sub-systems whose initial state is entangled, and
makes it possible to account for different types of interactions in the radicals.

An analytical expression for the components of the correlation tensor (17.5) only
exists for several special cases. For an arbitrary magnitude of the magnetic field
along the z axis, an exact solution of this problem has only been found for the sim-
plest case of one magnetic nucleus with spin / and HFC constant a [41, 42]. In this
case, the components of the tensor are:

1

T,=T,= EReh(t),Txy =-T,= %Imh(t), T. = % g(?), (17.6)

XX

v

where

g(t):1_27-2i-1 D [ +D ~mlm+1) [l—cos(ZRmt)],

m=—1 (2Rm )2
! i [(1 +D,)e™ +(1-D, )e ™" ] [(1 +D,_ )™ +(1-D,_)e ™ ]

m=—1

")

Here the following notation was used:

BB

;andw,, = -

_ +a(m+0.5)
- 2R

m

2R, = \/wg +aw, (2m+1)+d>(1+0.5),D,,

is the Larmor precession frequency of the electron spin in external magnetic field of
strength B, £ is the Bohr magneton, and 7 is the Planck constant.
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In zero field, the tensor (17.6) becomes diagonal with the non-zero components

equal to
T.(0)=T,(t)=T.(t)= 4I(I+l)+3+81(1+1)cos(a(1+0.5)-t). (17.7)

6(21 +1)

Expressions (17.6) and (17.7) can be generalized for the case of several magnetic
nuclei with equal HFC constants. To this end, these expressions should be aver-
aged over I, the total nuclear spin [42]. In zero field an analytical solution can be
obtained, for example, for n spin 'z nuclei with equal HFC constants a [43]:

1{n+3 2nn+2 ar\"! at\"!
Toalt) = Tyy() = Tal0) = ¢ L et )<cos?> —Zn(cos?> .

(17.8)

In the limit of strong field B >> a _ an analytical solution exists for an arbitrary set of
magnetic nuclei with spins /. and HFC constants a , with the nonzero components
of the tensor equal to
1 1 1.
T = E,I;x =T, = Ecos(a)ot)G(t),Txy =-T,= Esm(a)ot)G(t),

_ 1 : “n(zln“)'f/- at 17.9
G(t)—1:[|:(21n+1)><sm 5 sin-= ] (17.9)

There is also an analytical solution at B=0 [44], although a quite cumbersome one,
for two magnetic nuclei with different HFC constants, which can be generalized for
two groups of equivalent nuclei.

For many magnetically non-equivalent nuclei with different HFC constants the
semiclassical approximation can be used [40]. In this approximation, in the limit of
strong field B >>o0 ,whereo 2 = 1/3% Zn a,fln (Z, +1) is the second moment of the

EPR spectrum of the radical, the function G(¢) in (17.9) takes the form
G(t) = exp-0*t* /2). (17.10)

For zero field the semiclassical approximation gives:

xx W

T =T =T, = %(1+2C(0t)),where C(x)=(1-x")exp(-0.5x").  (17.11)

For an arbitrary magnetic field the expressions for the correlation tensor in the
semiclassical approximation are quite cumbersome. These expressions were first
provided by Bagryansky et al. [45].
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Paramagnetic Relaxation In practice, it is also necessary to take into account
paramagnetic relaxation. The simplest phenomenological way to take the relax-
ation into account is to multiply spin operators S’Z(t) and Sx,y(t) by factors
exp(~t/T )andexp(~¢/T,), respectively, where 7| and T, are the longitudinal
and the transverse paramagnetic relaxation times [46]. For zero field, assuming

T, =T, =T,, this gives
1 T () (2)
P (0,8) = 4+3e T (OT 2 (2). (17.12)

For a strong field the expression for py(#) can be written in compact form using the
functions G(#) determined by the relevant expressions (17.9) or (17.10):

1 1., 1
pSS(B,t)=Z+Ze/T1 +eth cos@y) —o-GYV (0GP ).  (17.13)

Here 1/T ,, is the sum of the corresponding relaxation rates of the two radicals.

Expressfons (17.6-17.13) were derived for an isolated singlet-born RIP. In order
to apply them for fitting the experimental TR MFE curves, it is usually assumed that
the ensemble of RIPs in the track can be divided into two parts. One part consists of
those RIPs that are singlet-born spin-correlated pairs, whose spin evolution obeys
the above equations, while another part includes uncorrelated RIPs related to cross
recombination. This picture is of course only approximate. It is generally not as
easy as it might appear to distinguish between spin-correlated and non-correlated
recombining ion pairs in an ensemble. Finer effects connected with the transfer of
spin polarization between pairs can also be expected [47], although they have not so
far been detected experimentally.

In this approximation, the total singlet spin state population of the RIPs is written
as 0-py(1)+(1-0)/4 [37], where 0 is the fraction of spin-correlated pairs among
all of the RIPs, which recombine at a given moment. Although this fraction should
generally depend on time, it was demonstrated that for a radiation spur of moderate
size it is almost independent on time after the first nanoseconds [32]. In this chapter
0 is assumed to be constant.

Examples of TR MFE Curves Figure 17.1 shows several TR MFE curves, i.e.,
the ratios of singlet state populations (17.2), calculated using Eqs. (17.3-17.13),
and several curves for two groups of spin % nuclei. Unresolved EPR spectra of the
RIP partners with very different widths appear in the TR MFE curve as two different
peaks (Fig. 17.1a) at #{(ns) of about 9/a(mT). The peaks disappear if paramagnetic
relaxation is fast enough. If the EPR spectra of both partners are narrow, the rate of
the singlet-triplet transitions caused by HFC and the rate of the increase in the TR
MEFE curve are low, letting observe the Ag-beats in a high enough field.

A HFC with magnetically equivalent nuclei manifests itself as periodic peculiari-
ties with positions in time determined by the HFC constant (Fig. 17.1b).
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Fig. 17.1 Calculated TR MFE curves for a singlet-born (6=1) RIP composed of partners with
equal g-values in the absence of paramagnetic relaxation (except as otherwise noted). The RIP
partners are assumed to either both have unresolved EPR spectrum (a) or only one of them has
non-zero HFC (b). Panel (a): V=1 mT, ¢?=0.1 mT (solid curve 1); the same but 7,=200 ns,
T,=T,=20 ns (dashed curve 1); 6V=6®=0.1 mT (solid curve 2); the same assuming the differ-
ence of g-values Ag=0.002 for the RIP partners at magnetic field B=1 T (dashed curve 2). Panel
(b): HFC constants with spin Y2 nuclei a(12H)=1mT (curve 1); a(12H)=1 mT, and a(1H)=0.5 mT
(curve 2); a(13H)=1 mT (solid curve 3); a(12H)=1 mT and a(1H)=-1 mT (dashed curve 3) cal-
culated using the results reported in ref [44]

The presence of nonequivalent magnetic nuclei changes the relative amplitudes
of the peculiarities, peaks or dips. The change also depends on the relative sign of
the HFC constants, since the spin state evolution at B=0 depends on this sign. A
finite paramagnetic relaxation would result in the damping of the peculiarities with
time.

The model presented above in Egs. (17.3—17.13) can be applied with success to
describe the experimental TR MFE curves. As an example, Fig. 17.2a shows TR
MFE curves for RIPs that have magnetically equivalent nuclei only in one partner,
either the radical anion or the radical cation, while the contribution of the other
partner to HFC is negligible [42, 48]. Figure 17.2b shows a TR MFE curve for the
RIP that is composed of these two radical ions, now both having HFC. A simulation
shows that the maxima of the peaks correspond to the moments of time when the
population of the singlet state in zero field is low. Since p () is determined by the
product of contributions from each partner, the positions of the maxima in case (b)
remain approximately the same. We also note that the amplitude of the experimental
curve is lower as compared to the theoretical curves shown in Fig. 17.1, because in
experiment <1 [29, 31, 33].



638 V. Borovkov et al.
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a Time / ns b Time /ns

Fig. 17.2 a Experimental (noisy) and calculated TR MFE curves for solutions of 0.1 M hexameth-
ylethane (+30 uM para-terphenyl-d, ) in n-hexane (upper curve, shifted by 0.15) ([42], adapted
by permission of the PCCP Owner Societies) and 1 mM tetraphenylcyclopentadiene (TPCP) in
n-decane (Adapted with permission from [48]. Copyright 1997, Mendeleev Communications).
The smooth lines show the results of modeling for a(18H)=1.22 mT (the radical cation of hexa-
methylethane) and a(2H)=2.5 mT (the radical anion of TPCP). b Experimental (noisy) and cal-
culated TR MFE curves for solutions of 0.1 M hexamethylethane +0.3 mM TPCP in n-octane
(Adapted from Quantum beats in radical pairs. [38], Copyright 2007, Pleiades Publishing, Ltd).
For both panels the temperature is 293 K, B=0.1 T

17.4.2 MARY Spectroscopy

The expressions given above can be used to calculate the dependence of the recom-
bination fluorescence intensity on the magnetic field strength in the conditions of
continuous generation of radical ion pairs. Such dependences were named Magnetic
Field Effect (MFE), or Magnetically Affected Reaction Yield (MARY) spectra (e.g.,
see [49-51]). For their theoretical description one has to calculate the integral yield
of singlet states, S(B), upon the recombination of RIPs:

S(B)= [ pys(t.B)- F(t)dt (17.14)

Even if F(2) is approximated by an exponential function, an analytical expression
to describe the MARY spectra can only be obtained for the case of equivalent nu-
clei, Eq. (17.6). Using a more experimentally adequate non-exponential kinetics
requires, in practice, a numerical simulation [52].

The left-hand part of Fig. 17.3 qualitatively shows a typical view of the signal in
MARY spectroscopy, exemplified by the calculated function S(B), for a pair with
equivalent magnetic nuclei. When RIPs are generated in singlet spin state, one can
always see a gradual increase of the luminescence intensity with the magnetic field,
i.e., the so-called magnetic field effect. In zero field and in weak fields relatively
sharp lines can also be observed where the energy levels of the radical ion pair cross
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Fig. 17.3 A schematic diagram of the energy levels of a RIP and the field dependence of the sin-
glet yield S(B) (left); a typical shape of the first derivative MARY spectrum (7ight) in the region of
low magnetic field with indicated major features and their relation to the second moments of the
EPR spectra 62, the lifetime of the spin correlated RIP ¢*, and to HFC constant, a for the RIP
with only equivalent nuclei in one of the partners. See text for more details

HFC?

[41]. The lines appear due to the fact that for a part of the ensemble of RIPs the rate
of singlet-triplet transitions drops as a result of destructive interference of several
available transition channels. The zero-field line, also known as the MARY line
or the Low Field Effect [53], is universal and appears in a wide range of systems
[54-57]. This peculiarity appears due to a higher symmetry of the system in the
absence of the preferred direction of the external magnetic field.

The right-hand part of Fig. 17.3 shows a characteristic view of the first derivative
of the field dependence, S(B), as obtained in the modulation experiment. The shape
of this curve provides a quick estimate of the EPR spectrum width and the charac-
teristic lifetime 7* of the spin-correlated RIP. The former parameter is connected
with the so-called magnetic field effect half-saturation width B, , first suggested by
Weller [58], which was later adapted to the more convenient in this setting position
of the maximum in the modulation spectrum B, [59, 75]. The time t* characterizing
the overall rate of all processes shortening the lifetime of the spin-correlated state of
the pair is connected with the width of the zero-field MARY line [41, 54, 60]. The
connection between the width of the zero field line and the rate of decay of a spin-
correlated RIP allows using the stationary MFE for estimating the rates of reactions
involving short-lived radical ions (see below).

Additional lines can appear for radical ion pairs that have only equivalent nuclei
in one of the partners (see also Fig. 17.5). They are observed in the fields that are
the multiples of the HFC constant [49, 61]. Such lines in non-zero fields have also
been observed for RIPs with a more complex HFC pattern [55]. Due to the pres-
ence of the additional lines in the MFE curve with positions determined by the
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structure of the radical ions and with shape and width determined by the processes
they are involved in, the observation of such effects evolved into a spectroscopy,
and the curves are now referred to as MARY spectra [50]. The term MARY has
been in use since the 1970s to refer to the studies of the static applied magnetic field
in photogenerated radical pairs [62—64], however, it was radiation-generated RIPs
that turned it into spectroscopy in the mid-1990s. The physical principles, typical
experimental approaches, and a review of some results it has provided for radiation-
generated pairs are discussed in detail elsewhere [49, 57].

17.4.3 Optically Detected EPR

In the technique of OD EPR the measured value is the intensity of recombination
fluorescence vs. the external magnetic field in the conditions of continuous genera-
tion of RIPs and with applied microwave field. When the microwave quantum is in
resonance with the energy difference between the Zeeman sublevels of the triplet
state of a RIP, an additional depletion of the RIP singlet state occurs. The resonances
thus observed via the decrease in the intensity of recombination fluorescence re-
produce the EPR spectra of the radical ions composing the RIP. The theory of OD
EPR [65-68] is similar to the theory outlined in Sect. 17.4.1, with a conversion
to the frame of reference rotating with the microwave field frequency and using
the strong field approximation valid for the region where the EPR resonances are
actually located. Like in the case of MARY, the major difficulty in the quantitative
simulation is the lack of information on the geminate recombination kinetics that
needs to be convolved with the time dependent singlet state population. However,
this uncertainty only affects the shapes of the lines in the described spectrum but
not their positions.

At alow MW power OD EPR signals are very similar to the spectra observed in
conventional EPR, but there are also some essential differences. One important pe-
culiarity should be mentioned: a very short spin-lattice relaxation time, of the order
of 7,~10 ns, makes the OD EPR line amplitude very small since the typical MW
power (~1 W) cannot induce S-T transitions faster than the relaxation equilibrates
the spin states. Increasing the MW power increases the signal but also results in
a non-trivial saturation effect and a distortion of the OD EPR lines due to the so-
called spin locking [69].

17.5 Experiment

17.5.1 Techniques

The Method of Time Resolved Magnetic Field Effects Figure 17.4 shows the
experimental setup that was developed in the Institute of Chemical Kinetics and
Combustion SB RAS (ICKC) [70] and provided most of the TR MFE data discussed
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Fig. 17.4 A flow chart of the fluorimeter (/eff) and an example of the fluorescence decay kinetics
(right) from an irradiated solution of 0.1 M hexamethylethane +30 uM pTP-d,, in n-hexane in
magnetic field B=0 (/ine) and B=0.1 T (circles), T=293 K. The arrows show the positions of the
features arising in the TR MFE curve (see Fig. 17.2)

in this Chapter. The fluorescence is generated by short—about 1.5-3 ns—X-ray
pulses with a characteristic energy of about 20 keV. This is mostly the characteristic
radiation of a molybdenum target hit by a bunch of electrons with the energy of 30
to 40 keV. The bunch is guided through a hole in the electromagnet pole to the target
located 20 mm away from the irradiated sample, which is positioned between the
poles of the electromagnet. The fluorescence is registered by the Time-Correlated
Single Photon Counting (TCSPC) technique. The magnetic field at the sample can
be controlled in the range of 0-1.9 T.

As an example of the kinetics registered using this setup, Fig. 17.4 shows a raw
kinetic curve of the fluorescence intensity decay for a solution of 0.1 M hexameth-
ylethane +30 uM para-terphenyl-d,, (pTP-d,,) in n-hexane. The radical cation of
hexamethylethane has HFC with 18 equivalent protons, which results in the pro-
nounced quantum beats. Although the shape of the kinetic curve itself only allows
this kind of conclusion to be made for the features at 30 ns, Fig. 17.2 justifies that
for a high enough operation stability the coherent features can also be observed at
90 ns. The damping of the beats is due to the contribution from the HFC in the pTP-
d,, radical anion (¢=0.068 mT) and to phase relaxation.

MARY Spectroscopy To record a MARY spectrum, the static magnetic field at the
irradiated sample has to be swept within several tens of mT through the zero of the
field. To increase sensitivity, as in conventional EPR, lock-in detection with modu-
lation of the swept magnetic field is used. In contrast with the standard magnetic
resonance techniques, no microwave power is applied to the sample. Figure 17.5
shows a flow chart of the setup built in ICKC based on a commercial Bruker ER-
200D EPR spectrometer [49]. A sample placed in the cavity of the EPR spectrom-
eter is irradiated by an CW X-ray tube. The external magnetic field is generated by
the magnet of the spectrometer, and its modulation coils are used to modulate the
applied field at 12.5 kHz. To sweep through the zero of the field, a constant “nega-
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Fig. 17.5 A flow chart of the MARY spectrometer (/eff) and an example of a MARY spectrum
registered as the first derivative for a solution of 10 mM CF, and 1 mM pTP-d,, in n-decane
(noisy line) and the corresponding S(B) dependence shown by the dashed line (right)
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tive field shift” is applied by an additional coil. The PMT signal at the modulation
frequency is recovered by an SR810 lock-in amplifier.

The right panel of Fig. 17.5 shows an example of a first derivative MARY spec-
trum with all the possible features: the MFE signal appearing as a curve with a max-
imum around 5 mT, a strong zero-field line in the phase opposite to the MFE in the
first derivative, and the extra lines in the fields ~40 and ~80 mT due to the presence
of six equivalent nuclei with a HFC constant of 13.7 mT in the C F radical anion.

MARY spectroscopy proved to be a helpful indicatory express technique to study
the extremely short-lived radical ions with lifetimes down to 1 ns and their fast re-
actions. Its ease of use and short-time sensitivity balances the loss of the structural
information, and thus this method complements the more powerful TR MFE and
OD EPR techniques that are more demanding to the conditions of observation of
the radical ions.

Optically Detected EPR The OD EPR spectra presented in this work were regis-
tered on the same setup described in the previous Section. The differences were that
the sample was additionally exposed to a microwave field with a frequency about
10 GHz, and that the magnetic field was swept near the resonances located around
0.35 T [22, 71]. As can be seen in the examples below, the shape of the OD EPR
spectra is similar to the shape of conventional EPR spectra.

A time-resolved version of the OD EPR technique was also developed using a
pulsed electron accelerator [21, 72]. Here a pulse of the microwave field is applied
to the sample with a controlled time lag after the irradiating pulse. Examples of the
time-resolved OD EPR spectra can be found elsewhere [72—74].

Applications to Non-Alkane Solvents In most cases, the techniques discussed in
this chapter have been applied to study radical ions in liquid alkanes. The advan-
tages of alkanes, due to their low polarity, are the highest probability of the gemi-
nate ion recombination and the energy gain upon the ion pair recombination. The
latter is due to the relatively low polarization energy of the recombining ions.
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In other solvents certain obstacles could arise for applying a particular technique.
Thus, the use of TR MFE is rather problematic in aromatic liquids, since aromatic
molecules typically have a long fluorescence time, which distorts the pattern of
the quantum beats. However, MARY and OD EPR can be readily used with these
solvents [73, 75].

In ethers and alcohols a very fast deprotonation of the primary radical cations
occurring within picoseconds is possible, leading to independent neutral radicals
and cations and thus separating the spin and charge [76]. As a result, the newly
formed ion pairs do not contain spin correlated electrons, and their recombination
fluorescence is not magnetosensitive. However, magnetic resonance spectra of the
radical ions of some aromatic solutes in liquid ethers and even alcohols can be
detected using the recombination fluorescence [73]. Therefore, a portion of the de-
layed fluorescence from the irradiated solutions of aromatic compounds in these
solvents comes from the recombination of spin-correlated radical ions of the solute
molecules. Very recently [77] the precursors of aromatic radical cations were found
in a series of ethereal solvents. So, the use of non-alkane solvents for the studies
of magnetosensitive luminescence response of irradiated solutions is a subject of
further work.

17.5.2 Experiment: Radical Anions

The mobility of electrons in alkanes is two to five orders of magnitude higher than
the mobility of molecular ions. For concentrations of acceptors ~1 mM in liquid
alkanes the radical anions (RAs) of the solute will quickly arise, while the solvent
radical cations are not scavenged up to the times of the order of 100 ns (for viscos-
ity ~1 cP). In these conditions, it is easy to study the contribution of RAs to TR
MEFE curves. Another way to study the radical anions is the use of a positive charge
acceptor that does not scavenge the excess electrons in alkanes, like tetramethyl-p-
phenylenediamine [78].

Radical Anions of Metaloles OD EPR and TR MFE were used to study RAs of
tetraphenyl-substituted 1-heterocyclopenta-2,4-dienes (metaloles), siloles and ger-
moles, including their chloro derivatives [79, 80]. Figure 17.6 shows the OD EPR
spectra obtained for solutions of two of the studied compounds in a liquid alkane.
The HFC constants were found to be about 1.5 mT for the two protons in the RA of
compound (a) and 1.12 mT for 33Cl in compound (b).

The TR MFE curves obtained in alkane solutions of the same compounds clearly
demonstrate quantum beats induced by HFC in the RAs, which is dictated by the
experimental conditions, as mentioned above. The dominant HFC constants in the
RAs were determined from the simulation of the TR MFE curves. A very good
agreement between the two techniques was achieved, thus indicating that in the OD
EPR spectrum the same species are observed that are formed as early as few nano-
seconds after the irradiation due to electron scavenging by the solute.

Radical Anions of Fluorobenzenes The RAs of fluorobenzenes were investigated
in many studies (e.g., [81, 82] and references therein). They are interesting due to
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Fig. 17.6 OD EPR spectra (adapted with permission from [80]. Copyright 1998, Mendeleev Com-
munications) and TR MFE curves (in the inserts, [79]. Copyright 1998, with permission from
Elsevier BV) for solutions of compounds shown in the plots in liquid alkanes

their special electron and spatial structure. The HFC constants in these RAs are
abnormally high because the flat molecular structure is disturbed by pseudo Jahn-
Teller distortions in RAs [83]. The adiabatic potential energy surface (PES) for
these RAs is a surface of pseudorotation with several minima. The motion along the
pseudorotation trough modulates the HFC constants for the fluorines.

Because of their short lifetimes in solutions, these RAs cannot be studied using
conventional EPR, but can be detected by OD EPR [84]. In particular, a nontrivial
case of intra-molecular dynamics in a fluorobenzene RA was investigated in ref
[85], where the OD EPR spectrum of the 1,2,3-trifluorobenzene (1,2,3-TFB) radical
anion in a liquid squalane solution was registered (Fig. 17.7a).

The relatively high accuracy of measuring the HFC constants allowed detecting
and analyzing the temperature dependence of the observed HFC. In Fig. 17.7b the
experimental results are compared with the quantum chemical predictions. The pre-
dicted HFC constants were calculated by averaging in the model of fast exchange
between the conformations along the pseudorotation trough. The relative weights
of the conformations were estimated by the classical Boltzmann distribution, which
gave a good agreement between the experiment and theory. Similar results were
also obtained for the RAs of several other fluorobenzenes [86].

Symmetric 1,3,5-Trifluorobenzene Among the partially fluorinated benzenes,
1,3,5-TFB is remarkable for its highly symmetric structure. Its RA remained unob-
served for a long time. All attempts to register its EPR spectrum using matrix
isolation [87] or OD EPR in low-temperature squalane solution [84] failed. The
difficulties preventing the registration of the EPR spectra of 1,3,5-TFB RA were
usually attributed to the fast spin relaxation due to Jahn-Teller effect in the RAs of
aromatic molecules having at least a third order symmetry axis (e.g., see [88]).
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Fig. 17.7 a OD EPR spectra for a squalane solution of 10 mM 1,2,3-TFB (+1.5 mM pTP-d, ).
Temperatures are given in the plot, b The temperature dependence of the experimentally measured
averaged HFC constants (open circles for the fluorine atom in the second position (F,) and squares
for F, ;) and the calculated results for this dependence in the quasi-classical model (-o-). Adapted
with permission from [85]. Copyright 2005 American Chemical Society

The RA of 1,3,5-TFB was successfully registered in MARY experiments [89] in
an alkane solution at room temperature. In theory the MARY spectrum of this radi-
cal anion should have a characteristic line in the field 15a,/4, where a,. is the HFC
constant with the three equivalent fluorine nuclei. Indeed, a spectrum of this type
was registered in a solution of 1,3,5-TFB in n-dodecane (Fig. 17.8a, the feature is
shown with arrow), and its fitting provided the first estimate of the HFC constant of
the 'F nuclei in this RA.

OD EPR was also successful in registering the RA of 1,3,5-TFB [90]. The HFC
constants with three equivalent '°F nuclei in this RA estimated from MARY and
OD EPR spectra are consistent and equal to a(3F)~7.4 mT. Quantum chemical cal-
culations predict a fast intramolecular exchange between the non-planar structures
of this RA, thus confirming the observed equivalence of the fluorine nuclei. The
lifetime of the spin-correlated state of the radical ion pair involving the 1,3,5-TFB
RA was estimated from the width of the MARY line as ~20 ns.

Radical Anions of Al, Ga and In #ris-8-Oxyquinolinates Radical ionic states not
only play an important role in chemistry, they are also critical for modern molecular
electronic devices including organic light-emitting diodes (OLEDs). OLEDs are
multi-layer heterogeneous films capable of emitting light when an electric current
passes through them. Here, the layers of coordination compounds such as aluminum
tris-8-oxyquinolinate (Alq;) functioning as electron transport and electrolumines-
cent layers are important. The charge transport proceeds via the formation of radical
ionic states of the coordination compounds, while their recombination is the source
of the optical emission of the device. Studying the properties of their isolated radi-
cal ions in model systems can help understand the potential ways to improve these
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Fig. 17.8 a A MARY spectrum of a solution of 10 mM 1,3,5-TFB (+1 mM pTP-d, ) in n-dodec-
ane and the results of fitting for a radical ion pair with a dominant HFC at three equivalent spin 2
nuclei with a=7.3 mT. The difference between the predicted and the experimental spectra is due to
the additional signal from pairs “solvent RC/pTP-d,,*” [89], b An OD EPR spectrum of a solution
of 10 mM 1,3,5-TFB (+1.5 mM pTP-d, ) in squalane at 309 K. The smooth line shows the fitting
with a(3F)=7.4 mT, g=2.0039 in the radical anion. Reprinted from [90]. Copyright 2013, with
permission from Russian Chemical Bulletin

electro-optical systems. As a system of this type, an X-irradiated solution of Alq,
(as well as Inq, and Gaq,) in benzene was used [75]. MARY spectra of radical ion
pairs involving the RAs of the corresponding oxyquinolinate were successfully reg-
istered in these conditions, and their simulation provided the estimates of the HFC
constants at the metal center (Fig. 17.9).

Experiments in liquid benzene demonstrated that the observed signal is produced
by a pair consisting of the Mq, radical anion and the solvent radical cation narrowed
by degenerate charge exchange. The registered MARY spectra are typical of a series
of systems with a similar structure and demonstrate an increase in the second mo-
ment of the EPR spectrum of the pair partner with the dominant HFC, which in this
case is the RA of the corresponding oxyquinolinate. Since all these three coordina-
tion compounds have the same number of identical ligands, the different behavior
of the MFE is due to the different nature of the central ion. The shown spectra
were simulated in the approximation of exponential distribution over the coherent
lifetime of the pair, considering only one nucleus with the spin of the central metal
ion in the radical anion (I(*’Al)=5/2, I("°Ga)=3/2, I('*In)=9/2), the EPR spectrum
width of the geminate pair partner, the benzene radical cation, could be neglected.

17.5.3 Experiment: Radical Cations

As mentioned above, in alkane solutions the secondary radical cations (RCs) are
usually formed later than the RAs due to the very high electron mobility in these
solvents. This significant time delay makes the techniques of TR MFE and MARY
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Fig. 17.9 a The structure of tris-8-oxyquinolinate M(III), where M=Al, Ga, In, (Mq,). b Peak-to-
peak normalized MARY spectra of benzene solutions of 1 mM Al, Ga, In #ris-oxyquinolinates with
superimposed simulated spectra with the following parameters: (Alq,) a(I=5/2)=0.45 mT; (Gaq,)
a(1=3/2)=0.8 mT, (Inq,) a(1=9/2)=0.6 mT. Reprinted from [75]. Registration of radical anions
of Al, Ga, In tris-8-oxyquinolinates by magnetosensitive and spectrally resolved recombination
luminescence in benzene solutions. Copyright 2012, with permission from Elsevier BV

virtually inapplicable to study RCs in diluted solutions, although still allows ob-
serving the secondary RCs using OD EPR. To observe the secondary RCs by TR
MFE or MARY, either a higher concentration of the solute is required, or a solvent
with a high mobility of the primary radical cations, like some cycloalkanes [91-93]
or squalane [93], can be used. Molecules that cannot scavenge electrons are more
convenient for the study of their radical cationic states. A luminophore giving a
radical anion with a suitable HFC pattern can then be used as an electron acceptor.

The discussed techniques were used to study the RCs of a series of olefins [95,
96], aliphatic amines [97, 98], and aromatic compounds with negative electron af-
finity, like methyl substituted benzenes [99, 100]. This chapter focuses on the RCs
of aliphatic hydrocarbons and their metalorganic analogues. For these compounds,
the discussed techniques allowed obtaining EPR parameters of a series of their RCs
in solution for the first time.

Data on Alkane Radical Cations from Other Techniques The RCs of alkanes,
along with the excess electrons, are the primary species arising upon irradiation of
alkanes in liquid or solid phase, and the history of their studies counts decades. The
structural information on the RCs of alkanes was mostly obtained for low molecular
weight (up to 8-10 carbon atoms) alkanes stabilized in low temperature matrices
(e.g., see review [101] and references therein).

The RCs of normal, branched, and cyclic alkanes exhibit very different electron
and spin density distributions. The ground states of both the neutral molecules of
n-alkanes and their radical cations were found to be the elongated all-trans confor-
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mation. In this conformation of the RCs the molecular orbital occupied by the un-
paired electron embraces the entire carbon skeleton. The major HFC of the unpaired
electron are observed for the two protons of the methyl groups located in the plane
of the carbon skeleton. The value of the HFC constants decreases with increasing
the skeleton length from ~10 mT (propane) to ~2 mT (n-decane).

In the RCs of branched alkanes the unpaired electron is mostly localized at one
C-C bond, and thus more B-protons are involved in the hyperconjugation [101]. A
typical value of the dominant HFC constants with the protons in the non-rotating
methyl groups is 4-5 mT. The results from the studies of the RCs of cyclic and
bicyclic alkanes in matrices (see, e.g., [102—104]) showed that many of them typi-
cally have several energetically close or identical structures with considerable HFC
constants and substantially different distribution of spin density due to vibronic
interaction [83].

Experiments on pulsed radiolysis of liquid alkanes demonstrated that the
chemical lifetimes of the RCs of n-alkanes at ambient conditions should be in the
range of several nanoseconds to several tens of nanoseconds [105]. For cyclohexane
RC, numerous studies suggest that its lifetime in solution should be at least about
a microsecond [92]. As for the RCs of branched alkanes, the usual techniques gave
contradictory information on the lifetimes of the species in solution. In particular,
in a study of neopentane and 2,2,4-trimethylpentane a hypothesis was put forward
that these RCs transform into products in the sub-nanosecond time domain [106].

A study of the magnetic resonance parameters of alkane RCs in liquid phase
became possible after the Optically Detected EPR and its time-resolved counterpart
were developed. OD EPR was used to register the RCs of hexamethylethane, some
cyclic alkanes with rigid structure like cis-decalin, norbornane etc. in solution [25,
71, 107]. As the solvent, alkanes with a higher ionization potential (cyclopentane,
n-pentane, n-hexane) were usually used. OD EPR lines about 0.3 mT wide attrib-
uted to the solvent RCs were successfully observed in irradiated pentadecane and
squalane [107]. The small EPR spectrum width was explained by the degenerate
electron exchange involving the primary radical cation.

A considerable progress in the investigation of alkane RCs in solutions was made
using the TR MFE technique. These results are discussed below.

Normal Alkanes In most cases the same approach was used to study alkane RCs
in solutions: addition of the studied alkane (RH) in a concentration of 0.01+1 M to
an alkane with a higher ionization potential, usually n-hexane [108]. As the electron
acceptor and luminophore, pTP-d, at a low, 10-100 uM, concentration was used.
Under these conditions the observed TR MFE is determined by spin evolution in the
spin-correlated pairs (RH"*/pTP-d,~*). The radical anion has small HFC constants,
and its effect on the evolution of the RIP spin state becomes noticeable only at times
longer than 50 ns.

Figure 17.10a shows TR MFE curves for solutions of n-alkanes at a relatively
low concentration. A further increase in the n-alkane concentration modifies the
curves as a result of slowing down the S-T transitions in the RIP due to the degener-
ate electron exchange, as discussed below. The shape of the curves clearly shows
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Fig. 17.10 a Experimental (noisy) and calculated TR MFE curves for solutions of 0.1 M r-alkanes
(indicated in the plot) in n-hexane (+30 pM pTP-d, ) at 293 K. The smooth lines show the results
of modeling with the second moment of the EPR spectrum of n-alkane RC corresponding to o
equal to 0.68, 0.5, 0.38, and 0.25 mT (C9-C16) in good accordance with data reported in Ref.
[108]. For n-C9 the dashed curve demonstrates the change of the calculated TR MFE curve when
o is increased to 2.5 mT, which is typical for low temperature matrices [109]. b The all-trans struc-
ture of n-C9 RC and the conformations formed by rotation about either C,~C, bond or C,~C; bond
by about 120°. The HFC constants with protons in mT and the relative values of the formation
enthalpy as calculated by the UB3LYP/6-31G(d) method are also shown. Adapted with permission
from [119]. Copyright 2006, American Chemical Society

that the RCs of n-alkanes with a sufficiently long carbon skeleton in solution have
an unresolved EPR spectrum. A simulation of the TR MFE curves gives the ¢ val-
ues [108] for the EPR spectra from 0.81 mT (#-C8) to 0.25 mT (n-C16), which is
much lower than the characteristic values for the spectra of the corresponding RCs
in freon matrices. This is illustrated in Fig. 17.10a, where the experimental curves
are fitted with Eqgs. (17.10-17.13) taking the spectral exchange into account. For
n-nonane solutions, a curve calculated for the value of o typical for low temperature
matrices is also shown with the dashed line. A small peculiarity at the time range
<10 ns is likely due to the effect of the RCs of either the solvent or isomeric hex-
anes, for which o values of about 2 mT were observed (see below).

The significant decrease in the EPR spectrum width of n-alkane RCs on going to
liquid solution was explained in ref [119] using quantum chemical calculations. It
was shown that in solution, similar to solid matrices, the most probable conforma-
tions of an n-alkane RC were the all-trans structure and the structure differing from
it by rotation of the ethyl fragment, as demonstrated in Fig. 17.10b by the example
of the nonane RC. The transition barriers between these conformations are only
23 kcal/mol [110]. The HFC constants are averaged not only by the fast rotation of
the end methyl groups, but also by the rotation of ethyl fragments. Other conforma-
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Fig. 17.11 a Experimental (noisy) and calculated TR MFE curves for solutions of 0.1 M branched
alkanes (structures are indicated in the plot) in #n-hexane (+30 uM pTP-d, ) at 293 K. Adapted with
permission from [112]. Copyright 2012, American Chemical Society. The smooth lines show the
results of modeling for the dominant HFC constants with -protons of about 1.3 mT. b The relative
energies of the stationary points at the energy profile for 2,2,4-trimethylpentane (triangles) and
its RC (-) for the rotation about the C;-C, bond. Adapted with permission from [111]. Copyright
2007, American Chemical Society

tions, even with a higher statistic weight, are unlikely to exist in solution due to high
formation enthalpy.

Branched Alkanes The radical cations of branched alkanes were studied using
the same approach as described above for normal alkanes. In this case, additional
features (Fig. 17.11a) in the TR MFE curves appear indicating the presence of a
significant number of magnetically equivalent protons with HFC constants of
about 1.3 mT [111, 112]. This value is nearly equal to the HFC value expected for
B-protons with the hyperfine couplings averaged by the fast rotation of the methyl
groups. The change of the second feature from peak to dip for some compounds
is due to the different parity of the number of protons with the dominant HFC in
the corresponding RCs (see also Fig. 17.1b). Spin density in the RCs of isomeric
butanes and pentanes is localized near the ferz-butyl moiety. For higher substituted
alkanes, such as 2,2,4,4,6,8,8-heptamethylnonane (Fig. 17.11a), the TR MFE curve
becomes closer to the curve expected for a RC with a large number of magnetically
non-equivalent nuclei (see Fig. 17.1).

In the RC of 2,2 4-trimethylpentane (Fig. 17.11b) for angle ¢~180° the predict-
ed HFC constant at the methine proton is about 7 mT. However, this large constant
has no noticeable effect because in thermal equilibrium the parent neutral molecules
mostly have conformations with |p|<120°. Since ionization is a vertical process, the
RC appears in a similar geometry. A transition to the conformation with ¢~180°
required passing over a barrier of about 7 kcal/mol (Fig. 17.11b), which is unlikely
at room temperature at times up to 50 ns where the quantum beats are observed.
As one can see in Fig. 17.11a, a calculation neglecting the above conformation at
¢~180° adequately describes the experiment.
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Fig. 17.12 a Experimental TR MFE curves for solutions of 0.1 M cyclic alkanes (structures are
indicated in the plot) in n-hexane (+30 uM pTP-d,)) at 293 K. b The correlation between the
pseudorotation barrier height £, according to B3LYP calculations and the spin-lattice relaxation
time T, of cycloalkane RCs (in the order of increasing E: cyclohexane, trans-decalin, ethylcy-
clohexane, 1,4-dimethylcyclohexane, methylcyclohexane, propylcyclohexane, iso-propylcyclo-
hexane, 1,1-dimethylcyclohexane, 1,2-dimethylcyclohexane, fert-butylcyclohexane, cis-decalin).
The smooth line is given as an eyeguide. Reprinted with permission from [115]. Copyright 2012,
American Institute of Physics

The studied RCs were identified by the values of the HFC with protons and the
g-values (~2.0035). Additionally, to check that the observed RCs are not the prod-
ucts of the possible decomposition of the parent alkane RC due to elimination of
dihydrogen, TR MFE experiments for solutions of the corresponding alkenes were
also performed. All these experiments confirmed that TR MFE allows registration
of RCs of branched alkanes in solution and established that the lifetime of these
RCs in solution at room temperature is at least tens of nanoseconds.

Cyclic Alkanes The RC of cyclohexane was probably one of the most elusive spe-
cies that was sought by OD EPR in liquid solution. In pure cyclohexane the RC
undergoes a fast degenerate electron exchange with the surrounding molecules,
and it surely could be a precursor of the secondary RCs of solutes [15, 92, 113].
However, no signals were detected in the solutions where the cyclohexane RC was
expected as an isolated species. A progress in studying this RC, as well as the RCs
of alkylsubstituted cyclohexanes, was made using TR MFE, which allowed mea-
surement of spin-lattice relaxation rates in these RCs.

As Fig. 17.12a shows, the features in the TR MFE curves reflecting the second
moment of the EPR spectrum can only be observed if a bulky substituent like fert-
butyl is present in the cyclohexane ring. In iso-propylcyclohexane, the effect of
paramagnetic relaxation becomes more apparent as a faster decay of the TR MFE
curve at longer times (see also Fig. 17.1a). In the RC of unsubstituted cyclohexane
the time of spin-lattice relaxation in solution becomes so short (7',~10 ns [114])
that this RC cannot be detected by OD EPR.
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Fig. 17.13 Experimental (noisy) and calculated TR MFE curves obtained at 293 K for solutions
of: a 0.1 M tert-butyltrimethylsilane (1) and terz-butyltrimethylgermane (2, shifted vertically by
0.12) in n-hexane (+30 uM pTP-d, ) at B=0.1 T. The model curves correspond to two sets of HFC
constants: a(9H)=1.87 mT and a(9H)~0.3 mT. The dashed line shows the experimental curve for
a hexamethylethane solution in the same conditions. Reprinted from [117]. The study of radical
cations of Me,C-SiMe, and Me,C-GeMe, in alkane solutions using the method of time-resolved
magnetic field effect and DFT calculations. Copyright 2008, with permission from Elsevier; b
0.06 M solutions of MeGe, (+30 uM pTP-d, ) in n-hexane at B=0.03 M (/, shifted vertically by
0.1) and 0.3 T (2). The simulation parameters correspond to the data for RC of Me Ge, (g=2.03,
a(18H)=0.52 mT [116, 118]. Adapted by permission of the PCCP Owner Societies)

Paramagnetic spin-lattice relaxation in the RCs of a series of cycloalkanes was
analyzed from the viewpoint of the correlation between the relaxation rate and the
structure of the adiabatic PES of the RCs [115]. The PES structure was obtained
with DFT quantum chemical calculations. It was found that for RCs of all con-
sidered cycloalkanes, including alkyl-substituted ones, the corresponding adiabatic
PES was a surface of pseudorotation due to avoided crossing composed of several
minima on the PES separated by moderate potential barriers. A group of such mini-
ma forms a pseudorotation trough, along which the system moves without the rota-
tion of the molecule. A correlation was revealed between the spin-lattice relaxation
time and the calculated barrier height (Fig. 17.12b).

To explain the abnormally high paramagnetic relaxation rate in some cycloal-
kane RCs, it was proposed [115] that relaxation in radicals with nearly degener-
ate low-lying vibronic states originated from stochastic crossings of the vibronic
levels caused by fluctuations of the radical interaction with the solvent. In the case
of cyclohexane RC, an estimate for the relaxation rate derived using the Landau-
Zener model of nonadiabatic transitions at the level crossing agrees well with the
experimental data.

Radical Cations of Metalorganic Compounds Radical cations of aliphatic com-
pounds with Group IV elements other than carbon were studied in alkane solutions
using TR MFE [116, 117]. As an example, Fig. 17.13 shows TR MFE curves for
solutions of tert-butyltrimethylsilane, fert-butyltrimethylgermane, and hexameth-
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ylethane (a), and hexamethyldigermane (b), together with the results of fitting using
the theory described in Section 17.4.1.

According to experimental data (Fig. 17.13a), when a metalorganic compound of
the type (CH,),C-E(CH,), (E=Si, Ge) is added to n-hexane, a positive charge car-
rier appears that has a considerably shifted g-value and a resolved EPR spectrum.
In these RCs, the HFC constants are larger than in the RC of hexamethylethane
(the dashed line in Fig. 17.13a). Using quantum chemical calculations this was ex-
plained by the shift of spin density at the C—E bond towards the carbon atom almost
to equal extent in both compounds. As a result, the features in the TR MFE curves
appear earlier than for hexamethylethane and change their sign because the number
of nuclei with the dominant HFC constants becomes odd instead of even. The value
of the HFC constants agrees very well with the calculations.

For compounds (CH,),E-E(CH,), (E=Ge, Sn) the RCs are less stable in solution,
although at sufficiently short times a positive charge carrier was observed with the
second moment of the EPR spectrum and the g-value similar to those of (CH;),E~
E(CH,),*" observed in low temperature matrix, provided that the HFC constants are
averaged by rotation of the methyl groups [116]. As Fig. 17.13b shows, the experi-
mental curves are adequately fitted using the literature data.

The major qualitative result of the studies described in this Section is the estima-
tion of the lifetime of the radical cations of aliphatic heteroorganic compounds in
solution, which amounts to at least tens of nanoseconds.

17.5.4 Reactions of Radical Ions

Degenerate Electron Transfer An electron transfer between a radical ion and a
molecule modifies the magnetic environment of the unpaired electron. This is also
valid for the degenerate electron transfer, which we shall discuss in this Section
using the example of an alkane RC reaction

RH™ +RH’— RH+RH""* (17.15)

involving the molecules of an alkane added as a solute. In this reaction, the mag-
netic environment changes many times. The uncorrelated spectral exchange de-
creases the steepness of the TR MFE curve rise. This becomes readily detectable
when the condition of the fast spectral exchange ((n'c)2 << 1is met, as illustrated
in Fig. 17.14a showing TR MFE obtained at various concentrations of n-nonane in
n-hexane [119]. A simulation showed that the rate constant of reaction (17.15) for
nonane is two orders of magnitude lower than the encounter rate for a radical cation
and a molecule. The difference can be explained by assuming a noticeable prob-
ability of electron transfer in reaction (17.15) only if the n-alkane RC and its parent
molecule are in the same conformation. As mentioned above, n-nonane RC can be
found mainly in all-trans conformation, while the fraction of the appropriate con-
formations among the neutral nonane molecules in solution is quite low (~20%).
Another factor is the activation energy of the transfer (4—6 kcal/mol).
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Fig. 17.14 TR MFE curves in solutions of n-nonane a in the field B=0.1 T for various alkane con-
centrations (shown in the figure, adapted with permission from [119]. Copyright 2006, American
Chemical Society) and 0.2 M norbornane b at varying magnetic field, T=293 K, adapted with per-
mission from [120]. Copyright 2006, American Chemical Society. The structure of the norbornane
molecule is shown in the plot

If the RC has a considerable EPR spectrum width, the condition of the fast spec-
tral exchange (07)’ < 1 cannot be met for a realistic solution viscosity. In this
case, the increasing rate of the exchange does not significantly affect the TR MFE
curve. However, the spectral exchange contributes to spin-lattice relaxation. Fig-
ure 17.14b shows in semi-log coordinates TR MFE curves registered in n-hexane
solution of norbornane at different magnetic fields [120]. The curve decay pattern is
close to exponential in accordance with Eq. (17.13), so the dependence of the spin-
lattice relaxation rate in the norbornane RC on the magnetic field and norbornane
concentration can be determined. This, in turn, allows estimating the rate of reaction
(17.15). Since the HFC in norbornane RC is determined by four equivalent protons
(a(4H)=~6.4 mT), the spin evolution can be calculated exactly [42] taking into ac-
count the reaction of charge transfer for any exchange rate. A comparison with the
exact solution demonstrated that the Redfield theory of paramagnetic relaxation can
be used even in weak magnetic fields at a low spectral exchange rate.

Irreversible Reactions Involving Geminate Radical Ions In OD EPR the effect
of a reaction involving geminate radical ions can be successfully observed if the
initial radical ion and the final reaction product have resolved and sufficiently dif-
ferent spectra. For example, the reaction of RC dimerization was thus observed
[100, 121]. The estimation of the rate constant of a reaction in OD EPR or FDMR
experiment is not very accurate. Other techniques can estimate it with a relatively
high accuracy, including through indirect information from the MARY spectrum.
A reaction resulting in the formation of a new radical ion with a different EPR
spectrum affects the dynamics of the spin state of the ensemble of spin-correlated
RIPs. An appropriate TR MFE experiment then allows the real-time observation of
the entire process. Figure 17.15a shows the transformation of TR MFE curves due
to electron transfer from a molecule of 1,3-dimethyladamantane (DMAD) to the
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Fig. 17.15 Experimental (noisy) and calculated TR MFE curves recorded for: a n-hexane solu-
tions of 0.1 M 2,2 4-trimethylpentane without (curve 1) and with 1 mM (curve 2) and 3 mM
(curve 3) of 1,3-dimethyladamantane. The smooth lines show the results of calculation for reaction
(17.16) at the rate constant of 1.5x10'" M's™!. Adapted with permission from [112]. Copyright
2012 American Chemical Society. b cyclohexane solutions (+30 uM pTP-d, ) of 3 mM (curve 1),
20 mM (curve 2), and 30 mM (curve 3) tetramethylpiperidine. The smooth lines show the results
of calculation for reaction (17.17) at the rate constant of 6x10° M's™!. The curves are shifted
vertically for convenience. Adapted from [123], Copyright 2008, Pleiades Publishing, Ltd

RC of 2,2 4-trimethylpentane (iso-C.H ) in hexane solution. The DMAD RC has a
short spin-lattice relaxation time [122], so its formation in reaction

iso-CgH,g"*+ DMAD — iso-CgH;s + DMAD ™ (17.16)

leads to a rapid loss of spin correlation in the radical ion pair DMAD**/p-TP~* that
produces fluorescence upon recombination. In this case, the extra decay rate of the
TR MFE due to the reaction (17.16) is approximately equal to the rate of the forma-
tion of the rapidly relaxing species.

More complicated for analysis is the transformation of the TR MFE curves in the
case shown in Fig. 17.15b, when the reaction modifies the hyperfine structure of the
radical ion. This was demonstrated using the example of the formation of a distonic
complex of a RC with a molecule in irradiated solution of tetramethylpiperidine
(TMPP) [123]:

TMPP"*+TMPP — (TMPP"..TMPP") 17.17)

The spin density distribution in this complex is similar to N-centered radicals.

The experimental TR MFE curves can be successfully described if the complex
is considered to be formed from the RC with the rate constant of 6 x 10° M™'s7!, i.e.,
in a diffusion-controlled process involving molecular species. The process of the
distonic complex formation was also detected in the OD EPR spectrum, although
the rate constant of the reaction cannot be readily estimated from the spectrum.
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Fig. 17.16 a The dependence of the width of the zero-field MARY line in a solution of 10 mM
hexafluorobenzene in n-hexane vs. the concentration of four different alcohols. The slope of the
dependences corresponds to the rate constant of the deprotonation reaction 2+3x 10 M 's™1. b A
MARY spectrum for a solution of 2.5 mM pTP-d,, in n-hexane (the upper curve) and its change
after adding methyl alcohol (the lower two curves) Adapted from [124]. Copyright 2003, with
permission from Elsevier Science Ltd

Deprotonation of Alkane Radical Cations in MARY Information about the
decay rate of the geminate radical ions can be obtained from the measurement of
steady-state MFE as well. As mentioned above, the shortening of the lifetime (7)
of the pair increases the width (ABpp) of the zero-field MARY line according to the
relation for the Lorentz line contour ABpp(mT)26.6/r (ns) known in the theory of
EPR [60].

Such a shortening of the lifetime occurs, for example, during a reaction that
separates the spin and the charge in one of the partners in a RIP. In irradiated alkanes
such a reaction can be the proton transfer from an alkane RC (RH*®) to an aliphatic
alcohol molecule, as Fig. 17.16a shows.

In refs [124, 125] it was shown that addition of an alcohol to a solution of hexa-
fluorobenzene (CF) in n-alkane (n-C to n-C, ) broadened the zero field MARY
line proportionally to alcohol concentration in the range of up to ~20 mM, which
is the threshold of alcohol association in alkane. From the analysis of the obtained
MARY spectra it was determined, which of the decay channels of the spin-correlat-
ed radical ion pair RH"*/CF* was responsible for this broadening. As an example,
Fig. 17.16b shows how the addition of an alcohol to a solution of pTP-d,, in alkane
(RH) suppresses the characteristic signal from the pair RH™/pTP-d,,™® leaving the
signal from the other pair pTP-d,,"*/pTP-d, * unaffected. In this experiment it was
established that there is no interaction between the radical anion in the pair and
the alcohol molecule. As a result, in ref [124] it was concluded that a proton is
transferred from the RC of a linear alkane to a monomeric molecule of an aliphatic
alcohol with a diffusion-controlled rate.
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17.6 Concluding Remarks

The methods of Optically Detected EPR, Time-Resolved Magnetic Field Effect,
and MARY spectroscopy discussed in this chapter open new possibilities for reg-
istration and systematic investigation of radical ions in irradiated liquid solutions.
Although invoking fluorescence for the detection, they can provide information on
the radical ions of compounds exhibiting no luminescence. The methods are based
on exploiting the spin correlation in the radical ion pairs generated in solution. This
lends them sensitivity to the local track structure on the hitherto unexplored scale
between a single pair and the entire path of high energy particles.

The methods have a very high sensitivity to the radical ions and open access to
radical ions at the nanosecond time scale at their extremely low steady state con-
centrations in the irradiated sample. The method of OD EPR directly yields the CW
EPR spectra of the radical ions of the pair partners. The method of TR MFE pro-
vides the time-resolved picture of the evolution of the spin state of the radical ion
pairs, with simulations yielding the EPR spectral parameters. MARY spectroscopy
proved to be a helpful indicatory express technique to estimate the width of the EPR
spectra and the lifetimes of short-lived radical ions.

An advantage of the method of OD EPR is the conventional presentation of the
spectrum and the simplicity of its interpretation. Furthermore, as opposed to time-
resolved methods, both CW OD EPR and MARY spectroscopy do not require lumi-
nophores with short luminescence lifetime. On the other hand, the major advantage
of TR MFE is its ability to directly determine relaxation times in a wide range of
magnetic fields in addition to HFC and g-values, as well as the possibility to follow
the transformations of a radical ion at the nanosecond time scale.

Regarding the most interesting results provided as examples in this chapter, we
first of all mention the registration of radical ions in solutions, which either could
not be detected by other techniques, or the very formation of which under irra-
diation was under question. Other interesting application fields for these methods
include the study of intramolecular conformational transitions and the formation
of intermolecular complexes of short-lived radical ions, the study of the processes
of degenerate electron exchange, the study of the peculiarities of spin relaxation of
these elusive species. It is clear that the potential of these methods by now has been
anything but exhausted.
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