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I. INTRODUCTION

Studies on elementary chemical processes in solid
organic substances, which were initiated to a large extent
in the research of Academician V.V.Voevodskii!, are
developing vigorously at the present time. These studies
are fundamentally closely related to fields of modern
science such as the physical chemistry of polymers,
molecular biology, and radiation chemistry. In contrast
to elementary gas-phase reactions, where energy transfer,
excitation, and excited state relaxation processes are most
significant (and responsible for the rate of the chemical
reaction), in the solid state an analogous role is apparently
played by phenomena of a quite different type: transla-
tional and rotational motions, conformational rearrange-
ments of molecules, etc.

In the study of reactive species in condensed media
spectroscopic and microwave spectroscopic methods are
of greatest importance. However, it is difficult to use
even these methods to investigate elementary processes
of the above type, because rotation and conformational
transitions usually have only a weak influence and trans-
lational displacements have no influence at all on the
spectra of individual species. The aim of the present
review is to show that, in relation to radical reactions
which play an important role in the chemistry of solid
organic substances, considerable progress may be
achieved by investigating radical pairs, i.e. radicals
separated by a “ molecular” distance (3-10 A), Such
radical pairs are, as it were, “entropically excited”
intermediates in dissociation-recomhbination and dispro-
portionation reactions. The high sensitivity of the EPR
spectra of radical pairs to a relative displacement of the
reaction centres has proved to be most significant, and
makes it possible to obtain in many instances detailed
information about the elementary processes in solids.

It has been shown a comparatively long time ago that,
when stable radicals adjoin one another, the interaction
between unpaired electrons greatly alters the spectrum.
This permits the determination of the distance between
the electrons?, There was a growth of interest in the
“chemical” applications of this phenomenon after the
discovery of the possibility of detecting metastable radi-
cal pairs, consisting of active radicals formed as a result

of the decomposition of molecules in the solid phase 3,
Since 1966~1967, studies in this field have led to the
detection and investigation of radical pairs in many
chemical systems; these investigations have been sur-
veyed in monographs %® and reviews %', However, the
above reviews were devoted mainly to problems of the
formation of radical pairs and the analysis of their EPR
spectra. As far as we are aware, the present review is
the first attempt to survey new data on the kinetics of
elementary physical and chemical processes obtained in
the study of radical pairs, We hope that this survey will
make it possible to formulate more clearly the possibilities
arising as a result of the development of this field of
research.

II. METHODS FOR THE INVESTIGATION OF RADICAL
PAIRS

The theory of the EPR spectra of radical pairs has
been described in detail in reviews 8?° and monographs0!,
Here we shall consider the main theoretical conclusions
directly applicable to the study of elementary reactions in
the condensed phase.

1. EPR Spectra of Radical Pairs

A pair of radicals separated by distance » < 10 A
constitutes a system with two interacting electrons having
an overall spin S = 1 and hence a multiplicity 2S5 + 1 = 3.
The dipole—-dipole interaction between the electrons
removes the degeneracy of the levels in the “zero field”,
The energy of the states and the transitions in the case of
axial symmetry, where the energies of the T, and 7_;
states in the zero field are the same, are illustrated in
Fig. 1. When the magnetic field H, is scanned using a
fixed frequency, it is possible to observe two allowed
AMg = 1 transitions corresponding to the reversal of a
single spin in the magnetic field. The splitting in this
instance is

p =t (3cos’a—1) (1)
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where 73y is the length of the appropriately averaged
vector connecting the unpaired electrons of the free radi-
cals, a the angle between the interelectron vector 7av and
the direction of the permanent magnetic field H,, g the
spectroscopic splitting factor, assumed to be isotropic,

B the Bohr magneton, and £ a numerical coefficient equal
to 3/4 for resonance spins (having the same Larmor
precession frequency) and 1/2 for non-resonance spins.
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Figure 1. Energies of the states and transitions respon-
sible for the EPR spectrum of the radical pair in a single
crystal.

In the absence of axial symmetry, the degeneracy is
fully removed in the zero field. The energies are then
usually formulated in terms of two independent parameters

D and E:
= 1/3D —E + gBH,,
T_; = 1/3D + E —gBH,,
To=—2/3D.

For radical pairs, E < 3D in most cases, and the differ-
ence between T, and T, in the zero field may be neglected
without a significant loss of accuracy '?

2. Determination of Spectroscopic Parameters

Determination of the fine structure para-
meters., The quantity Dy (i.e. D corresponding to
a = 0), the average distance between the unpaired elec-
trons 7ay, and the orientation of the interelectron vector
of the radical pair relative to the crystallographic axes
can be determined from the dependence of the fine splitting
in the pair D on the orientation of the single crystals in
the magnetic field.

The quantity D, may be measured also on the basis of
the EPR spectra of randomly oriented systems, which can
be established experimentally in polycrystalline and
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vitrified specimens. The calculated line form for axial
symmetry and on the assumption of a small line width is
presented in Fig.2. In the case of large line width and
poorly resolved EPR spectra the rules obtained with the
aid of model calculations of the line form!® must be used
in the determination of D). When there is a significant
deviation from axial symmetry, the intense “perpendicu-
ar” peaks illustrated in Fig. 2 are split by an amount 3| E .
This usually makes it possible to determine both spectro-
scopic parameters (D and E), The same parameters can
be found when the single crystal is rotated about two
perpendicular axes after finding the principal values and
directional cosines of the experimental splittings tensor
in a zero field°, The AMg = 1 transition is frequently
not observed in radical pairs owing to the considerable
extent of the spectrum, the broadening of the lines caused
by the scatter of the distances 75y, or very frequently,
owing to the superposition of the intense signal due to
isolated radicdls. In this case one investigates the weak
signal of the “forbidden” AMg = 2 transitions (Fig. 1),
formally corresponding to the simultaneous reversal of
two spins. The finite probability of the “forbidden” transi-
tion is due to the mixing of the T; and T,; levels as a result
of the dipole-dipole interactions; for the usual formulation
of the experiment (EPR in perpendicular fields), it is
given by 8

28 H,

2
—2 sm’?a 2( 3ep )sinz?ﬂ; (2)

when D = 102 G and H0 =3X 103G, we have ¢ < 1073,

Figure 2. Theoretical EPR spectrum of polyoriented
radical pairs (absorption corresponding to infinitesimal
line width and the derivative of the absorption curve
obtained taking into account the finite line width) for an
axially-symmetrical tensor D, The additional splitting of
the lines in the absence of axial symmetry (D) = 2D,) is
shown below by dashed lines.

However, the observation of “forbidden” transitions
becomes possible when the line width is smaller and a
higher microwave power is used !¢, The position of the
centre of the AMg = 2 transition is determined by the
condition

H® = 1/4H; — 1/3 (D* — 3E?),
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i.e., when D <« H, the position of the line virtually
coincides with H,/2; the shift 6H =~ D?/6H, of the line
may be used to determine D, but it is usually impossible
to measure it,

Another method for the determination of D, proposed
by Grinberg et al. 5, is based vi the measurement of the
shift of the saturation curves, i.e. the dependence of the
signal intensity I on the amplitude of the microwave field
H,. I the spin-lattice relaxation times of the radicals and
radical pairs are the same, then the I-lg H, saturation
curves are displaced by an amount A = ig ¢ (for a single-
crystal), which makes it possible to determine ¢ and 72,
For polyoriented specimens, the analysis is more com-
plicated but the simultaneous measurement of the shift A
of the relative signal intensity Ianmg = o/TaAMg =, fre-
quently permits the determination of ¢ and D, 15

Determination of the hyperiine structure
parameters. The hyperfine interaction in the radical
pairs leads to additional splitting of the levels of the triplet
state (& = 1; Mg=1,0, -1}

Ty = g, - 13D+ S AM,.,

Tl gl LD N Ay,

Ty = — 23D,
where the summation is carried out over all the interacting
nuclei of the radical pair, Although the electronic spin
moment in the triplet state is the moment of two bound
electrons (S = 1), on average only half of this moment
interacts effectively with the nuclei of each individual
radical, Two electrons cannot be present in the same
orbital and for this reason they occupy different normalised
molecular orbitals,

Py = UV I Ry 4 v (R,
Py = P 2{0 (R — 9 (R}
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formed by the combination of the orbitals of the unpaired
electrons of the isolated radicals R, and R,. Consequently
the resulting spin density for each radical in the pair is
the same as for the isolated radicals. Since the distance
between the radicals is large, the magnetic cross-inter-
action of the nuclei of R, with the electrons in R, is negli-
gibly small. Ultimately the splitting of the Mg = +1 energy
levels is the same as for Mg = +1/2, For the allowed
AMg = 1 transition, the hyperfine interaction constants for
the radical pairs are equal to half the hyperfine interac-
tion constants for the isolated radicals (Fig. 3). The same
situation obtains for aAMg = 2 transitions when the hyper-
fine interaction constants are expressed in magnetic field
units 8,

it is noteworthy that the hyperfine interaction constants
measured in “perpendicular” or “parallel” components of
the spectrum of the radical pairs (Fig. 3) may refer to
quite different crientations of the hyperfine interaction
tensor in the magnetic field, This makes it possible to
determine the orientation of the radical fragments relative
to the axis of the pair.

Extent of the exchange interaction. In
considering the EPR spectra we have hitherto assumed
that the system is in the triplet state. In reality the
triplet state of radical pairs is usually separated from
the neares! singlet state by an energy gap which is very
sroall compared with 27, All four levels are equally
populated, so that 1/4 of the radical pairs do not give rise
to an EPR signal. Yet another interesting case arises
when the singlet—triplet splitting ET - Eg = J is greater
than #7 but is nevertheless fairly small and the triplet
becomes thermally attainable without a significant mixing
of the states, In this case it is possible to determine the
exchange integral from the temperature dependence of the
EPR signal intensity of the triplet state, because the
signal intensity Iapvg = = 3T Yexp(-J/kT). The latter
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Figure 3,

The real EPR spectrum of the “iminoxy-phenoxy’-radical pair and the isolated

radicals in ¥ ~irradiated polverystalline o-nitrophenol and the conditions used in the inter-

pretation of the spectrum.,

Evidently the hypertine splitting in the spectrum of the radical

pair is smaller by a factor of two than in the specirum of the isolated radicals and is different

for paralleil and perpendicular urientations.
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is of particular interest for chemistry, since the depen-
dence of J on gy determines the magnetic effects in
chemical reactions 6. The quantity J has been deter-
mined %518 for different values of rav in radical pairs.
Effects arising from the distortion of the hyperfine struc-
ture, caused by the mixing of the Ty, (or 7-;) and S, levels,
have been used for this purpose '»2° and not the temperature
dependence of the EPR signal intensity.

3. Determination of Structural Parameters

In those cases where the point dipole approximation is
valid, the dipole-dipole interaction leads to fine splitting
of D in the spectrum of the radical pair described by
formula (1). This formula may be replaced by an equiva-
lent expression which is convenient for the interpretation
of experimental data:

D=—;—Dn(3cos26.sin2¢—l), (3)

where 6 is the angle between the projection of the inter-
electron vector and the direction of the magnetic field H,
Y the angle between the interelectron vector and the axis
of rotation of the crystal, and Dy = 55 600/1’3'{v (for reso-
nance spins); D and Dy are expressed in gauss and 7y is
expressed in angstroms. The crystallographic axes are
selected as the axes of rotation of the single crystals.

Fig, 4 presents the experimental?! relations between D and
the angle 6 for pairs of iminoxy-radicals. In order to
determine the positions of the detected radical pairs in the
unit cell of the dimethylglyoxime crystal, parameters
characterising the structures of all possible pairs of
iminoxy-radicals with ¥ay < 6 A were calculated. It was
assumed 8 that the spin density is localised at the NO bond,
that the electron densities at the atoms are p, = 0.67 and
pN = 0.33, and that the same spin density distribution is
maintained approximately in all the radical pairs.

The theoretical relations are compared in Fig. 4 with
the experimental relations; their agreement shows quite
clearly that irradiation results in the formation of all the
possible types of pairs and that the distances between them
are close to those in the undisrupted crystal lattice. In
deter mining the orientations of pairs of radicals with
delocalised electrons, account must be taken of the degree
of delocalisation, Thus allowance for delocalisation in a
pair of diphenylnitrogen radicals in tetraphenylhydrazine 18
gave values of 7ay differing by ~1 A from those calculated
in terms of the point dipole approximation. However, in
these calculations no account was taken of the form of the
orbitals of the unpaired electrons. A calculation of 7av
with allowance for the form of the orbitals has been carried
out??, which made it possible to determine the structure of
the complex from which radical pairs are formed as a
result of subsequent phototransfer of a proton.

4, Measurement of the Concentration of Radical Pairs

Since radical pairs have an effective spin S = 1 and
stable radicals with S = 1/2 are used as the standards in
EPR, account must be taken of the difference between the
transition probabilities for systems with different spins.
The EPR signal intensity (I) in the absence of saturation
is proportional to the number of species N and to the
square of the magnetic moment p? = £2Pp2SES + 1), i.e.

T NS(S + 1).
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If the specimen contains N radical pairs, then only 3/4

of them populate the magnetic (triplet) levels T and T,
(Fig. 1), and for this reason we have / ~ 2 N when S = 1,
For NR isolated radicals with S = 1/2, t?)e intensity

I~ 3 NR. Thus, in the standard determination of con-
centration from EPR spectra, one obtains twice the
number of radical pairs, i.e. the number of radicals com-
bined into pairs. If no account is taken of this, one can
make an error by a factor of two in the calculation of the
concentration,
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Figure 4. Experimental (circles) and theoretical (lines)
angular relations for the hyperfine splitting constant D
corresponding to the rotation of a dimethylglyoxime single
crystal about the crystallographic a axis for five types of
pairs with 73y £ 6 A, Comparison of the experimental
points and the calculated curves makes it possible to
identify the positions of the radical pairs in the unit cell
of the crystal?!,

When account is taken of the differences between the
transition probabilities described, the determination of
concentrations from EPR spectra does not differ from the
usual procedure, i.e, one compares the areas of the EPR
signals of the test and reference specimens. The following
useful relation has been obtained for the estimation of the
area under the absorption line (s), recorded as a deriva-
tive line 23:

s =kl (3/2D)"8 1,

where I 'L and 6, are the intensity and the apparent width of
the “perpendicular” component (Fig.5), while the shape
coefficient B = 1/2 for a Gaussian form of the individual
line and & =~ 2 for a Lorentzian form. A relation of the
same type (but with different coefficients) makes it pos-
sible to express the area in terms of the intensity of the
“parallel” component. A more accurate but cumbersome
method of determining the area under the EPR signal
consists in double integration or evaluation of the first
moment of the experimental line.
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If the usual AMg = 1 transition is not observed and
only “forbidden” AMg = 2 signals arerecorded, the
problem of the determination of the concentration of
radical pairs becomes significantly more difficult, because
absolute calculations require the knowledge of the transi-
tion probability ¢ defined by Eqn. (2). A method has been
proposed % for measurements based on the shift of satura-
tion curves, In fact, for polyoriented radical pairs it is
also necessary to average ¢(7,a) with respect to orienta-
tions; nevertheless joint measurement of the AMg = 2
signal intensity and of the shift of its saturation curve
relative to the signal of the radicals makes it possible to
determine the concentration of radical pairs and the dis-
tance between the unpaired electrons 5,

In conclusion of the methodological part of the review,
one must emphasise that the simultaneous determination
of the hyperfine interaction constants and the fine struc-
ture constants, of the distance between the radicals (to
within 0,1 A), and of the orientation of the pair makes it
possible to determine almost ambiguously the structure
of the active centre and its position in the matrix. By
studying the variation of these parameters during the
course of a reaction, we have a unique possihility of
investigating the “ stereometry” of an elementary chemical
process in a solid matrix.
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Figure 5. EPR spectrum of randomly oriented radical
pairs with a large width of the individual lines and the
parameters used to analyse the poorly resolved spectral3?s,

OI. THE PRIMARY STAGES IN RADIOLYSIS AND
PHOTOLYSIS

In conformity with the principle of the conservation of
valence, any process involving the formation of radicals
from neutral molecules should proceed via a radical pair
formation stage. Direct detection of radical pairs should
naturally yield valuable information about the mechanisms
of the reactions leading to the formation of the active
centres —free radicals in solid matrices. In particular,
the structure of metastable radical pairs, their orienta-
tion, and other characteristics may be used to elucidate
the mechanisms of the reactions in solids under the influ-
ence of light and ionising radiation.

535

1. Photodissociation in the Solid Phase.
of Photolysis

Primary Steps

As already mentioned, in the photolysis of many solid
organic compounds it is possible to detect metastable
radical pairs 3,18:24¢, Interesting data on the mechanism
of the primary steps of photolysis have been obtained by
magnetophotoselection of radical pairs., The effect of the
steric selection of triplet molecules under the influence of
polarised visible light is comparatively little known 2,
The magnetophotoselection effect of this kind was observed
for the first time 26728 in the formation of radical pairs
under the influence of linearly polarised ultraviolet light.

100 Oe

———

b

Figure 6, a) Schematic illustration of the orientation of
different types of radical pairs in the unit cell of a benzoyl
peroxide crystal; the arrows indicate the positions of the
CO, groups evolved on photolysis 2®; b) selective accumu-
lation of the EPR signals of radical pairs on photolysis
with linearly polarised light: above—electric field strength
e (1,1,0); below—ell (1,1,0). The spectra were recorded
for the H,ll (1,1, 0) orientation.
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The formation of radical pairs in acridine~-acridan
single crystals under the influence of linearly polarised
light has been studied by EPR,?" The directions of the
dipole moments of the transitions were found from the
dependence of the quantum yield of radical pairs on the
angle between the electric field strength vector e and the
crystallographic axis. In the range 250-400 nm the dipole
moment of the transition is in the plane of the acridine
molecule and is directed along the ¢ axis; in the range
380~540 nm the component of the dipole moment of the
transition is perpendicular to the plane of the molecule and
is directed along the b axis. These results are consistent
with data showing the anisotropy of the absorption of
polarised light by the acridine molecule®® and illustrate
the advantages of the EPR study of the anisotropy of the
absorption of light in single crystal specimens,

For benzoyl peroxide 8, the transition in the range
300-330 nm corresponds to electron transfer along the
C-0 bond (O is the oxygen of the peroxide bridge). The
existence of four radical pairs with non-equivalent orienta-
tions in the benzoyl peroxide single crystal (Fig. 6) and the
distance between the radicals, which is 5.4 A, indicate
the formation of the PhCO¢, and Ph- radicals on photolysis.
One of the two symmetrical CO, groups, oriented in dif-
ferent ways in the cell, can be selectively abstracted by
polarised light, i.e. the primary excitation is localised
at one of the two symmetrical benzoxy fragments. This
permitted the conclusion that there is no rapid transfer of
excitation between the two equivalent fragments of the
benzoyl peroxide molecule,

The analysis of the EPR spectra of polyoriented systems
is more complex; nevertheless, by studying the angular
distribution of the primary photolysis products (radical
pairs), it is possible to determine the direction of the
transition moment and the nature of the photodissociation
step. Thus, for the dissociation of tetraphenylhydrazine, 6
the best agreement between the theoretically calculated
EPR spectra of partly oriented radical pairs and experi-
mental spectra was observed when the transition moment
coincided with the direction of the N-~N bond in the mole-
cule and for an angle of 62° + 3°C. It has been found
analogously % that the vector of the electronic transition
moment, excited by polarised light in 3,6-di-t-butyl-
o-benzoquinone, is at an angle of 70° + 5°C relative to the
plane of the molecule. In both cases the polarisation of
the transition corresponds to the electron transfer from
the heteroatom to the benzene ring (an I-* transition) and
the observed directions of the vectors agree with the ideas
concerning the geometry of the wave functions in complex
organic molecules.

The whole of the information about the structure of the
radical pair and about the nature of the excitation step
suggests also a mechanism for the photoinitiation of radical
pairs. Thus it has been shown??»% that selectively excited
molecules in the singlet state abstract hydrogen atoms
from neighbouring molecules, forming radical pairs.

2. The Mechanism of the Radiolytic Generation of
Radical Pairs

The mechanism of radiolysis is of special interest for
the chemistry of elementary radical reactions, because it
determines the initial steric distribution of radicals.

A large series of studies on radical pairs 12,136 made
it possible to approach from new standpoints an under-
standing of the mechanism of the formation of radicals in
radiolysis, However, there is no final view concerning
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these problems. The situation is similar as regards the
question of whether the same mechanism operates in the
formation of isolated radicals and radicals stabilised in

a matrix in pairs and separated by short distances, Radi-
cal pairs may be formed in different ways 12,3%,%2;

I. Ry—R; ™ [R1Rs] >

IL [RH... RH] ~ [RH*RH-] — [R...RH,] ,
1L [RHRH] ~ [RH...RH]* - [R...R]+H; ,
IVa.RH ~» RH*+¢~ ,

b. RH++e——>[R]+H N

€. RH+H LR j+H,
Va. RH = RH* +e ,
b.RH++RH_y[R]+RH; ,

c. RHf+e — | R |4+H, .

According to a number of data 24,3!,32,37"43_ jt j5 seen that
radical pairs at concentrations comparable to or greater
than those of isolated radicals are generated in compounds
capable of forming complexes in solutions and containing
functional groups giving rise to hydrogen bonds. A prob-
able mechanism of the formation of radical pairs may be
pathway II-III, where the complex decomposes with charge
transfer or excitation of the complex. A characteristic
feature of this pathway is the stereospecificity in the for-
mation of pairs, since a complex may be formed only from
molecules oriented in a particular manner relative to one
another in the solid phase,

The formation of radical pairs at concentrations lower
by 1-2 orders of magnitude than those of isolated radicals
takes place in the radiolysis of paraffins, polyolefins, and
other polymers which do not contain active functional
groups (for example in polyethylene 3, acrylic polymers 4,
n-eicosane 5, vinyl monomers %, etc.). This results in
the formation of several types of pairs?»%», Inthe given
instance one should consider only mechanisms IV and V,
because the relaxation of molecular excitation in the
condensed phase is very effective and ion-molecule pro-
cesses play themainrole. Ithasbeen shown32that the
introduction of bromodecane into n-decane lowers the
yield of radical pairs. The replacement of hydrogen in
n-decane by deuterium has a similar influence 3¢, This
points directly to mechanism V. Reaction V¢ may not in
fact lead to the formation of an alkyl radical. If it entails
the formation of RH and H, the isolated radical is stabilised
by reaction IVc,

Many new characteristics of the mechanism of the for-
mation of radical pairs have been observed in the latest
studies of the low-temperature radiolysis of olefins and
polymers 12,3, It has been found that, when the radiolysis
takes place at lower temperatures (1.5-4 K), then the
yield of pairs exceeds that of isolated radicals and virtually
all types of radical pairs which can be formed in the crys-
tal cell are in fact formed at concentrations proportional
to their statistical weight, The random formation of pairs
is in poor agreement with mechanism V, where the third
stage is undoubtedly stereospecific and sensitive to the
distance over which H* or D* is transferred. Theincrease
in the yield of radical pairs following the replacement of H
and D and with increased length of straight-chain hydro-
carbons, functioning as boundary lines limiting the free
migration of H or D, also supports mechanism IV. How-
ever, the mechanism of the temperature dependence of
the migration of H and D following irradiation remains
incomprehensible, Similarly, it has been deduced 2,3
that there is aspecific mechanism of the formation of com-
pact pairs on the basis of the observation that the yield of
pairs with a small distance between the radicals exceeds
the random yield,
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It has been shown 3¢ that irradiation with large doses at
77 K is characterised by yet another interesting feature.
Despite the high overall concentration of radicals, ran-
domly formed radical pairs are absent from the system.
The concentration of pairs increases synchronously with
increase of the concentration of radicals, while the for-
mation of radical pairs should have led to the observation
of a quadratic relation at higher concentrations. A “pro-
tective” mechanism begins to operate, preventing the
formation of new radicals within a sphere having a radius
of 10 A around a radical which has been stabilised. In
frozen solutions of stable radicals at the same concentra-
tion randomly formed pairs are stabilised at concentra-
tions corresponding to normal statistics.

3. Steric Distribution of Radicals on Radiolysis

Data for the formation of radical pairs on radiolysis
can be used to determine the complete picture of the steric
distribution of radicals in irradiated solids. Studies of
the role of track effects in the steric distribution of radi-
cals, carried out by the electron spin echo method 47548,
have shown that on y-radiolysis the overlapping of tracks.
begins for very low doses (~0.1 Mrad)., Consequently, for
the usually employed doses of 1-100 Mrad, the role of
track effects may be neglected and the distribution of
species throughout the specimen may be regarded as uni-
form. On the other hand, the data presented in the pre-
vious section demonstrated the appreciable role of pair
stabilisation in the steric distribution of active centres.
Furthermore, it has been shown?:® that, when the
radiolysis is carried out at 1.5 and 4.2 X, 91% of the radi-
cals in C)D,, are stabilised in pairs. All possible types
of pairs are formed with equal probabilities from 26
nearest adjoining molecules, i.e. the distribution with
respect to distances is virtually rectangular:

0 whenr< 25A and r >30A
C when 25A<Cr<30A ,

"max ~ "min

de
dr

(4)

where ¥in and rmax determine the set of possible dis-
tances 73y between arbitrarily selected nearest C-H
bonds. In other words, there is a random distribution in
pairs. The form and width of their distribution depends on
the irradiation temperature and on the isotopic concentra~
tion of the substance: with increase of temperature and
following the replacement of C,,D,, by C, H,,, the width
increases, Furthermore, in all cases the formation of
pairs is accompanied by destruction and valence migration
reactions !2>% which necessitate a correction to the initial
distribution. The distribution widens in the direction of
higher values of gy and there is partial “annealing” of
pairs with small values of 73y. It is of interest that in
polyethylene and in C, H;, the form of the distribution is
independent of the dose up to 330 Mrad. The situation is
different in the y -radiolysis of dimethylglyoxime, 4° where
the distribution of isolated radicals changes with increas-
ing dose, which is manifested by an increase in the order
of the recombination reaction from first to second. Thus,
on low-temperature radiolysis, the radicals are initially
distributed at random in pairs,
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4, Conditions Governing the Stabilisation of Radical Pairs
in the Matrix

The formation of radical pairs involves primarily the
generation of non-equilibrium defects. Their relative
stability is determined by the partial rearrangement of
the molecule and the matrix. The recombination of radi-
cals in the pair is activated even in those cases where the
radical centres are nearest neighbours. The rearrange-
ment of the matrix, stabilising the radical pairs, should
seemingly cause a scatter of the parameters of the radical
pairs (the distance 75y and orientation). However, the
EPR spectra of radical pairs described in the literature
indicate a surprising constancy of the distance between the
radicals. For the Ph’,,,CH; pair, it is possible to record
a hyperfine splitting of the B-protons of the phenyl radical
with a constant of 3 G,2* This implies that the scatter of
the parameters should be less than 3 G, i.e. less than 3%
and the scatter of 7,y should be less than 1%, i.e. 0.06 A.
A similar situation obtains if one assumes also a greater
scatter of 7ay but with a sharp extremum at » = 6.2 A,

The pairs of iminoxy-radicals arising in dimethyl-
glyoxime single crystals on radiolysis at 77 K have struc-
tural parameters close to those in the undamaged structure
of the crystal®!, Even when “large” water molecules are
evolved in the formation reactions®, the scatter of the dis-
tances is less than 1%. However, in this case a broad
background line is generated and probably includes the
spectra of the radical pairs stabilised in the defect
regions with several different distances between the radi-
cals, i.e, a distribution with respect to 3y with a sharp
extremum is observed. In glassy solutions the stabilisa-
tion conditions must reflect the inhomogeneity of the
matrix structure. Thus the EPR spectra of allowed trans-
itions in frozen solutions of certain acyl peroxidesS! are
more broadened, apparently owing to the presence of a
distribution with respect to 73y, Tetraphenylhydrazine,
where radical pairs with fixed distances between the radi-
cals are observed even in frozen solvents, is an interest-
ing example. The sterically branched tetraphenylhydra-
zine molecules probably generate a solvent structure in
their vicinity. On the other hand, in the decomposition
of “ribbon” molecules, which generate a solvent struc-
ture less effectively, a distribution with respect to 73y is
generated,

An intermediate case between pair formation in the
decomposition of a single molecule, on the one hand, and
the formation of pairs from two neighbouring molecules is
pair generation from “weak” binary complexes®, In this
case a rectangular distribution [Eqn. (4)] is observed with
respect to the distances between the radicals in the pair
with A% = ¥max — 7min = 0.2 A. This feature of pair
stabilisation has been used to investigate the geometry of
the formation of binary complexes—the precursors of
radical pairs. The structure of the binary complex of
3,6-di-t-butyl-o-quinone with 2,4,6-tri-t-butylphenol,
formed on mixing these compounds, has been deter mined?
from the EPR spectra of the radical pairs formed on
photolysis. The pair stabilisation conditions determine
the stereochemistry and kinetics of thermal radical reac-
tions, which are considered in the next section of the
review.

IV. THE KINETICS OF ELEMENTARY REACTIONS IN
THE “ CAGE”

One of the most significant features of solid-phase
reactions is the limited mobility of the reacting species
or species formed as a result of the reaction. For this
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reason, the solid may be represented, with an adequate
degree of approximation, as a body consisting of compart-
ments (“cages”) containing immediately adjoining mole-
cules; the compartments do not interact with one another
and for this reason do not average out the properties of the
system, The data at present available for the kinetics of
solid-phase radical reactions show that virtually all the
characteristics of the processes are already manifested
on a scale corresponding to a single cage. A radical pair
trapped in the cage serves as the ideal probe for the
direct measurement of the kinetic constants of elementary
reactions in the solid phase. This section reviews the
results of such measurements and discusses certain
specific conclusions concerning the mechanisms of solid-
phase reactions based on them,
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The overall mechanism of processes occurring in the
cage on formation of radical pairs can be represented as
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Figure 7. Kinetics of the accumulation (curves I and 2) and destruction (curve 3) of radical pairs and the accumulation
of radicals (curve 4) in the photolysis of azobisisobutyronitrile at 77 K. The linear forms of the kinetic curves are
illustrated by dashed lines in terms of the variables corresponding to an exponential radical destruction law: above—
EPR spectra at the instants indicated by arrows on the abscissa axes.
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Depending on the ratio of the rate constants for differ-
ent steps, a particular reaction pathway obtains in each
specific system., On photolysis the radical pairs formed
largely recombine or disproportionate in the cage and a
simplified reaction mechanism can be represented as
follows:

ko ky
M~ [Ry ... Rj] ™ Ri+Re
al )

The radical pairs produced on radiolysis are usually stable
at the initiation temperature and on heating it is possible
to investigate independently processes II, IV, V. When
pairs of stable radicals are used, it is convenient to
investigate diffusion processes III.

1. Recombination and Liberation from the Cage

The study of “live” metastable radical pairs, formed
on photodecomposition of unstable organic compounds, is
of considerable interest for understanding the mechanism
of initiation in the solid phase.

On the basis of the simplest mechanism (5) of the
photodissociation of molecules in the cage, it is easy to
obtain the following expressions from the kinetics of the
accumulation of radical pairs (without taking into account
the subsequent reactions of isolated radicals):

Cpr = Coof | —exp |— (R + Ry) 11},

R = klii i ((Ry + ko)t — {1 —exp (— (k; + k) 11}, (6)

where ¢, = koen/(k, + k). It follows from Eqns. (6) that
an induction period, approximately equal to the lifetime
of radical pairs, should be observed in the accumulation
of radicals and that a steady radical accumulation rate
should be established subsequently:

wr = kocmkal(Ry + ko) = fhcm,

where f is the probability of liberation from the cage.
Since the initial rate of accumulation of radical pairs
WR_ R = RoCM, it is possible to find the probability of
liberation from the cage on the basis of the ratio of the
slopes of the linear sections of the experimental curves,
while measurements of the absolute rate and the analysis
of the radical pair accumulation or destruction curve make
it possible to determine all the kinetic constants in

Eqns. (5). Experiments of this type have been carried out
on the photodecomposition of solid organic initiators—
azobisisobutyronitrile, 3>% azobis-3-methyl-2-phenyl-
butane, %% tetraphenylhydrazine, **>** and a number of
acyl peroxides 245! At low temperatures (77-100 K, some-
times up to 150 K) EPR spectra can be recorded for
crystalline substances and frozen solutions. Some of the
results of the kinetic studies are illustrated in Fig.7. The
signal intensities in Fig.7 are quoted in relative units but
account is taken of the shape coefficients of the spectra,
so that the values of cR and cR,, R aie proportional to the
true concentrations., We thus find from Fig. 7 that

f =2x%10"2 at 77 K for crystalline azobisisobutyronitrile.
This value is much less than that obtained from kinetic
measurements in solution (f = 0.5 according to
Kulitski et al.®¢), but is in good agreement with f=3x1073
calculated for the initiation of pelymerisation in the solid
phase®7?,
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Fig. 7 shows that the radical pair accumulation and
destruction kinetic curves can be expressed in a satisfac-
tory linear form in terms of semilogarithmic coordinates,
i.e. the destruction of radical pairs is indeed a first-order
reaction. The rate constant for the destruction of radical
pairs in the “cage” in crystalline azobisisobutyronitrile has
been measured5® over the range 63-77 K. Further mea-
surements have been made in tetraphenylhydrazine single
crystals. The constants are compiled in the Table,

Kinetic curves for radical pairs and radicals formed in
the photolysis of acetylbenzoyl peroxide have been pub-
lished 3!, The radical accumulation curve shows a distinct
inflection associated with the lag in the formation of radi-
cals, in conformity with Eqn. (6). This implies that radi-
cal initiation precedes the appearance of isolated (in the
given instance methyl) radicals, but the induction period
is clearly shorter than the time required for the establish-
ment of a steady-state concentration of radical pairs, i.e.
the reaction mechanism is apparently more complex than
that described by Eqns. (5).

In the study of processes of the type described the
problem naturally arises whether the recombination reac-
tions and the reactions involving liberation from the cage
are thermal or whether they are also associated with
photoexcitation. In the case of azobisisobutyronitrile the
time constants for photoaccumulation and destruction in
the dark are the same (Fig. 7), which indicates a thermal
mechanism of the recombination reaction. On the other
hand, in the case of acyl peroxides, direct data have been
obtained indicating the influence of light on the liberation
from the cage. For example, when peroxydisuccinic acid
is irradiated with light at wavelengths in the range 240 to
400 nm, radicals and radical centres accumulate rapidly,
but only pairs are produced in the presence of light corre-
sponding to the 330-570 nm band5!, The radical pairs
in peroxydisuccinic acid are converted into radicals even
under the influence of visible light5!, The kinetics of
the destruction of radical pairs formed in the low-tem-
perature photolysis (77 K, 300-400 nm) of mono- and
poly-crystalline tetraphenylhydrazine specimens and
frozen solutions of tetraphenylhydrazine in toluene have
been studied in details®»®®, In single crystals the destruc-
tion of radical pairs obeys the equation for first-order
kinetics. In powders and vitrified solutions the kinetics
are of the “stepwise” type, which corresponds tc a set of
kinetic constants (see Table) with a rectangular distribu-
tion with respect to £ having a width AE = 2,3 + 1 kcal
mole~! and Igk, = 12,1 + 3 s™', Vitrified solutions of
tetraphenylhydrazine are interesting in view of the simi-
larity of the experimental conditions to those which really
obtain when compounds of this class are used as initiators.
It has been shown % that the probability of the liberation of
radicals from the cage and hence the efficiency of the
initiator are negligibly small in the vitrified crystalline
state and that the probability is close to unity in the region
corresponding to the devitrification of the solution.

In those cases where the reactions take place in the
region remote from the phase transition temperatures, the
reaction in the cage becomes strongly stereospecific, A
set of studies in this field was undertaken by McBride and
coworkers33755,61 . When asymmetric fragments recom-
bine, the composition of the products is not random but
depends on the structure of the cage. Thus in the case of
crystalline azobisisobutyronitrile 95% of the photolysis
products are formed via radical pairs in undisrupted
regions of the crystal and only ~5% may be formed on
defects, giving rise to other compounds®!. In the liquid
phase the ratio of product yields is reversed. A study of
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the photolysis of acetylbenzoyl peroxide has shown that
even at low temperatures the products are not just a

pair of benzoyloxy- and methyl radicals but also (as a
result of decarboxylation) a “ phenyl-methyl radical” pair.
This gives rise to a large set of recombination products
which may be formed in the cage. However, the structure
of the cage facilitates the interaction of the methyl radical
with oxygen forming part of the peroxide chain before
decomposition, which leads to the selective formation of
products 5%,

2. Substitution and Disproportionation Reactions in the
Cage

At low temperatures, where the diffusional mobility of
large molecules is frozen, reactions of the type

R +RH—RH +R, (7)
which are capable of ensuring the migration of the valence
over considerable distances, acquire particular impor-
tance. Such reactions may occur both on heating and under
the influence of light. However, direct measurement of
the kinetic constants for reaction (7) became possible
only when radical pairs were used, because there is no
change in chemical structure during the reaction and only
the coordinate of the active centre is altered. Reactions
of type (7) were first investigated in detail in y -irradiated
dimethylglyoxime and {[D, |dimethylglyoxime 31,62}, The
rate constants, the kinetic isotope effects, the direction of
migration, and hydrogen migration distances were mea-
sured. The experimental results are presented in Fig. 8

|
i“i ‘H\“\ i
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and in the Table. A characteristic feature of the thermal
valence migration reactions is their stereospecificity—the
anisotropy of the directions of valence migration. The
sensitivity of reactions to weak intermolecular interactions
is ano less interesting feature, Thus it has been observed *
that at low temperatures (77-120 K) intramolecular migra-
tion of hydrogen via one of two pathways, equivalent as
regards the direction in the crystal, the distance tra-
versed, and the chemical structure of the radical frag-
ments, is observed. It is apparently due to the ability of
iminoxy-radicals to form hydrogen bonds with the mole-
cules of the medium or with one another,

In those cases where there are no interactions of this
kind or their energy is low compared with the activation
energy for the migration reaction, a dynamic equilibrium
is observed between two positions of the active centre.

In dimethylglyoxime 3! such migration reactions are
observed at higher temperatures (270-320 K). There is
intermolecular migration of a hydrogen (deuterium) atom,
which can be located in two closely adjacent positions with
equal probabilities; this is manifested when the EPR
spectra of two types of radical pairs are recorded. A
similar behaviour has been observed in studies %s52 of the
photolysis of frozen solutions of 2,4,6-tri-t-butylphenol
and 3,6-di-t-butyl-o-benzoquinone, which form a weak
complex (see Section II). The transfer of a hydrogen
atom from phenol to quinone leads to the formation of
radical pairs of two types, which arise owing to the intra-
molecular exchange between the two carbonyl groups of
o-quinone.
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Figure 8. Kinetics of intramolecular (2) and intermolecular (b) substitution reactions
(R...HR) — (RH...R) in y-irradiated [D,]dimethylglyoxime (a) and non-deuterated dimethyl-
glyoxime (b): on the left—transformation of the EPR spectra of the radical pairs in the

course of the intramolecular substitution?3!.
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The rate constants for elementary radical processes determined from the EPR spectra of radical pairs.

Structure of radical pair rors & Phase state Elementary process Parameters AT, K Refs.
Azobisisobutyronitrile
R...N=N...R,
where R=(CH;,)C(CN) r=5.6 Single crystal Recombination E=3.5+0.6, Igk,=8 83717 3
> rn=5.6 Single crystal Recombination E=5.0; lgk,=1 72—17 35
» ri=5.6 Single crystal Liberation from cage f=(@2+1)-102 77 3
Tetraphenylhydrazine
PN N ry=4 Single crystal Recombination E=7.040.5; 130—150 | 50
Igk,=8.4+0.8
» n= Crystallised Recombination E in=5.41+1.5; 77—130 59
solution in F =7.7+2.2;
toluene ]g[l'z\:;ﬂ. 143
» ri=4 Vitrified Emi“=5.211 .5;
solution in Recombination Emax=7'5iz'0; 77—110 60
toluene lgky=11.6+3
» ri=4 Devitrification Liberation from cage E=~30; Igky=~70; 110—120 60
region >0.1
Dimethylglyoxime
HONPNO' . .. ‘"ONPNOH, ry=5.4 Single crystal RH-+R—R4-RH E=1.40+0.07; 77—110 31
where P=C,Hy(CHy)» ry=5.5 1gky=0.1010.16
DONPNO' ... 'ON%’NOD rn=>5.4 Single crystal RD+R—R+4RD E=7.44+0.1: 190—200
r,=5.6 s Ighy=4.5+0.1 31,62
HONPNO" ... ‘'ONPNOH ry=5.6 Single crystal RH+R$—ZR+RH E=17.740.7;
rg=6.1 21 1gk,=10.5+0.6; 270—310 31,62
ks kgal kg =1.4+0.2
DONPNO' ... "ONPNOD r,=5.8 Single crystal RD4-R2R4-RD =24.240.4;
ry=6.1 kay 1gk,=13.210.3; 310—340 | 3162
kig/kay=1.410.2
HONPNO' ... 'ONPNOH ry=>5.6 Single crystal Disproportion- E=21.540.9;
r;=6.1 ation Igky=10.8+0.6 30r 40 | ae
DCNPNO' . .. *ONPNOD rn=>5.6 Single crystal Disproportion- E=22.11+0.9; 300—340 31,62
r=6.1 ation Ighy=11.320.6
Complex of 2.6-di-t-butyl-
o-benzoquinone and 2,4 ,6-tri-
t-butylphenol
CI) L. o} ry=5.15 | Vitrified solution Disproportion- E ii=6-7218 130—200 52
\ LB r.=6.25 in liquid paraffin ation E. - —10-+1;
Bu\l/ \”/B“ HO\I/\"/ “ 1 gky8:+2
AR
(? [ ? ry=>5.15 Vitrified solution Disproportion- Emin:“ +1; 130—200 52
r.=6.25 | inliquid paraffin | ation B 47H;
B“\{//\/B“ DO\I/\H/BU : Ighyt32
1
N/ SN\
Bu Bu
2,4-Dinitrophenol (OH)-2,4-
) dinitrophenol (OD)
e} ry=5.18 Polycrystalline Rearrangement of E=9.440.2; 160180 81
il NO | NO ry=4.8 substance (OH) CNO fragment 1gk,=8.7+0.2
e
NS I/
NO, NO;
» r=>5.148 Polycrystalline Rearrangement of 160—190 81
ry=4.8 substance (OD) CNO fragment
» r=4.8 Polycrystalline Rotation of radical 200—240 8t
ry=4.68 substance (OH) as a whole
> r=4.8 Polycrystalline Rotation of radical 200—240 a1
ro=4. substance (OD) as a whole
fo) o) r1=4.68 Polycrystalline Recombination 270—310 81
| NO - | NO. substance (OH)
(0 (0
\I/ \l/
NO, NO, .
» ri=4.68 Polycrystalline ‘Recombination E,=27.5+2.5; 270—310 81
substance (OD) gk, =17.2+1.9
=29.6+6.5;
1gky,=18.3+4.8

Notation: 7, and 7, are the distances between the radicals before and after the process, E (kcal mole-!) and k&, (s!)
are the Arrhenius parameters of the rate constant, f is the probability of liberation from the cage, AT is the tem-
perature range, and E,, k;,, E,, and k,, are the parameters for low and high degrees of conversion respectively.
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Under the influence of ultraviolet light, migration
reactions are also observed in vy -irradiated dimethyl-
glyoxime crystals at 77 K. ® However, they are non-
stereospecific and proceed via several pathways simul-
taneously. Irradiation with light apparently leads to
electronic excitation of the radicals, which react in the
excited state either with a neighbouring radical (destruc-
tion of the pair) or with a neighbouring molecule (valence
migration),

Disproportionation reactions have much in common
with valence migration reactions of type (7). As a rule,
they exhbiit a kinetic isotope effect 3!,52,62, The stereo-
chemistry of the disproportionation of radical pairs has
been examined®? and it has been shown that the pathway
followed in the transfer of hydrogen from the quinone
radical to the phenone radical during “annealing” does not
coincide with the channel in phototransfer or during for-
mation. The rate of reaction is then extremely sensitive
to the distance traversed and a distribution with respect
to distances leads to a distribution with respect to rate
constants.,

3. Characteristics of the Kinetics of Elementary Reactions
in the Cage

The kinetic constants found from the EPR spectra of
the radical pairs are compiled in the Table, Evidently
even in those cases where the reaction is elementary,

i.e, the kinetics satisfy a first-order equation, the
Arrhenius parameters differ sharply from the ‘“usual”
values for analogous reactions in the gas and liquid phases.
In vitrified and powdered matrices the reaction kinetics
are “polychromatic” and are described by a spectrum of
kinetic constants. These features are in general charac-
teristic of the kinetics of radical reactions in solids59,64-67
and are apparently of key importance for the understanding
of their mechanism. For radical pairs, it is possible to
achieve the closest approach to the elementary stages of
the process. It will be shown below that in many instances
this has made it possible to understand the nature of the
observed phenomena,

Tunnel transfer of hydrogen. From the
kinetic point of view, rapid thermally activated migration
reactions, occurring in dimethylglyoxime at low tempera-
tures, are of particular interest. The measured depen-
dence of the rate constants on temperatures obeys the
Arrhenius equation. However, the pre-exponential factors
for unimolecular reactions vary over a wide range, from
several reciprocal seconds (for a reaction at the tem-
perature of liquid nitrogen) to normal values of 10%3 s-!
at 300 K, and there is a linear compensation relation
between lgk, and E. The migration reactions investigated
are characterised by considerable kinetic isotope effects.
Low pre-exponential factors for the low-temperature
reactions and the anomalously large kinetic isotope effect
indicate a tunnel reaction mechanism. If the rate of the
process is estimated in terms of the reaction [RH...R] —
[R...HR] for a continuous distribution of the vibrational
levels of the bond being ruptured, then the experimental
points corresponding to a barrier half-width d,,, = 0.6 A,
Ey = 15 kcal mole~?, and Ep = 16 kcal mole~* fit satis-
factorily on theoretical curves (Fig.9). In order to illu-
strate the relation between the true and apparent activation
energies, “Arrhenius” straight lines have been drawn
through the experimental rate constants in Fig. 8. Evi-
dently the unjustified linear extrapolation yields in this
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case unduly low values of E and %, and for deuterated
dimethylglyoxime higher pre-exponential factors corre-
spond to higher values of E, i.e. a compensation effect is
observed, Subsequently the occurrence of hydrogen trans-
fer via a tunnel mechanism at low temperatures was con-
firmed by numerous experimental investigations (see the
review of Lebedev et al. %).

NSRS NN

0 5 10 15 10/7, 8!

Figure 9, Calculated and experimental temperature
dependences of the rate constants for the reaction
(R...RH) — (RH...R) in dimethylglyoxime (curve 1) and
[D,]dimethylglyoxime (curve £). The calculation was
carried out taking into account the tunnel transitions for
the quasi-continuous distribution of the vibrational levels
of the dissociating bond corresponding to a barrier half-
width d,,, = 0.6 A and barrier heights E = 15 and 16 kcal
mole-! respectively ®2, Evidently in the temperature range
of the measurement it is possible to draw straight lines
through the experimental points, whose slope yields the
apparent activation energy Eeff < E,

Polychromatic reactions. In most radical
reactions occurring in the solid phase at low terniperatures
a kinetic arrest of the reaction (i.e. a sharp reduction of
its rate) is observed for a certain degree of reaction.

The stepwise nature of the recombination is usually
accounted for by the fact that the reacting centres are
non-equivalent and that a set of reaction rates obtains.
Several hypotheses explaining such distribution of proper-
ties have been put forward®4767,%9: (a) structural inhomo-
geneity of the specimen; (b) the presence of a distribution
with respect to the distances between the reacting species;
(c) an increased local concentration of radicals at the sites
of defects; (d) thermal chain recombinationf. The last
two possibilities are known to be negligible for radical
pairs. The distribution of properties in the case under
consideration may be due either to the structural inhomo-
geneity of the specimen or to the stabilisation of radicals
separated by different distances.

b

fThermal chain recombination is the chain destruction
of free radicals activated by the energy liberated in the
elementary recombination step.
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A correlation has been observed 3¢ between the distance
in the radical pair obtained on y-radiolysis of C;,D,, and
their destruction temperature, It has been possible to
establish directly 52 the relation between the rate constant
(activation energy) for the reaction and the distance
between the reacting radicals in the cage. In frozen solu-
tions of quinones and phenols a change in the parameter D,
i.e. in the distance between the radicals, was observed in
the course of the stepwise “annealing” of radical pairs,
associated with the disproportionation of radicals in the
cage. An increase of D by 0.2 A corresponded to an
increase of the activation energy for the reaction by
3.3 kcal mole~!, In polycrystalline n-decane the variation
of the distance between the radicals in the course of their
recombination was investigated by the method involving
the saturation of forbidden transitions (Fig. 10). It has
been shown ¥ that the activation energy for recombination
increases approximately linearly with distance in the
range 6-8 A,
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Figure 10, “Annealing” of the EPR signals of radical

pairs (a) and isolated radicals (b) in y -irradiated poly-
crystalline n-decane; c¢) variation of the minimum dis-
tance between the radicals during “annealing”, Analysis
of curves a and b shows that the effective activation
energy for the recombination reaction increases linearly
with distance 3,

However, the scatter with respect to distances is not
the only cause of the existence of a set of rate constants
for the reaction in the cage. In many instances the step-
wise reaction is not accompanied by a change in the para-
meter D, This implies the existence of kinetically non-
equivalent cages owing to a difference in the immediate
environments of the reacting molecules, The direct
influence of the inhomogeneity of the matrix on the reac-
tion kinetics has been demonstrated®’>™, It has been
shown that in oriented polyethylene the kinetics of the
destruction of a radical pair with 7av = 5.3 A, studied on
the basis of the spectrum of an allowed transition, are
distinctly “stepwise” and the scatter of the constants is
very wide, This observed feature has been followed con-
sistently in experiments using tetraphenylhydrazine 5°:6°
where the recombination of pairs with the same distances
between the radicals in single crystals obeys a simple
first-order law, while in vitrified and crystallised solu-
tions and in crystalline tetraphenylhydrazine powder the
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destruction kinetics become stepwise (Fig.11)., The
results described demonstrated probably for the first time
that the stepwise kinetics of solid-phase reactions are due
to the scatter of the properties of the medium at the level
of the kinetic cage.
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Figure 11. Kinetics of the “merging” of the radical pairs
in single crystals (e) and in a polycrystalline solution of
tetraphenylhydrazine in toluene (6). In the former case
the kinetic curve is described by an exponential function
and in the latter by a linear relation with 1gf, which
indicates the existence of a broad spectrum of rate con-
stants 5,

The existence of cages with different immediate
environments in vitrified solutions is not particularly
surprising. However, the stepwise nature of the destruc-
tion of radical pairs in powdered specimens requires
special consideration. The four types of radical pairs
formed in the decomposition of four molecules with differ-
ent orientations are magnetically non-equivalent in tetra-
phenylhydrazine crystals. In polycrystalline specimens
the pairs are spectroscopically identical, but the exponen-
tial kinetics of the destruction of radical pairs of each type
are characterised by different rate constants5®, By mea-
suring the overall concentration of pairs of all types, we
can observe complex first-order kinetics —stepwise
destruction. An analogous behaviour has been observed
in the “annealing” of radical pairs in 2,4-dinitrophenol.
Analysis of the spectra revealed two sets of magnetically
non-equivalent radical pairs and the destruction kinetics



544

in powders became satisfactorily linearised on the assump-
tion that there are two exponential destruction rate con-
stants, Thus the EPR spectra of radical pairs in crystal-
line solids allow the resolution of kinetically non-equivalent
states of radical pairs (with a fixed distance). This makes
it possible to investigate the relation between the structure
of the cage and its dynamic properties,

V. CONFORMATIONAL AND MOLECULAR MOBILITY
IN SOLID MATRICES

The data described above confirm that the reactions in
solid matrices are controlled by or at least depend
strongly on molecular motions in the cage. For this
reason, the simultaneous investigation of elementary
molecular motions (translational displacement, rotation,
reorientation, and conformational rearrangements) and
chemical reactions is a very important task., The spin
probe method 71773 s not very effective for such purposes,
since in most cases the reactions are “unfrozen” at very
low frequencies of molecular motions when the EPR
spectra of the paramagnetic label of the probe do not yet
show any changes. The recombination-kinetic method %%
permits the detection of slow molecular motions but it
yields only indirect information about the elementary
motions, since it is based on the measurement of the rate
of the overall recombination of radicals. The use of
radical pairs as two-spin probes in the matrix leads to the
possibility of the direct investigation of the dynamics and
stereochemistry of slow molecular motions.

1. The Study of Phase and Structural Transitions

For compact radical pairs, the recombination of active
centres does not require translational diffusional displace-
ments and pair labels are presumably extremely sensitive
to local molecular motions. It has been shown ™ that the
different stabilities of radical pairs in polymers are of
interest from the standpoint of the detection of phase and
structural transitions (Fig. 12). Fig. 12 shows that the
heating curve for AMg = 2 signals has inflections indicating
structural changes in the polymer, i.e. phase transitions
slightly “ modulate” the curve for the distribution of the
pair recombination activation energies. Inferences can
be drawn about the structural and phase transitions by
measuring the distances between the radicals 73y over a
wide range of temperatures for any type of pairs which are
stable at high temperatures, In the absence of transitions
a dependence reflecting simply the linear expansion of the
crystal will be obtained ™,

2. Translational Mobility

The frequency of translational motion can be determined
directly from the EPR spectra of radical pairs because
the liberation of the radical from the cage and its migra-
tion over a distance corresponding to one cage diameter
lead to the disappearance of the spectrum of the radical
pair and to the appearance of signals due to the isolated
radicals. The kinetics of the liberation of the diphenyl-
nitrogen radical from the cage have been investigated °
for the devitrification of frozen solutions in toluene. The
characteristic times of the liberation of the radical from
the cage T =~ 10 s makes it possible to estimate the fre-
quency of translational motion in the liquid phase
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Vtp 2 1071 871, To refine the estimate, the EPR spectra
of frozen solutions of the stable 2,2,6,6-tetramethyloxo-
piperidin-1-yloxy-radical in toluene were recorded, Since
a change in the form of this spectrum was not observed on
devitrification, the upper limit to the rotational frequency
is vty < 108 571,

| | ! 1

120 160 200

Figure 12, Heating curves for alkyl radicals (curve I),
a mixture of alkyl and peroxy-radicals (curve 2), and
radical pairs (curve 3) in polyethylene. The inflection
points in the range 160-260 K correspond to structural
transitions in the crystalline phase 74,

240 T,K

Yet another interesting possibility of investigating
elementary translational motions arises when one employs
the stable radical pairs formed as a result of the random
entry of radicals into a single cage on dissolution of
nitroxy-radicals at high concentrations (0.01-0.1 M), ®
The AMS = 2 transitions at half field (see Section I) are
then distinctly observed despite the existence of a more
intense AMgS = 1 signal due to the isolated radicals.

When the translational mobility is “unfrozen”, the
number of pairs of chemically stable radicals remains
unchanged and is statistically determined, though the
lifetime of an individual pair diminishes, since it is
determined by the average residence time of the radical
in a “settled” position, i.e. the correlation time for trans-
lational motion 7ty. This leads to the modulation of the
values of ray and «, and, in conformity with Eqn. (2), to
the modulation of the intensity of the AM g = 2transitionwitha
frequency Tt-xl' Asaresult, the EPR line should become
broadened by anamount 1/yty, i.e. it becomes possible to
measure the frequencies of the translational jumps executed
by the radical™. A rigorous calculation of the line form fully
confirmed this simple picture .

A study has been made ® of the EPR spectra of solu-
tions of 2,2,6,6-tetramethylpiperidinyl-1-oxy-radicals
in liquid paraffin and toluene at a concentration of (1-5
(1-5) X 10'*® ¢cm=2, The temperature variation of the EPR
signal is illustrated in Fig.13., Evidently the intensity of
the forbidden transition diminishes, but the line width
hardly increases. Such behaviour of the line cannot be
accounted for within the framework of relaxation theory 7’
and indicates the existence of a set of very different fre-
quencies of translational motions Tt‘lf In this case the
AMg = 2 signal represents, as it were, a superposition
of lines with very different widths; only the narrowest
line, corresponding to the signal due to cages where the
jump frequency is a minimum, is recorded. Thus poly-
chromatic kinetics are characteristic not only of chemical
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reactions but also of elementary motions in the solid. This
agrees well with the model of kinetically non-equivalent
cages, which is nowadays resorted to for the interpreta-
tion of a wide variety of processes in the solid phase83~87,62,

zoo‘\ zso \ aoa T, K
\J“ M

K

Figure 13, Temperature dependence of the relative
intensity (@) and form of the EPR spectrum (b) for the
AMg = 2 transition involving stable radical pairs in liquid
paraffin; c) EPR spectra of single crystals (AMg = 1),
The decrease of the AMg = 2 signal intensity without

an increase in line width indicates the presence of a broad
spectrum of frequencies of the translational displacements
of radicals 8,

3. Rotational Mobility

If a two-spin system is sufficiently rigid (biradicals,
triplet molecules, radical pairs formed from complexes),
then effects completely analogous to those described above
will be observed as a result of rotational mobility . The
orientational spin probe method is of particular interest
in this instance ’®, Signals due to species where the tensor
axis D is oriented mainly in one direction can sometimes
be isolated with the aid of the magnetophotoselective effect
described in Section III or as a result of strong magnetic
fields ™, This makes it possible, in principle, to investi-
gate the kinetics of the rotational disorientation of species
with very long correlation times ™, Measurements per-
formed by this method have also shown that, in vitrified
solutions and in polymers, the rotational motions of
molecules are polychromatic, i.e, take place with different
frequencies in different cages. One of the important
problems which investigators have attempted to solve in
this manner consists in the choice between two types of
elementary motion: rotation in very small random jumps
(rotational diffusion) or rotation in large non-correlation
jumps. Two different models of elementary processes in
the solid phase correspond to these two types of motion:
the quasi-crystalline and free-volume models®, However,
it has not so far been possible to make a final choice
(based on experimental data).
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4. Conformational Rearrangements

Since the orientation of the reactive groups in mole-
cules is specified by the matrix structure, the study of
the dynamics of intra- and inter-molecular rearrange-
ments in the crystal is an essential stage in the investiga-
tion of the mechanisms of elementary solid-phase reac-
tions. Fundamentally new possibilities arise in the study
of the EPR spectra of radical pairs, In this case the
second radical plays the role of a paramagnetic label and
a change in the orientation of the radical (or its fragment)
leads to a change in the radius-vector of the radical pair
reff and to a marked alteration of the magnetic parameters
of the EPR spectrum.

We investigated in detail the structural transformations
of iminoxy-radicals in a v -irradiated 2,4-dinitrophenol
matrix at 77 K (Fig. 14), *®! and showed that radicals and
radical pairs are formed in non-equilibrium conformations
with different magneto-relaxation characteristics and
thermal stabilities. When the specimens are heated,
structural relaxation of two types is observed. In the
first, structural transition,there is an appreciable change
in the geometry of the CNO fragment due to the difference
between the C-N-O angles in the nitrophenol molecule and
the iminoxy-radical. The hyperfine interaction constants
are also altered and two types of radical pairs are formed
with 7ay = 4.8 A differing in the orientation of the inter-
electron vector 1n the cell by 5° On further heating, the
radical changes its orientation in the crystal cell slightly,
the structure of the fragment being retained. The kinetics
of the structural transitions in radicals are consistent
with a first-order reaction. The reactive groups are dis-
placed abruptly over small distances (~0.2 A). The
rearrangements give rise to structurally non-equivalent
states, which affects the kinetics of the recombination of
radicals in the pairs. The kinetics are more complex—
the kinetic curve for powders can be fitted by two exponen-
tial functions (see Table).

Thus even a small difference in the structure causes a
marked alteration of the recombination rate constant.
This characteristic is of ihterest primarily because the
occurrence of a large number of intermediate elementary
rearrangements can be the reason for the polychromatic
kinetics of the recombination reactions, A characteristic
feature of the processes investigated is the presence of
kinetic isotope effects in the entire chain of transforma-
tions, although conformational transitions and recombina-
tion involve radicals which do not contain H or D, This
demonstrates the major role of the matrix and particularly
of hydrogen bonds in the mechanism of radical reactions
in 2,4-dinitrophenol. Thus, when the hydroxyl proton is
replaced by a deuteron, the rate of the second transition,*
consisting in the rotation of the molecule as a whole,
increases, This may be accounted for by a decrease of the
stability of the crystal in parallel with the decrease of the
energy of hydrogen bonds when a hydroxyl hydrogen atom
is replaced by a deuterium atom in the nitrophenol. The
large isotope effect in the recombination reaction (see
Table) may be caused by the formation of inter mediate
complexes of the radicals with the water molecule evolved
on radiolysis and captured by the matrix.

The existence of a definite analogy between the con-
formational relaxation processes considered here and the
mechanism of the functioning of complex molecular sys-
tems (protein enzymes) is noteworthy®2, TFor protein
enzymes, itis assumed that, after the formation of a sub-
strate-enzyme complex, rapid relaxation of the active centre
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takes place directly and is followed by a slow relaxation of

the macromolecule. Presumably the behaviour of the
hydrogen-bonded molecules in the nitrophenol crystal is
to some extent analogous to that of protein macromole-

cules, Since a molecular crystal is a significantly simpler

system than protein, it is possible to interpret in detail
the relaxation transitions in this instance.

Hy 50 Oe
-
—0
~ c/N g Preo
7 |
c
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b

Figure 14. Variation of the EPR spectrum of the “iminoxy -
phenoxy”-radical pair in y -irradiated 2,4-dinitrophenol

due to the relaxation of the structure of the CNO fragment.

Spectra a and b were recorded at 77 K and after heating
for 10 min at 190 K respectively. Their interpretation is
analogous to that illustrated in Fig.3. In spectraa and b
the C~N-0O angle corresponds to the structure of the
undamaged molecule and to the equilibrium structure of
the iminoxy-radical respectively 8!,

o0o

During the decade since the detection of metastable
radical pairs, kinetic studies in this field have greatly
extended our ideas about the physicochemical foundations
of the Kkinetics of solid-phase reactions. On the basis of
the reaction scheme presented at the beginning of Section IV
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for radical pairs, the most important results of this
research can be formulated as follows:

RH RH
R—R

RH RH
lNature of primary

photophysical processes

RH RH
ReeR
RH RH
/ ;/ \\
RH RH RH RH RH R RH RH
R—R Rew R RH F.,_R
RH RH RH RH RH RH RH RH

Nature of the kinetic non-equivalence
of the reaction centres

Tunnelling of
hydrogen

Role of non-equilibrium
conformations

We believe that the demonstration of the kinetic non-
equivalence of radicals at the level of the cage, the
demonstration of the role of tunnel transitions and con-
formational changes in solid-phase reactions, and the
development of methods for the investigation of the
“stereometry of reactions”, based on the unique sensi-
tivity of the EPR spectra of radical pairs to changes in
the inter-radical vector, are of greatest value, One may
hope that further studies in these fields will help to formu-
late the fundamental characteristics of chemical processes
in solid organic substances at least at the level already
attained for reactions in the gas phase and dilute solutions.

A completely new field in research on short-lived
radical pairs has been initiated recently 8:8¢, The results
of the latest studies on the structures and spectroscopy
of radical pairs, which were not specially considered in
this review, may be found in other publications 8792,
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