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The general characteristics of electron spin echo (ESE) spectrometers are considered. A Soviet spectrometer and certain
foreign instruments used in physicochemical research are described. The fundamental postulates and results of the theory
of magnetic dipole-dipole interactions are briefly formulated in refation to the analysis of the results obtained by the ESE

method.

Studies by the ESE method of the steric characteristics of chemical reactions in solids are surveyed. Investigations of the
structures of radical tracks in irradiated organic and inorganic systems are considered and it is shown that data concerning the
pair distribution function with respect to distances in ioni—radical pairs can be obtained by the relaxation probe method and
the method of double electron—electron resonance in ESE spectroscopy. The principal results of the investigation of the
pair distribution in the formation of radicals under the influence of ultraviolet light and y-rays as well as the changes in the
pair distribution in the course of diffusion and reactions of free radicals and atoms in frozen glasses are discussed.
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I. INTRODUCTION

The development of UHF techniques in recent years makes
pulsed EPR methods increasingly available for various physi-
cochemical applications. Among these procedures, the elec-
tron spin echo (ESE) method—a special pulse variant of EPR,
analogous in its experimental formulation to pulsed echo
methods in NMR spectroscopy!:>—has developed extensively.
In this method, under w, = YH, resonance conditions (v is
the gyromagnetic ratio for the electron and H, the external
magnetic field), the spin system is acted upon by a series of
UHF pulses and the spontaneous emission from the system—
the spin echo signal—is investigated (Fig.1). In the two-
pulse variant of the excitation, the primary echo is produced,
while in the three-pulse variant a stimulated echo is pro-
duced. The first 90° UHF pulse gives rise to a coherent
state of the spin system, which is correlated as regards initial
phase. The break up of this state into individual "isochro-
matic components” in the xyLH, plane of the coordinate sys-
tem, rotating at a frequency w, about the z axis, is caused by
phase relaxation (transverse) processes (with a time T,) and
the restoration of the magnetisation to the equilibrium value
M, along the z ||H, axis is due to the spin-lattice relaxation
(longitudinal) with a characteristic time T,;. A 180° pulse
applied at a time interval T reverses the movement of the
isochromatic component, which gives rise to the echo signal
at time 21. The signal amplitude V(21) diminishes as the
time interval T between the UHF pulses is altered.

The spin echo for paramagnetic species was first observed
by Blume®* (USA) in a study of solutions of sodium in liquid
ammonia. The ESE theory has been at present developed in
fair detail®~?. For physicochemical applications, the follow-
ing characteristics of the ESE method must be noted.

1. Compared with the stationary EPR method, which con-
stitutes a frequency domain spectroscopy, ESE is a time
domain spectroscopy in which the times of the evolution of
the spin system (T,, T;) are recorded directly.

The vector model of the generation of a spin
echo signal; a 90° pulse rotates the magnetisation vector M,
in the xy plane (1); decomposition of M, into isochromatic
components at a rate T;' (2) inducing a free induction signal
(FIS) in the receiver (R); rotation of the isochromatic com-
ponents by an 180° pulse (3); restoration of M, along the x
direction (4)—the generation of the echo signal; restoration
of M, along the z direction as a result of the spin—Ilattice
relaxation at a rate T7!; T1—time between pulses; V(1)—
decay of the echo signal as Tis altered.

Figure 1.

2. The possibility of obtaining the ESE signal (the break
up of the overall magnetisation vector M, into isochromatic
components and its subsequent restoration) arises via a
mechanism involving the static inhomogeneous broadening
of the EPR line, while the kinetics of the decrease of the LSE
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signal V(21) with increase of the time interval between the
UHF pulses, i.e. the form of the relation, contain information
about the different time-dependent stochastic processes in

the spin system. These processes also arise as a conse-
quence of magnetic interactions such as magnetic dipolar
(electron—electron and electron—nucleus) or exchange inter-
actions. Thus ESE makes it possible to investigate magnetic
interactions under conditions uncomplicated by the inhomogen-
eous static line broadening of the kind which occurs in the
stationary EPR.

3. The magnetic interactions in the spin system lead in
addition to the modulation of the relaxation decay of the ESE
signal. The Fourier transformation of the modulated
decrease yields the frequencies and amplitudes of the mag-
netic interactions. A unique feature of ESE is the possi-
bility of analysing relatively weak hyperfine and quadrupole
interactions in polyoriented systems, which creates a basis
for structural applications of the method.

4. As a pulsed variant of EPR spectroscopy, ESE can be
conveniently combined with various physical and specially
pulsed influences on the test system. There exist kinetic
variants of ESE in which paramagnetic species are generated
by light®, a laser pulse®, or a fast electron pulse’. Methods
in which the system is acted upon by electric field pulses
have been developed!!.

In the present review we shall consider only one of the
fields of the physicochemical applications of the ESE method—
studies of the steric characteristics of the formation and
reactions of free radicals, atoms, and ions in solids. These
investigations are based on measurements for magnetic
dipole—dipole interactions. They were begun at the Institute
of Chemical Kinetics and Combustion of the Siberian Division
of the USSR Academy of Sciences in 1965 on the initiative of
Acad.V.V.Voevodskii. Reviews of the early results may be
found in other publications®>7>12,

I1. ELECTRON SPIN ECHO SPECTROMETERS

Approximately 30 ESE spectrometers are actually working
or are in the adjustment stage in various laboratories
throughout the world. In foreign laboratories the spectrom-
eters are as a rule assembled from separate units purchased
from various firms. In contrast to the first models®!%1%,
the instruments constructed nowadays are coherent ESE
spectrometers, which implies that, for a fixed phase of the
exciting UHF pulses, the phase of the detected ESE signal is
also known. A coherent spectrometer is more sensitive than
an incoherent one and has a linear characteristic—the change
in the amplitude of the detected signal is proportional to the
amplitude of the signal applied to the input of the detector.
In addition, there is a possibility of direct measurements of
the polarisation of the ESE signal, which arises in various
chemical reactions, i.e. the phenomenon of the electronic
polarisation of the spins'®.

The ESE signal arises when the spin system is acted upon
by a series of UHF pulses which rotate the vector M, through
a definite angle 6. In the two-pulse variant of the excita-
tion, the amplitude of the echo signal is determined by the
angles 6y and 0,:

V =V (21)sin 6, sinZOT’
612 =vH, T, ,
where H, is the amplitude of the UHF pulse and ) its dura-
tion. The duration of the pulses in experiments designed

to investigate the phase or spin—lattice relaxation must be
much shorter than T, and T,. The times T;, T, = 10”7 s are
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nowadays of practical interest, so that we must have 1 =

2 x 107 s, which yields H, = 5 G for 6 = 90°. Such a
strength of the UHF magnetic field is ensured by a source
with a pulse power Pp = 1 kW. ® Naturally one can employ
also less powerful sources for the excitation of the ESE
signal. However, one must then bear in mind that, for small
H,, the signal amplitude diminishes in proportion to H3.
Furthermore, for a whole series of experiments, including
studies of the dipolar interactions and modulation phenomena,
one must excite at least a major portion of the EPR spectrum
if not the entire spectrum with a width AH, i.e. it is neces-
sary that the condition H, = AH should hold. In general
purpose ESE spectrometers the power of the pulses from the
exciting source is therefore as a rule ~1 kW,
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Figure 2. Generalised block schematic of an ESE spectrome-
ter: 1) UHF switch; 2) circulator; 3) cavity; TWT—trav-
elling wave tubes.

A block schematic of a spectrometer for the 3-cm wave-
length range is illustrated in a general form in Fig.2. One
or several travelling wave tubes (TWT), which function as
amplifiers of the power of the triggering klystron, are
usually employed as a source of the UHF pulses; the UHF
part of the spectrometer contains standard elements for EPR
spectroscopy: attenuators, circulators, phase inverters,
and switches. In contrast to EPR spectroscopy, the cavity
need not have a high @ factor (see below). Apart from the
additional frequency tuning, provision is usually made for
reducing the @ factor by introducing an absorbing element
such as a carbon or ferrite plate at the antinode of the
electric field. Before it reaches the synchronous (balanced)
detector, the signal is additionally amplified with the aid of
special low-noise and low-inertia TWT. Beyond the detector,
the signal in the form of a pulse enters the interpretation
unit, which incorporates elements transforming the signal
into a digital form, a signal accumulation system, and a sys-
tem for its treatment in order to suppress noise. In a digital
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or analogue form, the signal is applied to the recording
device—a pen recorder, a perforated tape, another digital
indicator, or a computer.

The most important element of the ESE spectrometer is a
programmable pulse sequence generator. By controlling the
TWT or UHF switches, it ensures the formation of a train
of UHF pulses, determines their duration 1, the intervals
between the pulses, and the time scan of these intervals as
well as the frequency of the repetition of a series of pulses,
and controls the signal treatment unit of the recording unit.
Finally, each spectrometer contains a scanning unit and a
unit for the calibration of the permanent magnetic field H,.

According to theoretical estimates®, the sensitivity of the
ideal coherent ESE spectrometer is in the range 10*°-10!
spins in the specimen for a phase relaxation time T, = 3 x
1077 s, a spin—lattice relaxation time T, = 3 x 107°-10"" s,
and a signal recording time of 1 s, which corresponds to the
sensitivity of modern stationary EPR spectrometers. An
increase of sensitivity can be achieved by increasing the
recording time as a result of the increased number of accumu-
lations. We may note that, so far as we are aware, measure-
ments of the sensitivity of ESE spectrometers, necessary for
comparison with calculated values, are not available in the
literature.

For any time domain spectroscopy, the most significant
parameter of the ESE spectrometer is its resolving power with
respect to time. This parameter should be understood as the
minimum relaxation time, for example, the phase relaxation
time T, recorded by the spectrometer (T, pin). For an ideal
spectrometer, on excitation with a train of 90—180° pulses
with durations 1, and 21p, we have

Tsomin > 37,

In the case of a real spectrometer there is in addition a
significant contribution by the so-called "ringing" of the
cavity. When a resonator is acted upon by pulses, a reflec-
ted signal is generated, whose rear front is represented by
an exponential function decaying with a time constant t, =
@/2wy. This signal overloads the UHF amplifier with respect
to time®:

1, =t In Pp/pPy

where Pp is the power of the UHF pulse, Py = kTwe/2Q the
power of the noise, and p the amplification factor. Thus

the minimum time T, which can be recorded by the spectrome-
ter increases by an amount Tp:

T2,mln> 3tpt 1

For Pp = 1kW, Q =500 T = 300, and p = 100, this addi-
tional so-called "ringing" time or "dead" time of the spec-
trometer is approximately 120 ns. Taking into account the
fact that commuting UHF devices nowadays have a fast
response time of ~10—20 ns, the real resolving power of the
spectrometer is 200—300 ns. More accurate estimates®®
yielded similar values. The simplest method for reducing
T, min» Py decreasing @ to low values, is evidently inapplic-
able because the sensitivity of the spectrometer is propor-
tional to @1/, 56

The coherent spectrometer of the Institute of Chemical
Kinetics and Combustion of the Siberian Division of the USSR
Academy of Sciences has been described in full detail in
recent literature'®!’. One of the characteristic features of
this apparatus is the possibility of generating UHF pulses
with a power up to 5 kW for a minimum duration of 20 ns,
which is ensured by a magnetron operating with synthronisa-
tion of its frequency and phase by the UHF oscillations of an
amplification cascade based on TWT; when only TWT are used,
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the power of the pulse is 1 kW. Another feature is the
modulation of the UHF phase to suppress the signal due to
the "ringing" of the cavity and to increase the time resolution.
The ESE signal is excited at a specific frequency of the repe-
tition of the "pulse (90°)—pulse (180°)—echo" cycles. If the
phase of the first pulse is reversed in each even cycle,

then the phase of the echo signal in the even cycles is also
rotated by 180° compared with the phase of the signal in odd
cycles. The "ringing" signal, which is independent of the
phase of the pulses, is the same for even and odd cycles.

By subtracting the signals from the even and odd cycles in
the signal processor unit, it is possible to suppress the
"ringing" signal. The resolving power of such a spectrome-
ter is approximately 2 x 1077 s.

The programmable pulse sequence generator (programmer)
of the spectrometer generates a series of four pulses, one of
which is used for external synchronisation and one is a strobe
pulse. The duration of the pulses and the intervals between
them are regulated in 1 ns steps. These intervals are varied
automatically at specified steps and at a specified rate. The
programmer also generates a pulse which rotates by 90° the
UHF pulse and ensures the time scan of the pen recorder in
the spectrometer.

The stability and convenience of the operation of the spec-
trometer are also ensured by a special device for the stabilisa-
tion of the field and its scan by means of an NMR transducer,
which makes it possible to determine the field strength to
within 3 x 107™% and to alter it at a specified rate in the
specified range with continuous digital indication of the value
of H,.

A modified variant of the ESE spectrometer described
previously®, was examined briefly in another communication®®.
This spectrometer is used in the Bell Telephone Laboratories
(USA). A TWT with a power up to 1 kW, controlled by a
modulator, which is in its turn triggered by the programmable
pulse sequence generator, is employed as the source of 20 ns
UHF pulses. In the recording circuit there is a coherent
receiver of the homodyne type with a videoamplifier, a strobe
integrator, and a pen recorder. A novel cavity of the gap
type, with a high filling factor and a small size, which is
convenient for use at 4.2 K, is incorporated in the spectrome-
ter. In the two-pulse variant, tis varied over the range
0.14-2.4 us during the recording of the decay of the ESE
signal. A waveguide delay line, which makes it possible to
diminish by ~30% the dead time of the spectrometer, has been
described?®.

Trifunac et al.?’ described an ESE spectrometer for kinetic
studies in pulse radiolysis (Argonne National Laboratory,
USA). The source of the UHF pulses is a TWT with a power
of 10 W, which amplifies the UHF pulses of the klystron
generated with the aid of a fast-response (10 ns) switch.

The 90° pulse then has a duration of 30—100 ns, and gener-
ates a field H, = 1 G in a cavity of the reflecting type. The
circuit employs two further fast-response switches to protect
the detecting section of the spectrometer from overload
pulses. A low noise TWT or a unipolar amplifier based on
field effect transitors can be used in the detector. A char-
acteristic feature of the spectrometer is its employment
together with a 3 MeV Van de Graaff accelerator, which makes
it possible to irradiate the specimens by intense electron
pulses lasting 5-100 ns with a current of ~2 A in the pulse.
In a specimen having a volume of 107" litre, such pulses give
rise to a radical concentration of ~10~* M in aqueous media.

In kinetic experiments the time interval between the electron
pulse and the first 90° UHF pulse was varied. Remote con-
trol was used for the part of the apparatus located in the zone
unprotected from the radiation, this incorporated the UHF
system and control units as well as the permanent H, mag-
netic field unit.
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It is known that problems associated with the signals from
the bulbs or cuvettes containing the test specimen arise in
radiation experiments using, for example, the stationary EPR
method. A novel procedure for the reduction or even elimi-
nation of this signal has been proposed®'. If the ESE spec-
trometer operates under signal detection conditions with
inclusion of a radiation pulse (A) and without a pulse (B),
then the phase of the B signal before accumulation can be
inverted so that A — B difference signals containing only the
transient component of the EPR spectrum appear in the
accumulator. An example of such an experiment has been
presented®! with the exclusion of the long-lived signal in
quartz and the isolation of the spectral lines of the short-
lived radical CH,CO,-generated when a solution of potassium
acetate is irradiated.

Among other spectrometers described in the literature and
used at the present time in vigorous research, we shall
mention the second instrument of the Argonne Laboratory??,
the analogous spectrometer at Cornell University (USA)?3,
and the spectrometer at the University of Houston (USA)2*,
The ESE spectrometer at the Leyden University in Holland?®
is used to investigate triplet states, while in the University of
Delft ESE spectrometers for both the 3 em %® and 8 em %’
ranges are used to study modulation phenomena. The com-
plete list of the spectrometers, some of their technical char-
acteristics, and the main fields of the research carried out
on them have been published?®.

I11. MAGNETIC DIPOLE-DIPOLE INTERACTIONS IN ESE
SPECTROSCOPY

The study of the spatial distribution of paramagnetic
centres in solids is based on the theory of magnetic dipole—
dipole interactions developed in relation to the ESE method.
A review of the present state of the theory can be found in
the literature®7:2%:%0  We shall deal only with the results
which are most significant for applications.

The surrounding spins k generate at the site of a given
spin p a local field AHp which depends on the relative posi-
tions of the spins in the lattice and on the changes in the
orientation of the surrounding spins as a function of time.
The shift of the resonance frequency of two spins ¢/S = 1/2
corresponding to this field is defined thus:

Awg (£) = y?hrp; (1 — 3 cos? 0pe) e (£ = A(re) - ms (8)

where mj. is the projection of the spin k onto the direction of
the external field Hy and 6pithe angle between the vector
rpi and the field Hy,. For an assembly of spins k, the shifts
are added together:

Aoy () = 3 Ao ()
&
The contribution of this interaction to the time-dependent
decrease of the spin echo signal amplitude is defined by the
relation

1
V(t) =V,<<exp [i 5 S (f) Ao, () dt] >>,,

where S(t) = 1 in the time interval (0, 1) and S(t) = -1in
the time interval (1, 27) in the two-pulse ESE variant.
Averaging with respect to t is carried out over all the realisa-
tions of the time-dependent changes in mg(t) and the avera-
ging with respect to p takes into account the spatial distribu-
tion of the spins k relative to the spins p. If there are only
two spins p and k separated by a distance rpk, then the
contribution due to the dipole—dipole interaction for the spin
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k to the decrease of the ESE signal of the spin p must also be
averaged with respect to time:

t
V() = <exp [iA (ros) [5 S () me (f) dt] >, .

The shift of the resonance frequencies of the spins changes
as a function of time as a consequence of random spin flips.
Such random changes in the resonance frequencies of the
spins are called spectral diffusion. Two mechanisms of
random spin flips are usually considered: the spin—lattice
relaxation process in which the mutual orientation of the spins
is altered (flip-flops). In the latter case the spin excitation
migrates in space (there is spin diffusion). If the spin—
lattice relaxation makes a definite contribution to the random
changes in the resonance frequencies, such spin systems are
referred to as type T, samples. If the spectral diffusion is
induced by random spin flips in the course of spin diffusion,
such systems are referred to as type T, samples.

Another mechanism of phase relaxation due to the dipole—
dipole interaction is associated with a specific pulsed influence
on the system of spins in the ESE method: a 180° pulse alters
the orientation of the local AHp field generated by the spins
k, i.e. executes an "instantaneous" shift of the resonant
frequency of the spins. This gives rise to relaxation via
the so-called instantaneous diffusion mechanism. Even if
the spectral diffusion is fully "frozen", the dipole—dipole
interaction between the spins results in a decrease of the
ESE signals via the instantaneous diffusion mechanism. If
during the time of observation the spins k manage to alter
their orientation in a random manner (as a result of spin—
lattice relaxation or spin diffusion), they contribute to the
decrease of the ESE signal via both instantaneous and spec-
tral diffusion mechanisms. The contribution of the instan-
taneous diffusion mechanisms depends very greatly on the
amplitude H, and the duration T of the UHF pulses on the
relation between the amplitude of the UHF field H; and the
overall width and form of the EPR spectral line [g(w)].

The random spin flips are described within the framework
of various model time distributions. Either an identical
average flip rate w is then assumed for all the spins or a
distribution of the spins with respect to the flip rate is
introduced, for example of the form

W) dW — (ma ) g2 gy Wnar '\ g1y
ot *( 2 ) ep( w )V (1

where Wpax is the most probable flip rate. Using such
time distributions, the decrease of the ESE signal has been
calculated for the model case of a uniform distribution of
spins in space?®.

The paramagnetic centres can be distributed in the lattice
of a solid either uniformly or non-uniformly. In the former
case they can be stabilised with identical probabilities at any
lattice site. For example, a distribution of this type has
been observed in frozen vitreous dilute solutiens of stable
radicals or complexes of paramagnetic ions. The spatial
distribution of the paramagnetic centres can be described
with the aid of a pair distribution function for the particles
m(r), which characterises the probability of finding a par-
amagnetic centre at a distance r from a specified paramagnetic
centre.

If the paramagnetic species are distributed in the specimen
in pairs and the distribution with respect to distance within
the pairs is specified by the function n(r), then the decrease
of the ESE signal is described by the expression

V(2r) = jV,, @Qt,Nn(ndr
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For a uniform distribution of species in the specimens with an
average concentration cgy, we obtain®®

V(21) = exp {#Ccp" dr [l — VP(‘?Tyr)]} .

The problem of the description of the kinetics of the decay
of the ESE signal due to magnetic dipole—dipole interactions
of the species is solved in this way in the general case. As
a rule, the solution for a wide range of times tcan be
obtained only numerically. Hitherto, a wide range of model
problems have been analysed in which the spatial distribution
of the paramagnetic centres was varied and different types
of random processes were employed to describe spectral dif-
fusion?%31,

The results for systems with a uniform distribution of
paramagnetic species are of greatest practical value. For
such systems, there is a possibility of a comparison with
experiment. They serve as reference standards in the case
of a non-uniform distribution of species. Calculation of the
rate of decay of the ESE signal owing to the dipole—dipole
interactions for a uniform distribution has been carried out
for a single spin-flip rate W and for a distribution with
respect to rates of type (1). In the latter case, the kinetic
expression for example, assumes the form

V(21) = exp{lo-wccp [QB (T, Wo) + <sm2 %> Qa (v, Wmax)]}

gw) )
where <...>g(,) denotes averaging with respect to the dis-
tribution g?w) of the frequencies in the EPR spectrum. The
exponent, proportional to @B, reflects the contribution of
spectral diffusion to the decay of the ESE signal and that
proportional to @4 reflects the contribution of the instantane-
ous diffusion mechanism. The quantities @4 and @B have
been calculated numerically as a function of tand Wpgx and
have been published?®:%°.

The experimental decay of the ESE signal in the two-pulse
method is associated not only with the dipole—dipole inter-
actions between the electron spins but also with the influence
of the nuclei of the matrix and of the spin—Ilattice relaxation
on the phase relaxation of the spins. These mechanisms
make a signficant contribution to the decay of the ESE signal
amplitude and in practice limit the time interval in which the
study is carried out from the "ringing" time of the cavity
(~0.3 us) to 1= 2-3 ps. In this interval, the functions Q@4
and @p can be represented by linear functions in T for the
rates Wpax in the 0—-10* and 10°-10° s~ ranges. This makes
it possible to represent the decay of ESE signal in a general
form for systems with a uniform distribution®7-3%;

V(21) =V (0) exp (—2b7) ,

b=b,+ [ac+am<sin2%>( ) Cav | (2)
2o,

by =m1" + T3}, omCav=A .
where m1 is the term corresponding to the electron—nuclear
interaction, n = 1-2 and T3' is the rate of phase relaxation
due to the spin—lattice interaction. In the limiting case
where the coefficient apy = 8.2 x 10713 em® s7* the quantity A
corresponds to the static dipole line width.

Relations of type (2) have been observed in the study of
the phase relaxation of a whole series of systems with a
uniform distribution of paramagnetic species®’. By study-
ing the dependence of the rate of phase relaxation on the
average concentration and 6 for a known EPR spectrum,
whose form is determine by the type of g(w), it is possible to
obtain ac and ap. As an example, Fig.3 presents data for
the concentration dependence of the rate of phase relaxation
for vitreous solutions of VO?* ions in sulphuric acid and for
solutions of the stable diphenylpicrylhydrazyl radical in
methanol (77 K) and Fig. 4 illustrates the dependence of the
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rate of phase relaxation on the quantity <sin? 8/2> for the
CH,OH radicals in methanol y-irradiated at 77 K. We may
note that for absorbed y-radiation doses in excess of 2000 Gr,
these radicals are stabilised uniformly in the matrix®2.
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Figure 3. Dependence of the rate of phase relaxation on the

concentration of VO’* ions in frozen aqueous sulphuric acid
solutions (a) and for frozen solutions of diphenylpicryl-
hydrazyl in methanol (b); temperature 77 K. &7
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(sin%8/2)

Figure 4. Dependence of the rate of phase relaxation for
CH,0OH radicals in methanol (77 K) on the spectrum excitation
conditions (8 = YH;T1,) at different radical concentrations
(em™®): 1) 3 x 10%°%; " 2) 2.2 x 10'%; 3) 1.3 x 10*% 4) 0.4 x
10'°. The external magnetic field H, is fixed and corre-
sponds_to the central line of the triplet in the EPR spectrum
of the CH,OH radical®’.

Thus, together with the results of the study of the depen-
dence of the ESE signal amplitude on 1, the investigator
obtains a fairly complete set of experimental data character-
ising the physical mechanism of the phase relaxation in the
spin system. The factor important for applications is that
the study of phase relaxation leads in its turn also to pro-
cedures for the investigation of spatial distribution of
paramagnetic centres in solids.
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In conformity with the foregoing, the spatial distribution
of species determines the rate of decay of the ESE signal in
the two-pulse method. As for any inversion problem, it is
not possible to obtain directly from the rate V(21) informa-
tion about the relative spatial distribution of species in the
test system, which can be characterised, for example, by the
pair distribution function n(r) [n(r) is the probability of

finding species at a distance r from one another]. There
exist two procedures which facilitate this problem. The first
involves the calculation of V(21) for different n(r). A series

of interesting results have been obtained recently in this
way, but these require a direct experimental test®. The
second procedure involves modelling the function n(r) inves-
tigated by a known function for a uniform distribution of
species in a limited isolated volume, which corresponds to the
introduction of the concept of a local concentration Cjgc.

If it is assumed that the species are for some reason localised
uniformly in a volume vjpe < Vo, where vq is the volume of the
specimen, then the decay of the ESE signal can be formulated
thus:

V(20) =exp{—cioc § d'r[1—V,(2r, N1}

and one can assume subsequently that, in terms of this
approximation for systems with a non-uniform distribution of
species, relations of type (2) hold, where the quantity

Cloc = CayVo/Vioc is used as the concentration. Such model
concepts concerning the spatial inhomogeneity or the presence
of cjge are widely used in the study of radical tracks in
irradiated solids.

107*%¢,,, cm™3

Figure 5. Dependence of the dipole line width A on the
average concentration of the O radical-ions stabilised after
the B-irradiation (a) and y-irradiation (b) of 9 M aqueous
NaOH solutions at 77 K.3® The local concentration can be
obtained from the value of A' or from the region of the inflec-
tion in the A(cgy) curve, where Caqy = Cloc.

IV. RADICAL TRACKS

When the specimen is irradiated, th ionising particle
generates positively charged ions and electrons along its path
in the solid. As a result of a series of chemical reactions,
these primary radiolysis products can be transformed into
free radicals or atoms forming a spatially localised track.

The appearance of such tracks, particularly for particles
with a high ionisation intensity (o- and B-particles, products
of nuclear reactions), has been observed and investigated
by ESE in studies which have already been reviewed®»»'2,
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We shall consider briefly only the most significant results
obtained recently.

Track effects are manifested most strikingly in the study
of the dependence of the relaxation time on the adsorbed dose
D or on the average radical concentration in the course of
irradiation (cgy = GRD, GR is the radiation yield of the
radicals). A typical result for the O radical-ions, formed
together with the captured electron on B-irradiation of an
aqueous 9 M NaOH solution at 77 K, is illustrated by curve
a in Fig.5.% In this system the kinetics of the phase relax-
ation for the O° radical-ion are described by Eqns.(2), where
n = 2, and the main contribution to the rate of phase relaxa-
tion comes from the instantaneous diffusion mechanism. The
rate of phase relaxation p and the dipole width A hardly
change at low radical concentrations (before the overlap of
the tracks). Subsequently, when the absorbed dose and
the overall concentration increase, the dipole interaction
between the radicals in different tracks becomes significant.
These parameters (b and A) begin to vary linearly as a funec-
tion of the average concentration, as for a uniform distribu-
tion of radicals or for y-irradiated specimens (Fig.5, curveb),
where the track effect can be manifested only for very small
absorbed radiation doses.

Track effects had not been observed either in the study (in
the course of y- and B-radiolysis) of the concentration
dependence of the rate of relaxation for another particle
stabilised in this system, namely the captured electron.

107%,,, cm™3

Figure 6. Dependence of the dipole line width on the con-

centration of paramagnetic species observed on B-irradiation
of 1 M solutions of Cd** ions in methanol at 77 K: ** a) Cd?

radical-cations; b) CH20H radicals.

Fig.6 presents the results of studies of methanol with added
Cd?" jons (0.1-1.0 M), which function as acceptors of the
captured electrons. Data for track effects had been obtained
earlier for the CH,OH radicals in methanol frozen at 77 K and
for its acid solutions®. A system with an acceptor proved to
be more informative: it was possible to investigate the phase
relaxation of both methanol radicals and the Cd? radical-
cations, because their EPR spectra overlap only partially.

A detailed study of the phase relaxation for these species has
been carried out®. Analysis of the instantaneous diffusion
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mechanism yielded the dependence of the dipole line width A
on the absorbed dose or on the concentration during irradia-
tion (Fig.6).

The local concentrations of the radicals in the track can be
determined from the dipole broadening A' in the region of
track effects or from the concentration of radicals corre-
sponding to the transition region where cay = cjoc:

Cloc™= Alley .

The value of ap can be determined in experiments for the
same systems with a uniform distribution of radicals (y-irradi-
ation). Assuming further that the radical track is an infi~
nitely long cylinder in which the species are distributed
unformly, it is possible to determine the radius of such a
track:

Gg-LET \%
R-rp = ( )

1007c 6

/

where LET is the average linear energy transfer for the given
type of radiation.

For a limited volume of any shape, the contribution of the
dipole—dipole interaction to the decay of the ESE signal dif-
fers from the contribution for an infinitely large specimen
even if the species are distributed uniformly within a limited
volume. The corrections Rty due to this effect have been
calculated®®. The quantity GR is determined independently
by the stationary EPR method from the average concentrations
of radicals for different irradiation doses (radical accumula-
tion curve). Naturally, when the linear dependence on the
rate of relaxation or A on the concentration is observed over
the entire experimental range of doses, then there is a
possibility only of estimates of the upper limit to the values
of Rtr.

The study of phase relaxation makes it possible to determine
the local concentration of paramagnetic species in the solid
up to 10'7—10'® em™®. In certain cases, for example, for
hydrogen atoms®®, it is possible to measure concentrations
up to 10*® cm™® if the method of consecutive series is used,
in which the kinetics of the recovery of the ESE signal are
investigated as a function of the repetition frequency of a
series of UHF pulses. The kinetics of the restoration of the
ESE signal are in this case determined by the spin—lattice
relaxation and the spin diffusion; the latter depends also on
the intensity of the dipole—dipole interaction between the
paramagnetic species, which leads to possibilities for estima-
ting Cjoc.

The Kkinetics of the spin—lattice relaxation as a function of
the concentration of the paramagnetic species in o- and
R-irradiated 8 M solutions of sulphuric acid have been inves-
tigated®® at 77 K. The same local concentrations of hydrogen
atoms (10'® em™®) were found for the a-tracks as in the study
of the phase relaxation in the given system®’. In contrast
to the earlier investigation®’, for g-irradiation it was possible
to obtain a more accurate estimate of the local concentrations:
[Hljpe = 17&:2 x 10'® em™.

Thus data have now been obtained about the radical tracks
in alkaline, acid, and alcoholic glasses. The mechanism of
the radiolysis in these systems has been investigated fairly
thoroughly and includes mainly ionic and radical stages lead-
ing to the stabilisation of radicals of two types at low tem-
peratures—;formed as a result of the reactions of secondary
electrons [R(-)] and those formed by the reactions of positive
ions [R(+)].
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In alkaline glasses the precursor of the captured electron
et is a secondary electron e~ and the precursor of the O~
radical-ion is the H,0* ion3®:

H,O0 w»H,0*+e",
e e,
H,0*+H,0—~H,0+H,0* ,
H,0*+OH-—H,0+0H ,
OH->~H*+0~ .

In acid glasses the main radical formation processes can be
represented schematically as follows®®:

SOf, (H,0)~ SO7, (H,04) + e,
e —>e,
ef +H*—H |
H,0* 4 SO —H,0 + 505",

In this case the precursor of the Hatom is a secondary elec-
tron and the precursor of the SOj radical-anions is the ion-
ised state of water or SO2~, For methanol solutions with
Cd2+, the precursors of radical species can also be readily
identified, because the main processes are described by the
following scheme:

CH,OH-»>CH,OH*+e-,
e -6 ,
e +Car—>Cd” |
CH,OH* 4 CH,0H — CH,OH} + CH,0H

In the system indicated, it is possible to use the ESE method
to investigate the spatial distribution of radicals of two types:
R(+) and R(-). Data for y-irradiation are compiled in the
Table, which reveals the following features: (1) the tracks
for the radicals R(+), whose precursors are positive ions,
have radii of 30—50 R and are characterised by a local radical
coneentration of 10'%~10'° em™3; (2) if the precursor of the
radical is a secondary electron, then the size of the radical
track increases to values exceeding 100 & or more and the
local concentration corresponding to doses greater than

5 x 10%® Gr is equal to the average concentration; (3) the
radiation yields Gli(+) and GR(-) in the systems investi-
gated are almost equal.

The radiation yields of the radicals, their local concentra-
tions, and dimensions of the tracks for certain B-irradiated

polar solutions frozen at 77 K. 3%
Solution Rep Ri—) R 10716 ¢y, Rir, A
(for 100 ev)| cm3

8 M H2504 SO — 1.5 600 30
8 M H2504 — H 1.5 1 400
9 M NaOH o~ — 26 400 50
9M NaOH — e 2.7 20 160
1Mca?*incHzon | CH,OH - 25 1000 C 25
1Mcd2tinCH30H | — cdt 25 30 130

These data can be accounted for by a detailed analysis of
the elementary stages involving the formation, transport,
and stabilisation of the radical radiolysis products in the
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systems investigated. The radius of the radical track of
the R(+) species is determined both by the size of the ion-
isation region and by the positive charge migration reactions.
The spatial distribution of the species R(-) is determined by
the path traversed by secondary electrons before their ther-
malisation and capture by a trap or an acceptor and by the
reverse recombination reaction. A detailed discussion of
these problems is outside the scope of this review; it can

be found in other publications®*:**~*2, We shall only mention
that the results obtained by the ESE method can be regarded
as direct confirmation of the model ideas concerning the
spatial distribution of radicals in the track of a charged
particle, which were put forward as early as the 1950s by
Lea“?, Gray"**, and Frolich and Platzman"s,

Studies have also been made on methanol with a Cd?*
acceptor on irradiation with species having higher values of
LET than for B-particles®’. Two interesting results were
obtained. Firstly, a wide range of absorbed doses was
observed in which the rate of phase relaxation is independent
of the dose, namely up to concentrations [CH,0H] = 1.5 x
10'° em™?, which indicates higher values of c)oe for these
systems. Secondly, it was found that only 10—20% of the
CH,OH radicals are involved in the generation of the ESE
signal, while the remaining species have phase relaxation
times T, < T,,min (in the experiments considered T, min =
400 ns) and do not contribute to the amplitude of the ESE
signal. Evidently the local concentration of radicals with
short T, is greater than 10'° cm™®. It has been suggested
that they are stabilised in the central part of the track.

An important confirmation that such radical stabilisation
is inhomogeneous with respect to the radius of the track has
been provided by experiments on photoannealing in such sys-
tems. Under the influence of ultraviolet light, the Cd?*
radical-cations interact with methanol, which results in the
formation of CH2OH radicals which have a random, uniform
spatial distribution in the matrix as a consequence of a series
of photochemical reactions and diffusion. Fig.7 illustrates
the variation of the amplitude of the ESE signal for the
CH,OH radicals during photoannealing. Partial recombina-
tion leads to some decrease of the radical concentration
determined by the stationary EPR method. On the other
hand, the intensity of the ESE signal increases by a factor
of six. The diffusion of radicals from the dense part of the
track increases their phase relaxation time, which leads in
its turn to an increase of the intensity of the ESE signal.

The experiments described show that the radical track has
a complex three-dimensional structure and the hypothesis
that they consist of cylinders with a uniform distribution of
paramagnetic species can be adopted for the interpretation
of experimental data only as a first approximation.

In the general case the local concentration constitutes an
average characteristic of the spatial distribution of the
species. The interpretation of its changes in the course of
chemical reactions has not gone beyond qualitative conclu-
sions, which nevertheless proved extremely useful for the
understanding of the mechanisms of reactions in solid
matrices. It has been shown recently that more detailed
information about the relative spatial distribution of species
can be obtained by the relaxation probe method and double
electron—electron resonance in ESE spectroscopy.

V. THE RELAXATION PROBE. [INVESTIGATION OF THE
DISTRIBUTION WITH RESPECT TO DISTANCES IN RADICAL—
ION PAIRS

Under the influence of light and radiation, paramagnetic
species are frequently formed and stabilised as pairs in
solids. Different pairs arise both from decomposition of the
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excited state M* and from ionisation. For example, if the
electron is stabilised in the solid phase, the photoionisation
of the Ion MM'* can give rise to the pairs M(n+*)*__ef. The
form of the distribution function for such pairs with respect
to distance is determined by the lengths of the paths tra-
versed by the electrons, the rates of the reverse electron—
jon recombination reaction and the reactions involving elec-
trons and generating atoms or radicals, the diffusion of the
latter to their stabilisation sites, and other experimental con-
ditions, i.e. in the general case by the same factors as the
geometry of the radical tracks.

I/1,, rel. units

! ! L
0 b 10 15

t, min

Figure 7. Variation of the relative amplitude I/I, of EPR
(curve 1) and ESE (curve 2) signals for the CH,OH radicals
during photoannealing at 77 K. Specimen—methanol irradi-
ated with o-particles and the ’Li recoil nuclei generated in
the reaction °B(n, a)’Li; "’ t = annealing time.

It has been shown in a series of studies*®~5! that the ESE
method makes it possible to determine n(r) or to study the
properties of this distribution in the case where one of the
components of the pair is a species, usually a paramagnetic
ion, with a short spin—lattice relaxation time: T;<< 1=107° s.

The main idea of the experiment can be illustrated in the
following manner. Radical pairs can be roughly divided into
two types. In the pairs of the first type the radicals are
close to the ion, within a "black sphere". Owing to the
magnetic dipole—dipole interaction with the ion, these radi-
cals have short phase relaxation time T$ and make a very
small contribution to the intensity of the ESE signal. The
main contribution comes from the radicals at large distances
from the ion, outside the "black sphere", and having a long
relaxation time T, (Fig.8a). The volume of the "black
sphere" is defined by the relation

Vg =4/,nR3 ~"%/;n [% YRS (S 4 1) Torl]‘/’ (3)

where T, is the time interval between the first and second
pulses, which is fixed and is chosen to be the smallest pos-
sible, and S is the spin of the ion. Since the relaxation time
of the ion T, depends on temperature, the radius of the
"black sphere" is also a function of temperature and T,.
ESE signal intensity depends on the form of the pair dis-
tribution function n(r). This dependence is illustrated in
Fig.8c which shows how the ESE signal intensity varies with

The
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temperature or with the distance from the ion to the radical
in two cases—for the uniform [n(r)] and non-uniform
[n,(r)] distributions of the pairs with respect to the dis-
tances r. In these experiments the paramagnetic ion
behaves as the "probe" of the pair distribution: by altering
the temperature and following the signal intensity for the
known temperature variation of T,, it is possible to deter-
mine n(r).
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Figure 8. Scheme illustrating the method for the determina-
tion of the distribution function with respect to distances in
ion—radical pairs from ESE data: a) two types of ESE signals
arising for a fixed 1 from radicals close to the ion (low values
of T, = Tg) and remote from the ion (high values of T, =
le); b) schematic representation of the pair distribution
function for uniform [n;(r)] and non-uniform [n.(r)] dis-
tributions; R = radius of the "black sphere" which is differ-
ent for different temperatures T ¢) dependence of the ESE
signal intensity on temperature or distance for two types

of n(r).

A theory and methods for the interpretation of the experi-
mental results, which permit the determination of n(r) by the
relaxation probe method, have been developed*’-*®, Accord-
ing to the analysis carried out, the function n‘r) is given
approximately by the relation

a [V,@2v
ﬂ(f)*—d—‘,;[vp(o)] , (4
where Vp(2r) is the intensity of the ESE signal of the radical
in pairs with the ion at a given temperature and for time
intervals T = 1y between the UHF pulses. The quantity Vg,
which has the dimensions of volume, is determined experi-
mentally for the same values of the parameters from the rela-
tion

1 V(27)
Ve = ca,,m[ V(O)] )
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where V(27 is the spin echo signal intensity for a uniform
distribution of the same ions and radicals relative to one
another and cg4y is the average concentration of ions. The
distance r is calculated from Eqn.(3).

Thus the experiment reduces to the measurement of the
relative intensity of the ESE signal for a fixed 1, and differ-
temperatures (1), the measurement of the same quantity for the
same system with a uniform distribution of spins (2), and the
study of the temperature dependence of T; for the ion and
Vg(3). The function n(r) is determined by differentiating
the experimental curve in accordance with Eqn.(4). The
relative accuracy of this method of determination of n(r) is
estimated as being to within 30% and the resolving power with
respect to r is ~1 &.*#"*® The relaxation probe method has
found applications in studies of the steric characteristics of
the formation, diffusion, and reactions of the radicals formed
on photolysis and radiolysis of matrices.

1. Distribution of Radicals in Photolysis and Radiolysis

The most detailed information about the function n(r) can
be obtained for ions with a fairly short relaxation time
T, «< 10° s. Such ions include Fe?*. A detailed study has
therefore been made*”>*® of the pair distribution of the species
arising on photolysis of the Fe®* ion in vitreous alcohol
matrices via the overall reaction

Fe®* + R,CH (OH) % Fe?* + R,COH + H* |

where R = H for methanol and R = CH; for isopropyl alcohol.
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Figure 9. Dependence of the relative ESE signal amplitude
Vp(21)/Vp(0) on the volume VB (curve 1) and the corre-
sponding pair distribution funection (curve 2) for the Fe?*...
CH,OH pairs in methanol irradiated with ultraviolet light*”.

Specimens of two types were investigated— with a spatial
distribution of species in pairs (photolysis on irradiation
with light at X > 330 nm) and with a uniform distribution of
radicals. The latter were obtained by photolysis with the
unfiltered light of a DRSh-500 lamp, which led to the decom-
position of the alcohol radicals into lighter species (for
example, CH; and HCO in the case of methanol), their dif-
fusion, and their secondary reactions with the matrix. Data
were obtained for the dependence of the relative ESE signal
amplitude Vp(ZT)/Vp(O) on temperature and the volume VB
of the "black sphere" (Fig.9, curve 1). Eqn.(4) makes it
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possible to determine the distribution function with respect

to radical-ion distances in these experiments (Fig.9, curve 2).
For methanol, the function n(r) was found in the range of
values of r from 17 to 26 K; in this range it decreases
ex§onentially with a characteristic descent parameter of

3 A. Analogous results were obtained also for solutions of
Fe®' in isopropyl alcohol.

The analytical form of the functions n(r) in the experiments
described cannot be determined for Fe®* ions in the range
r<17&. The resolving power of the method in the region
of short distances (rpjn) is determined by the possible
experimental values of Ty and T,. For 1, = 0.3 x 107° s and
T, = 10712-1071% s, Eqn.(3) yields rypiy 10-15 R for ferrous
ions. The upper limit, corresponding to T; = 1y, is then
rmax £ 70—100 R. For the most interesting range r < 17 ],
there is, however, a possibility of another approach to the
experimental estimation of the form of the function n(r).

If the spin—lattice relaxation time of the ion T, is known,
it is possible to estimate the relative number of radicals in
the region of rapid relaxation (for r < rpin) by studying the
changes in the ESE signal intensity on transition from a
non-uniform spatial situation involving pairs to a uniform
situation. This can be readily achieved by annealing the
specimen at temperatures such that the radical—ion pairs
begin to move apart without a significant contribution of
recombination. Only an increase of the ESE signal intensity
with increase of temperature is observed in such experi-
ments. The constancy of the overall concentration of radi-
cals N, is monitored simultaneously by the stationary EPR
method. By varying T; or T,, i.e. the radius of the "black
sphere", one obtains a histogram of the spatial distribution—
the quantity AN(r)/N;. According to these experiments*”",
80% of the total number of Fe?*... R,C(OH) pairs are located
in the range r < 17 & in methanol and isopropyl alcohol
(Fig.10a).

Analysis of the mechanism of the formation of radicals in
frozen solutions in alcohols containing Fe®* jons®?%® showed
that, when light is absorbed by the ion introduced into the
alcohol in the form of a halogen complex, phototransfer of
an electron from a matrix molecule to the complex takes place.
Such phototransfer is apparently most likely for the aleohol
molecules closest to the complex. The data obtained by the
ESE method (Fog.10a) concerning the mutual spatial distribu-
tion of ions and radicals are therefore consistent with the

hypothesis of the phototransfer of an electron from the matrix.

However, since the characteristic average distance in the
ion—radical pairs is ~12 A, one must assume that the radicals
are not stabilised at the site of their formation in the first
coordination sphere of the complex but execute several
jumps up to the stabilisation site. This also gives rise to a
set of distances characterising the function n(r), which
describes the "tail" of the distribution (Fig.9).

The pair distribution of the species formed on photolysis
of M* jons (where M* = Fe2* or Cr?*) in glasses of an
aqueous solution of sulphuric acid has been investigated by
the ESE method"®:"*:

Mm— (HZO)TLM(MH)# + H .

The relaxation time T, for these ions is ~1077 s and does not
differ significantly from the limiting value 7, = 107® 5. It

is therefore not possible to determine the detailed form of the
function n(r). It has been found by the method involving
the isothermal annealing of the specimen that ~80% of the
atoms are located at distances from the ion up to 50 R.

A change in the line shape of the H and D atoms has been
observed"® in the stationary EPR spectrum during annealing.
This effect has also been attributed to the characteristic
pair distribution of species in the system investigated. Its
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analysis makes it possible to refine significantly the distribu-
tion of the pairs: approximately 30% of the total number of
pairs should have distances from 0 to 17 R. The histogram
which follows from the ESE and EPR data on the system
indicated is illustrated in Fig.10b.

10

Figure 10. Histograms of the distribution with respect to the
distances r in the radical—ion pairs formed on photolysis

(a and b) and radiolysis (c¢) of polar frozen solutions (accord-
ing to the data in Refs.46—49): a) Fe3' + RHOH NYFe?* ...
ROH (R = CH,, (CH,),C); b) M?* + H,S0, "WM**_..H (M =Fe,
Cr); c¢) D,S0,+D...s0,".

Two alternative mechanisms for this photochemical reaction
have been discussed®*. According to one of them, the
primary reaction step is electron transfer to the water mole-
cule closest to the ion. After this, the H,0™ species either
decomposes into H and OH™ or reacts with H,0* to form H.
In the second mechanism, a mobile electron is formed under
the influence of light, diffuses through the matrix, and
reacts with the acceptor. Recently published experimental
data5*5% support the first mechanism.

If the mobile electron is not formed in the primary step
(i.e. the first mechanism is valid), the experimental spatial
distribution of H atoms relative to the Fe?* and Cr2* ions
implies that the atoms are not stabilised at the site of their
formation and diffuse until they are captured by a trap.
The distribution function for the pairs with respect to dis-
tances has the following form for a model of this kind*®:

a(ry = [4rsrl ™ exp (—r/r) |

It was found that the function describes equally weoll data
obtained by the ESE method and EPR with rq = 15 A.

The distribution n(r) for the pairs SOj... H(D), formed
on y-radiolysis of an aqueous solution of sulphuric acid, has
been investigated®®. In this case the mechanism of the for-
mation of the pairs is associated with the ionisation of SOZ~
and H,0 (D,0) and the capture of a secondary electron by
the H*(D¥) ion. In the determination of n(r) in an analyti-
cal form, the same difficulties arise as for the ions Fe®* and
Cr®*, since T; = 107 s for SO;. Analysis of the kinetics
of the decrease of the ESE signal for the f)...SO; pairs
showed that the fraction of pairs with distances from 0 to
60 & is ~303. On the basis of considerations concerning the
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possible lengths of the paths traversed by a secondary elec-
tron, the function describing the distribution of secondary
electrons with respect to distances®!, as well as data for the
experimental yieldoof pairs, it has been concluded®® that a
region 0 < r < 30 A with zero values of n(r) exists as a
result of primary recombination in the spatial distribution of
pairs. The histogram for this case is illustrated in Fig.10c.

Thus the series of experiments carried out by the ESE
method made it possible to obtain for the first time direct
information about the spatial pair distribution of the paramag-
netic species formed on ultraviolet and y-irradiation of a
series of polar substances.

2. Diffusion of Radicals

As a result of diffusion, the paramagnetic centres gradually
emerge from the "black sphere" near the ion and their phase
relaxation times increase, which leads to an increase of the
ESE signal intensity for a fixed t,. Ultimately, the ESE
signal intensity reaches a constant value at long times which
corresponds to a uniform distribution of radicals in the
system.
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Figure 11. Increase of the ESE signal intensity during the
annealing at different temperatures of specimens with Fel*...H
pairs arising on photolysis of Fe?* solutions in 7 M H,S0,; 46
temperature (K): 1) 90.1; 2) 91.3; 3) 93; 4) 95; 5) 97.

The dependence of the ESE signal intensity on the annealing
time at different temperatures has been investigated"® for the
Fe®*...H pairs formed on photolysis of Fe?* ions in frozen
solutions of sulphuric acid (Fig.11). The degree of
enhancement of the echo signal amplitude on diffusion is
determined by the product of the diffusion coefficient of
hydrogen atoms and the characteristic annealing time, for
example the time of attainment of half the limiting intensity of
the ESE signal (t,/,) at a given temperature. When the
Arrhenius temperature dependence obtains, we have

ty, = Dy exp (E/RT) .

isopropyl alcohol (Fig.12b).
consists only in the fact that, in addition to diffusion, raising
the temperature results in a reaction between the radicals
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E = 5.5+ 0.5 kcal mol™ and Dy = 7 x 10~ em? s were found
for H atoms from measurements of t,/, at different tempera-
tures in the range 20—109 K.

More detailed information about the mechanism of diffusion
in a solid can be obtained by studying the changes in the
pair distribution function at different times during diffusion.
Such studies have been carried out for radicals in alcohol
glasses containing the Fe?*...R,COH pairs for methanol and
isopropyl alcohol*’.  With increased annealing time, the
n(r) distribution density tends to zero, as is to be expected
from the diffusion equation. This has in fact been observed,
for the Fe?*..H pairs*®. In studies of the diffusion of radi-
cal—ion pairs in alcohols, it was, however, found that the
spatial scale of the diffusion is limited. Starting from a
certain instant at a constant annealing temperature, the form
of the pair distribution function virtually ceases to depend on
the annealing time. This is illustrated by the results of the
experimental determination of the pair distribution function
with respect to distances at different times, presented in
Fig.12a for radicals in methanol. For example, at an anneal-
ing temperature of 96.5 K, the principal changes in the func-
tion n(r) take place during the first two minutes of annealing,
which follows from a comparison of curves 0 and 1. A fur-
ther increase of annealing time at 96.5 K by an order of
magnitude does not entail significant changes in n(r)

(curve 2). An analogous pattern can be observed also in
the group of curves characterising the variation of n(r)
during annealing at 100 K (curves 3—5). Only an increase
of temperature to 112 K results in n(r) close to zero.

Figure 12. Variation in the course of thermal annealing of
the pair distribution function for radical—ion pairs:

a) Fe“...éHon pairs in methanol; 0) initial n(r) at 77 K;
1) and 2) annealing at 96.5 K for 2 and 20 min respectively;
3)—5) annealing at 100 K for 4, 9, and 19 min respectively;
annealing at 112 K for 1 min; b) Fe?*...(CH,),COH pairs in
isopropyl alecohol; 0) initial n(r). In each group of anneal-
ing curves at 118, 121, and 124 K the annealing times are

1, 2, and 6 min for curves 1, 2, and 3 respectively.

An analogous picture has been observed for radicals in
The difference from methanol
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and the ion in which a radical-ion complex is formed. Ulti-
mately the distribution function n(r), established as a result
of diffusion and the reaction, does not have a descending
form as in the case of methanol but actually increases with
increase of r. In the vicinity of the ion a minimum in the
distribution density is observed. We may note that the for-
mation of a hydrogen atom—ion complex had been observed
earlier for other systems—for iron®’ and copper®® ions.

The observed characteristics of the diffusion of radicals
have been interpreted"’ taking into account the fact that in
glasses there are distributions with respect to intermolecular
distances, mobilities, and other parameters between different
sites. As a consequence of the distribution with respect to
diffusion parameters, the radical probably diffuses only as
far as the cell which it finds difficult to leave at the given
temperature and is trapped there. The higher the temper-
ature the longer the path which it traverses in the search for
a suitable trap and the initial pair distribution becomes more
diffuse. We may note that analogous characteristics are
known for the kinetics of the recombination of radicals in
solids: the kinetic curves frequently tend to a limit or
have a "stepped" form with a rapid variation of the concen-
tration in the region of short chemical reaction times and a
slow change in the region of long chemical reaction times
(see, for example, Blyumenfel'd et al.®%%).

3. Changes in the Pair Distribution During Chemical Reac-
tions of Radicals

By studying the pair distribution function in the course of
chemical reactions in the matrix by the relaxation probe
method, it is possible to infer the scale of the migration of
the valence in various elementary steps. Such studies have
been carried out for radicals formed on photolysis of Fe®*
solutions in isopropyl alcohol®*, In this system, there is a
possibility of various chemical reactions induced by light or
by heating the specimen.

Irradiation with light at X > 330 nm leads to the formation
of pairs consisting of the alcohol radicals (CH;),COH and
Fe?* ions. The pair distribution function n(r) in the above
reaction has been studied in detail for the range of distances
17—23 & (as for methanol); the results are presented in
Fig.13 (curves a). , On illumination with light at A > 300 nm,
the radicals (CH,),COH are transformed into isopropyl radi-
cals (CH3),CH by the reaction

(CHy), COH + (CH,), CH (OH) ™, (CH,), CH + H,0 + (CH,),cO . (5)

The concentration of the radicals and the changes in their
structure are monitored simultaneously using stationary EPR
spectra. After the complete conversion of the alcohol radi-
cals into alkyl radicals, a study was made of the function
n(r) for these radicals (Fig.13b).

A further three types of reaction can be carried out for
the same system on heating or illumination of the specimen
and the pair distribution function can be investigated after
these transformations. When a specimen containing propyl
radicals is heated at 106 K, the substitution reaction

(CHy), CH - (CH,), CH (OH) —*X., (CHy), COH + (CHy,CH, (6

regenerates the alcohol radicals whose pair distribution
function is illustrated in Fig.13 (curves ¢). The isopropyl
radicals obtained via reaction (5) isomerise under the influ-
ence of light at A > 250 nm:

(CH,), CH ™ CH,CH,CH, . 7
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In reaction (7) the function n(r) hardly changes and remains

close to curve b in Fig.13. On the other hand, the propyl

alcohol generated by reaction (7) interacts with the matrix

at 106 K, regenerating the alcohol radicals:
CH,CH,CH, + (CH,), CH (OH) %X, CH,CH,CH, + (CH,),COH . (8)

For the latter, the distribution function proved to be con-
stant and corresponds to a uniform distribution of species.

107 n(r), cm™

1.0~
0.5 c
b
a
I |
75 20 . 2

Figure 13. Variation of the form of the pair distribution
function n(r) due to chemical reactions in frozen Fe®* solu-
tions in isopropyl alcohol®': a) initial function n(r) for the
Fe2*...(CH,;),COH pairs; b) the n(r) distribution funection
for the Fe®*..,(CH,),CH pairs formed via reaction (5) (see
text); this function does not change in reaction (7); c¢) the
n(r) function for the Fe?*...(CH,),COH pairs formed in
reaction (6).

The spatial migration of the valence for the corresponding
reaction can be inferred from the distances between points
with identical values of n(r) on the curves in Fig.13. The
lattice parameter of isopropyl alcohol is ~4.6 &. The results
presented show that reaction (6) takes place within a "cage"
(the valence migrates over a distance of 3—4 R); in reac-
tion (5) the isopropyl radical is not stabilised at the site of
its formation but executes 1-2 jumps before it is captured
by a suitable trap (the displacement is by ~8 K), The propyl
radical diffuses over appreciably longer distances (220—30 2
in the course of reaction (8) in the matrix. Within the limits
of the accuracy of the measurements, the isomerisation reac-
tiorjli (7) leads to the migration of the valence over distances
<1 A.

Vi. THE DOUBLE ELECTRON—ELECTRON RESONANCE
METHOD IN ESE SPECTROSCOPY AND ITS APPLICATIONS

The spin probe method is applicable for fairly short T, of
one member of the pair of spins. If the spins A and B in the
pair have similar and fairly long relaxation times T,, then
phase relaxation can be used in the analysis of their spatial
distribution, as in the study of radical tracks. However,
this is possible only when the difference between the Zeeman
frequencies wg — wg < YH;, i.e. under the conditions of the
excitation of the complete EPR spectrum.
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A method has been proposed®® for the investigation of the
pair distribution of species with similar or even equal T; and
different wq and wg. The method is based on the observa-
tion of the variation of the ESE signal amplitude for the spins
A when the UHF pumping pulse is switched on at a frequency
wp (Fig.14). Such an influence on the spins B alters the
local field at the site of the location of the spin A, by an
amount whose magnitude is determined by the dipole—dipole
interaction between A and B. Additional dephasing of the
precession of the spins A arises, which reduces in its turn
the echo signal amplitude Ap due to A compared with its
value V[{ in the absence of the pulsed pumping of the spins
B; thus the UHF pulse at a frequency wpg stimulates the
instantaneous diffusion process. An analogous formulation
of the experiment can be found also in NMR spectroscopy®?.

Wy Wy wy

echo

Wy

A

S T

™ v 1

Figure 14. The sequence of the effects of the UHF pulses
and the pumping pulse generating the ESE signal in the
pulsed double electron—electron resonance method.

A theory of the method has been developed®’ and it has been
shown that the experimental ratio VA/VO;,, measured for
different concentrations of the pairs and extrapolated to zero
concentrations of spins (in order to eliminate the decay of
the signal owing to the dipole interaction between the pairs),
is related to the pair distribution function n(r) by the inte-
gral equation

WValVal, .= 1—p [1 — szﬁn (MK (1) dr] (9

0

where p = <sin’ 6g/2>g(,B) is the fraction of the spins B
excited by a pulse at a frequency wp and the averaging is
carried out with respect to the EPR spectrum of the species
B; K(u) is a function determined by the dipole interactions
of the spins of A and B:

T

K (u) = cos [ (I —3cos?0)] sinBdoO |

R

2,
o

where u = y?hr™t, 8 is the angle between H, and the vector

r connecting A and B and t is the time interval between the

pulse at a frequency wpg and a second pulse at a frequency w4.

As an example, a study has been made®’ of pairs consisting
of hydrogen atoms and the parent hydroquinone radicals
formed on photolysis at 77 K of vitreous solutions of hydro-
quinone in 8 M sulphuric acid solutions. A bimodal cavity
of the type already described®?, was used in the ESE spec-
trometer for such experiments. The specimen was placed at
the antinode of the magnetic field for both modes, one of
which tuned to the frequency wq (hydrogen atoms) and the
other to wpg (hydroquinone radicals). The variation of
VA/V] was investigated for different times t and radical con-
centrations cg. Identical results were obtained for the H
and D atoms.
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In the analysis of the experimental data, an approximate
calculation of the values of n(r) by Eqn.(9), in which the
core K(u) was replaced by a stepped function, was carried
out. In this case, graphical differentiation of the experi-
mental curve represented by the expression

V(B =1 (1 —(VaV%) 171)—

with respect to the parameter r = (0.83y2ht)*/? yields the
required distribution function in the form 2mr?n(r). The
graph of this function, having a maximum at r = 45 K, is
presented in Fig.15. Its integration shows that 63% of the
pairs are contained in the range 0-85 &. The remaining
pairs have r > 85-100 & and the character of their distribu-
tion cannot be determined, since they make a small contribu-
tion to the V(t) relation.

g0

107827arn(r), cm™
-

1,01

0.5 —

J

0 50 100 4

Figure 15. The distribution function with respect to dis-
tances for the H atom—hydroquinone radical pairs formed on
photolysis of hydroquinone solutions in 8 M sulphuric acid
frozen at 77 K. ¢°

According to Shelimov et al.®® and Bazhin®, the paramag-

netic species in the above system are formed as a result of
the photoionisation of hydroquinone (ArH):

ArH -+ H,0 (H,0%) ® (ArH*) 4 H = OH™ (H,0) .

The observed distribution of pairs with respect to distances
can therefore be due to two processes: the migration of elec-
trons until their capture by a hydronium ion and the diffu-
sion of hydrogen atoms until their stabilisation in traps.
Estimates have shown that the energy of the secondary elec-
tron arising on photoionisation of hydroquinone in this sys-
tem does not exceed 1 eV. For electron energies in the
range 1—2 eV, the distances traversed in water are 25 2.
On the other hand, according to the results described
above"?, the average diffusion distance to the trap is 30 &.
The maximum of the distribution function for the pairs
(ArH*)...Hat r = 45 & corresponds to the overall contribu-
tion of both processes. Further studies are necessary to
elucidate the role of different transport processes in the
establishment of an inhomogeneous pair distribution in reac-
tions whose primary stage is photoionisation.

By virtue of its greater universality compared with the
relaxation probe method, it is to be expected that the double
electron—electron resonance pulse method will find extensive
application in the future in studies of the spatial distribution
of species.

The results discussed above show that ESE constitutes a
direct and informative method for the investigation of the
spatial distribution of paramagnetic species in the solid
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phase. With the aid of ESE, there is a possibility of both a
qualitative approach, yielding information about the possible
local radical concentrations, and of studies of characteristics
such as the pair distribution function of paramagnetic species
and the changes in the latter during diffusion and chemical
reactions in a solid.

The physicochemical applications of the ESE method, one of
which was examined in the present review, are based on the
physical theory of the method, which has been fairly ade-
quately developed at the present time, and a continually
improving experimental base. It is to be expected that in
the future ESE will occupy among the applications of micro-
wave spectroscopic methods in chemistry a place no less
important than that of the stationary EPR spectroscopy.
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