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The new method of optically detected ESR (OD ESR) of radical-ion pairs has been used to 
study fast radical-cation reactions in non-polar liquid solutions. Dimeric radical-cations have 
been observed to occur within the time of geminate recombination with radical-ions; their 
generation rate has been determined. The spectral line broadening with increasing acceptor con-
centration has been associated with ion-molecular charge transfer; the rate of this process has 
also been determined. 

It is well-known that radiolysis of hydrocarbons 
with positive charge acceptors is accompanied by 
generation of radical-cations. Radical-cat ions in 
frozen matrices were investigated by a s tandard 
ESR technique. Also ESR spectra have been taken 
[ 1 - 3 ] from dimeric radical-cations of a romat ic 
hydrocarbons and of methyl derivated a romat ic 
hydrocarbons and some conclusions on the s tructure 
of dimeric radical-cations have been drawn. The 
highly sensitive method of optically detected ESR 
( O D ESR) [4] has allowed for analogous investiga-
t ions of short- l ived (about 10 _ 7 s ) radical-cations 
involved in the pr imary track recombinat ion in 
liquid solutions [5]. In the present work, the O D ESR 
method is employed to study fast radical-cation 
reactions in non-polar liquid solutions including 
charge transfer and dimerization. So far radical-
cation reactions have been investigated by optical 
methods combined with pulse radiolysis [6]. Such 
investigations, however, are faced with the p rob lem 
of identifying the optical absorpt ion spectra of 
radical-cations and of their of ten overlapping p rod-
ucts. Moreover, optical methods are inappl icable to 
degenerate processes, e.g., reactions of ion-molec-
ular charge transfer. 

Reprint requests to Dr. V. O. Saik, Institute of Chemical 
Kinetics and Combustion, Novosibirsk-90, USSR. 

Experimental Technique 

The ESR spectra of radical-cations were investi-
gated on the setup for optical detect ion of ESR de-
scribed in detail earlier [7], Radical - ion pairs arose 
under continuous X-ray i r radiat ion (dose rate of 
85 krad/h) directly in the cavity of a VARIAN-E-3 
ESR spectrometer. The O D ESR signals were de-
tected by falling luminescence of a sample and 
recorded as the first derivatives by the phase-sen-
sitive detection technique. 

The samples were cooled with a ni t rogen gas flow 
from a dewar vessel; the t empera tu re was moni -
tored with a thermocouple soldered inside a quar tz 
capillary tube placed in the solution. The t emper -
ature was maintained constant to ± 1 °C. 

Trans-decalin and squalane (2,6,10,15,19,23-hexa-
methyltetracosane) were purified by passing through 
a column with activated silica gel; the solvent pur i -
ties were checked by the ultraviolet t ransmission 
cutoff which was 200 nm and 227 nm for trans-
decalin and squalane, respectively. (The t ransmis-
sion cut-off corresponds to the optical density of a 
1-cm-layer equal to unity.) The solutions were de-
gassed by repeated f reeze-pump- thaw cycles. 

Durene, hexamethylbenzene (HMB), p- terphenyl-
d1 4 , naphthalene and biphenyl were pur i f ied 
by recrystallization. Tet ramethyle thylene (TME) 
(FLUKA, 99.5%) were used wi thout addi t ional 
purification. Tr ie thylamine (TEA) was distil led. 
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The recombination luminescence kinetics were taken 
on a setup described earlier [8 -9 ] , 

Results 

Figures 1, 2 show the central parts of O D ESR 
spectra for solutions of p-terphenyl-d1 4 and a hole 
acceptor (either TME or durene) at var ious concen-
trations in trans-decalin and squalane, respectively. 
The central spectral line belongs to radical- ions of 
p-terphenyl-d|4 whose spectrum is wel l -known [4]; 
the rest of the lines corresponds to T M E and durene 
radical-cations. At a low TME concentration (Fig. l a ) 
the splitting observed corresponds to a m o n o m e r i c 
TME + radical-cation [9. 10] resulting f rom a solvent 
hole capture by a T M E molecule. As the T M E con-
centration increases, there arise new spectral lines 
with approximately twice as low splitt ing (see 
Table 1) pertaining to d imeric T M E t radical-cat ions 
[10]. The intensity of these lines increases with con-
centration. What is more, a rise in the T M E con-
centration broadens the line widths and shifts the 
components towards the centre. In the case of high 
acceptor concentrations, when the spect rum shows 
only dimeric cation signals, a rise in the concen-

Fig. 1. OD ESR spectra (central part) for pairs of TME 
radical-cations and p-terphenyl-d,4 radical-anions in trans-
decalin at various TME concentrations: (a) 3 • 10 - 3 M, 
(b) 9- 10"3 M. (c) 1.8- 10~2m; p-terphenyl-d,4 concentra-
tion is 3.7 • 10"4 M everywhere, temperature is 299 K. 

Fig. 2. OD ESR spectra (central part) for pairs of durene 
radical-cations and p-terphenyl-d14 radical-anions in squa-
lane at various durene concentrations: (a) 10"2 M, (b) 2 • 
10" ~ M, (c) 10 M; p-terphenyl-d,4 concentration is 4.5 • 
10-4 M everywhere, temperature is 299 K. 
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Fig. 3. Plots of individual OD ESR line widths for 
monomeric radical-cations of HMB (A), durene (o) and 
dimeric radical-cations of durene ( • ) vs concentrations of 
HMB and durene, respectively, in squalane. Temperature 
is 297 K. 
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tration also broadens the hfs lines and shifts the 
spectral components to the centre. In the case of 
durene radical-cations, the spectra vary in the same 
manner (Figure 2). The concentrat ion dependences 
of the line widths for radical-cations are shown in 
Fig. 3 for some systems studied. Figure 4 depicts 
OD-ESR spectra for HMB radical-cations in squalane 
at different temperatures. As the t empera tu re falls 
off, the signals f rom dimeric cations first reduce, 
then vanish. Figure 5 presents O D ESR spectra f rom 
TME radical-cations in squalane at various t emper -
atures. A fall in tempera ture leads to a decrease in 
the line width. In the case of low acceptor concen-
trations, a fall of tempera ture does not affect the hfs 
line widths within the same t empera tu re range. 
Figure 6 shows the central par t of the O D ESR 
spectrum from durene radical-cations for var ious 
oxygen concentrations in the solution. Oxygen in the 
solution is seen to reduce the signals f rom d imer ic 
cations compared to those f rom monomer i c ones. 

Discussion 

The radiolysis process in non-polar solutions can 
be described by the simplif ied scheme [4] 

S S+ + e~ , (1) 

e~ + A A~ , (2) 

S+ + D -» D + + S , (3) 

D + + A - D + A* , (4) 

A* —> A , (5) 

D + + D - D t , (6) 

D I + A" 2 D + A* . (7) 

Here S is a solvent molecule; A, D are electron and 
hole acceptors, respectively. T h e O D ESR spect rum 
arises due changes in the spin state of D + / A + [4] and 
D t / A " radical-ion pairs. As ment ioned above, the 
fact that a rise in the whole acceptor concentra t ion 
results in spectral lines with half as low hfs con-
stants can be explained by the fo rmat ion of d imer ic 
D t radical-cations. The spin density of an unpa i red 
electron in the dimeric cations proves to be shared 
between two acceptor molecules, so that the hfs 
constants should reduce by half. Actually, the hfs 
constants of dimeric cations are less than half those 
of monomeric cations. This discrepancy has a l ready 
been discussed by Howarth and Fraenkel [2] who 
believe this to stem from a change of the McConne l 

a 

b 

Fig. 4. OD ESR spectra (central part) for pairs of HMB 
radical-cations and p-terphenyl-d14 radical anions in 
squalane with concentrations of H M B 3 10~2M and of 
p-terphenyl-d14 of 10~3M at temperatures: (a) 299 K. 
(b) 280 K, (c) 271 K. 

Fig. 5. OD ESR spectra (central part) for pairs of TME 
radical-cations with p-terphenyl-d|4 radical-anions in 
squalane at various temperatures. Concentrations of TME 
8.5 • 10"2 M, of p-terphenyl-d l4 10 - 3 M. 
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factor Q in the relation aMx = QQ depend ing on the 
electron charge on the neighbour ing carbon a tom. 

In pulse radiolysis exper iments with radical-
cations detected by optical absorpt ion [6], d imer ic 
radical-cations were assumed to arise by react ion 
(6). A decrease in the fract ion of d imer ic radical-
cations in the O D ESR spectrum observed at lower-
ing temperature (see Fig. 4) can be readily inter-
preted by reaction (6). Indeed a rise in the solution 
viscosity with falling tempera ture hamper s colli-
sions of monomeric radical-cations with neutra l 
molecules and thus reduces the fract ion of D 2 

arising dur ing the ESR spectrum format ion (as a 
rule, this t ime per iod is l imited by the spin-lattice 
relaxation t ime of radical-ions). Also, the generat ion 
of d imer ic radical-cat ions by reaction (6) is con-
firmed by experiments with amounts of oxygen 
(Figure 6). A collision of a radical-ion par tners with 
oxygen paramagnetic molecules leads to spin corre-
lation losses of the pair. Such a pai r cannot con-
tribute to the O D ESR spectrum. The longer the 
lifetime of this pair, the higher the probabi l i ty of its 
collision with an oxygen molecule. The l i fe t ime of 
pairs involving monomer ic radical-cat ions is shor-
tened by reaction (6). As a result, the effect of 
oxygen on monomeric lines is smaller than that on 
dimeric ones. 

So experiment demonstra tes that in the gemina te 
recombination of TME, H M B and durene radical-
cations in saturated hydrocarbons, their collisions 
with neutral molecules result in d imer ic radical-
cations, the relative spin orientat ion in the newly 
formed D 2 /A~ pairs being the same as that in 
D+ /A~ ones. 

As mentioned above, an increase in the acceptor 
concentration leads to a broadening of the hfs com-
ponents and shifts them towards the centre for 
monomeric and dimeric radical-cations. These 
changes- point to frequency migrat ion in the ESR 
spectrum. The frequency migrat ion results pe rhaps 
from the process of ion-molecular charge transfer , 

A+ + A A + A+ , (8) 

in a spectrum of monomer ic radical-cations, and 
f rom the reaction of a molecule exchange, 

AA+ + A ' A A ' + + A , (9) 

in a spectrum of dimeric radical-cations. Both pro-
cesses depend on the solvent viscosity and deceler-

Fig. 6. OD ESR spectra for pairs of durene radical-cations 
with p-terphenyl-d|4 radical-anions in squalane at concen-
trations of durene 4.7 • 1 0 - 3 M and of p-terphenyl-d14 
4.4 • 10 - 4 M with amounts of oxygen in the solution. Oxygen 
pressure above the sample is (a) about 2 - 1 0 ~ 4 t o r r , 
(b) about 35 torr, (c) about 70 torr. Temperature is 299 K. 
Spectra (b) and (c) are multiplied by the factor 1.2 and 2.5 
respectively. 

ate with falling temperature , which leads to nar row-
ing of the hfs components (Figure 5). T h e concen-
tration dependences of the width and shift of the hfs 
components allow the rate constants of reactions (8) 
and (9) to be estimated. T h e rate constants were 
computed by simulating the spectra. In the general 
case, a precise analysis of O D ESR spectral varia-
tions due to reactions (8), (9) is qui te a problem. 
However, in the conditions of our exper iments , the 
shape of the O D ESR spect rum is fairly well de-
scribed in terms of the Zeeman transit ions in cross-
ing constant and microwave magnet ic f ields inde-
pendently for radical-cation and -anion spins [11, 12], 
which case is analogous to that of normal ESR. 
Therefore, it proves to be possible to employ sta-
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Fig. 7. Spectra from Fig. 2 simulated for the rate constants 
from Table 1. 

tionary solutions of the MeConnel equat ions [13] to 
simulate O D ESR spectra. The so obta ined react ion 
rate constants are listed in Table 1. F igure 7 shows 
some O D ESR spectra s imulated with pa ramete r s 
from Table 1. 

O D ESR signals f rom recombining pairs have 
been shown [14] to be sa tura ted essentially within 
the experimental range of H\ fields from 0 to 0.75 G. 
The O D ESR signal intensity has been calculated 
[14] as a function of microwave power taking into 
account the true l ifetime dis t r ibut ion of recombin-
ing pairs, which is known [15] to obey the funct ion 
F(t) cc r 3 / 2 . The line shape under sa tura t ion has 
been shown to depend on the three paramete rs T\, 
F2 and F e , where F2 is a radical spin-spin relaxa-
tion time, Fe a f requency migrat ion t ime and T\ 
a time of spin correlation losses in a recombin ing 
pair. Other factors absent, spin correlation losses are 
determined by the t ime F, of spin-lattice relaxat ion 
of two partners, T[=TX. In the case of reaction (6), 
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Fig. 8. Plots of individual line intensities vs H ] for durene 
radical-catjons in solutions of: 3 • 10~3 M durene and 
5 • 10"4 M p-terphenyl-d14 in squalane (o); 1 . 2 - 1 0 _ 2 M 
durene and 5 - 1 0 _ 4 M p-terphenyl-dM in squalane ( • ) . 
Dashed lines calculated as described in [14], top curve: 
T\ = 2000 ns, T2 = 250 ns, Te = 560 ns: bottom curve: T\ = 
400 ns. l/R2 = 0, RE= 140 ns. 

r , for monomeric radical-cations obeys the expres-
sion 

MT\ = 1/7*, + 1 / t , (10) 

where r is the t ime of reaction (6). This relation can 
be employed to de termine the genera t ion rate of 
dimeric radical-cations. The time T} can be estimated 
by decay of a time-resolved magnet ic effect detect-
able by the method described by Brocklehurst et al. 
[16]. Experiment demonstrates T, to exceed 2 |is in 
radical-ion pairs involving durene and T M E radical-
cations. In the case of pairs with H M B radical-
cations. T] cannot be estimated since the recom-
bination luminescence kinetics for solutions with 
HMB have a long-lived component which hinders 
the observation of magnetic effects. 

Figure 8 depicts the saturat ion curves for the first 
high field's hfs component of a du rene radical-
cation in squalane at various durene concentrat ions. 
For a durene concentration of 1.2 • 10 - 2 M the line 
width is 1 G, which is noticeably wider than that in 
dilute solutions (about 0 . 3 - 0 . 4 G) with negligible 
frequency migration. In this case, the t ime T2 may 
be set to be determined mainly by the charge 
transfer time Te . Hence, neglecting the intrinsic 
time Ti of a radical and having de te rmined Te f rom 
the line width, one can select T{ so that the 

calculated saturation curve may be in best agree-
ment with experimental points. Wi th in the concen-
tration range studied, T\ is 400 ns. Since exceeds 
2 ps. [10] affords r to equal 4 0 0 - 5 0 0 ns. 

As seen from Fig. 8, a fourfold decrease of d u r e n e 
concentration leads to a change in the sa tura t ion 
curve shape. This should be expected since bo th r 
and Te are inversely proport ional to concentra t ion 
and increase by 4 times. The curve calculated for 
corresponding r and Te values fair ly well agrees 
with experiment provided the intr insic radical re-
laxation time T2 is set equal to 2 5 0 - 4 0 0 ns. (In 
contrast to the previous case, the intrinsic relaxat ion 
time cannot be neglected because of the small line 
width at a concentration of 3 • 10~3 M.) The so 
selected T2 does not contradict the line width ob-
served in dilute solutions. 

Thus, at sufficiently high acceptor concentrat ions, 
saturation curves can be used to es t imate the t ime T 
and the constant k6 (see Table 1). 

As demonstrated by exper iment , TEA solut ions 
contain only monomeric radical-cat ions, which fact 
points to the absence of reaction (6). Also it is inter-
esting to note that in the case of T M E and du rene in 
aromatic solvents (benzene, p-xylene) no cat ion 
dimerization occurs. 

Conclusion 

The systems studied have demons t ra t ed the pos-
sibility of applying the O D ESR method to fast 
reaction studies. The examples considered have 
vividly shown potentialities and l imita t ions of the 
O D ESR method. For instance, it is no p rob lem to 
reliably determine the ion-molecular charge t ransfer 
constants from the spectral line broadening , whi le 
dimerization constants can be evaluated only in-
directly. More reliable in format ion on these con-
stants could be supplied by a t ime-resolved version 
of the O D ESR method [15], 

In conclusion, the authors would like to t hank 
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Anishik and S. N. Smirnov for f ru i t fu l discussions. 
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