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The method of the time-resolved magnetic field effect in the recombination fluorescence of spin-correlated
radical ion pairs can provide information on the parameters of the EPR spectra of short-lived radical ions. The
present paper demonstrates these spectroscopic potentialities using, as an example, hexamethylethane radical
cation whose EPR spectrum in solution is determined by isotropic hfc with 18 equivalent protons. The hfc
constant is determined from the position of peaks of the time-resolved magnetic field effect of the
hexamethylethane and perdeuterated p-terphenyl solution in #-hexane at ambient temperature. The difference in
the g-values of (hexamethylethane)'" and (p-terphenyl-d;4)"~ radical ions is found by analyzing the curve shape
of magnetic field effect for various magnetic field strength. Both the hfc constant and the difference in the
g-values coincide with the data obtained by the OD EPR method. Independence of the curve shape on
hexamethylethane concentration testifies to the low rate of ion-molecular charge transfer. The method of time
resolved magnetic field effect is used to determine the times of longitudinal and transverse paramagnetic
relaxation. The dependency of the relaxation rates on magnetic field strength is derived and feasible relaxation

mechanisms are discussed.

Introduction

Organic radical ions are intermediates in the reactions of many
types especially in radiation-chemical processes. At tempera-
tures close to room temperature the lifetimes of these particles
are, as a rule, as short as 1-100 nanoseconds. Therefore, the
properties of radical ions were studied by either their stabiliza-
tion in low-temperature matrices' or the time-resolved meth-
ods such as transient optical absorption,> microwave® or
direct current* conductivity, efc. Each method has its own
advantages and limitations. Experiments in matrices allow
one in many cases to reach the concentration of radical ions
sufficient for them to be recorded by the EPR method, but fail
to give any information on the rates of radical ion reactions in
solutions at usual temperatures. The methods of transient
absorption and current conductivity are of limited usefulness
in radical identification.

The method of optically detected EPR (OD EPR) in sta-
tionary® and time-resolved® variants was successfully applied
for recording the EPR spectra of radical ions involved in
spin-correlated pairs in solutions. Since this method displays
a higher sensitivity as compared with the conventional EPR
method, it was first used to record the EPR spectra of a series
of radical ions at room temperature.>® However, the method
has a substantial disadvantage as applied to radical ions with
very short lifetimes. The OD EPR signal intensity is the higher
the larger is the rotation angle of the electron spin under the
action of the resonance mw field in the radical lifetime.
Therefore it is necessary to use a high-level mw field power.
Thus, to attain a 90° spin rotation during 10 ns, the mw field
amplitude should be 0.9 mT. The use of high mw fields leads
to the broadening of spectrum lines and, thus, to a partial loss
of spectral information.
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Another method giving information on the EPR spectra of
short-lived radical ions is the method of time-resolved mag-
netic field effect (TR MFE) in recombination fluorescence.” !!
This method can be used to register radical ions with life-
times up to several nanoseconds. As shown earlier, the method
can be employed to determine the hfc constants of radical ions
with equivalent nuclei,’ the second moment of unresolved EPR
spectrum, '®!! and the difference in the g-factors of paired radi-
cal ions in the case of unresolved spectra.'' In the present
paper, we discuss the potentialities of this method using experi-
ments recording the hexamethylethane radical cation as an
example. This radical exhibits a resolved EPR spectrum with
the known constants and g-factors and thus is a convenient
object for revealing the spectroscopic capabilities of the TR
MFE method including the determination of the times of
paramagnetic relaxation.

The TR MFE method: Basic theoretical formulas

In the TR MFE experiment, a short pulse of ionizing radiation
in a solution of electron and hole acceptors, gives rise to radi-
cal ion pairs in the singlet correlated spin state. Luminophor
with a high quantum yield and short fluorescence time is used
as one of the charge acceptors. By the time of recombination,
the pair singlet state can convert into the triplet one due to
hyperfine interaction, the difference in the g-factors of pair
radicals and paramagnetic relaxation. The experimentally
measured value is the fluorescence intensity /(¢) of pairs recom-
bination product in the singlet spin state. The intensity for a
fairly short luminophore fluorescence time, obeys the equation

10) o F(1) |Bpss (1) + 5 (1~ ) (1)
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where F(7) is the rate of radical ion pairs recombination, 6 is
the fraction of the pairs originating in the spin-correlated sing-
let state, and pgs(7) is the population of the singlet state of
these pairs at time 7. It is assumed that the remaining fraction
(1 —0) of pairs is in the fully noncorrelated state.

It is known'? that the time evolution of singlet population
contains complete information on the EPR spectrum of a radi-
cal pair. Thus, if spin evolution occurs in the high magnetic
field, the singlet population, as a time function, is related to
the EPR spectrum via the Fourier transform. Unfortunately,
the problem of extracting the EPR spectrum directly from
fluorescence kinetics /(¢) is complicated by its dependence on
the F(¢) function that depends on the mutual spatial distribu-
tion of pair radicals and cannot be described in terms of ana-
lytical functions. This difficulty can be minimized using the
ratio of the fluorescence kinetics measured in the external
magnetic field to the kinetics without field

00i4(0) + 3 (1~ 0)

0p8(0) + 5 (1 0)

called the time-resolved magnetic field effect (TR MFE).

EPR spectrum parameters can be determined from the TR
MFE curve by calculating eqn. (2) with the parameters values
giving the best fit to the experiment. There is no analytical
expression for singlet population in the general case. One of
the simplest cases allowing analytical solution is that of isotro-
pic hfc with equivalent nuclei in one of the radical ions and
small unresolved hfc in the other.'>™'* In the following expres-
sions describing the singlet population for this case, the indices
a and b denote the values referring to these two radicals,
respectively,
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B is the magnetic field strength, g is the radical g-value, a is a hfc
constant in the first radical (in units of circular frequency), a% is
the second moment of the EPR spectrum of the second radical.

For high magnetic field paramagnetic relaxation is taken
into account in the simplest model of the longitudinal and
transverse paramagnetic relaxation times 77 and 7, relating
to transition with and without electron spin flip, respectively.
For weak field these times are assumed to be equal. A more
rigorous consideration of relaxation requires more details
about its mechanism.

The angular brackets in eqn. (3) denote averaging over the
values of the total nucleus spin /. When there are n equivalent
nuclei with spin 1, the coefficients of this distribution are of the
form

B (21 + 1)*n!
21(n/2 —1(n/2 +1+1)

)
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For the cases of high field w > a, and zero field, v = 0, the
equations for the singlet state population becomes much
simpler

11 U o
pss(t) = R r/T1+§e 1/T2g=0n"/2
(ga_gb)ﬁBt an’"
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In this case, T} is the time of phase relaxation in zero field.

Fig. 1 shows the results of the modeling of magnetic field
effect (2) calculated from eqns. (3)—(4) for the various values of
the magnetic field strength. In the calculation, it is assumed
that Op = 0, T] = T2 = 00, (ga_gb) = 0001, and 0 = 0.2. In
field with the strength exceeding 20 times the hfc constant,
the calculation gives the known pattern for periodic alterna-
tion of the peaks for which the position of the first peak is
determined by the second spectrum moment, and that of the
second peak is determined by the hfc constant.” We proved
by calculations that for n > 2 the ratio of first and second
peaks times is approximately equal to 2n'/2. The field with
strength of 2a comparable with hfc constant the curve exhibits
additional frequencies that complicate the pattern of beats. In
the fields with high strengths (500 and 10004), the influence of
the difference in radical g-factors is noticeable, which is mani-
fested in a periodic ’partial reversing® of the mentioned above
peculiarities. This is due to a cosine in the last term of eqn. (5)
with an argument depending on the difference in radical g-
value. Taking into account the relaxation leads to the peaks
being damped and the rise and fall of the basic line in which
the beat peaks are situated. Thus, the main spectral parameters
such as hfc constant, the number of magnetic nuclei, and the
difference in radical g-factors can be determined from the
shape of the magnetic field effect curve and its dependence
on magnetic field strength.

Experimental

The decay of the delayed fluorescence of the n-hexane
solutions of hexamethylethane (HME) and p-terphenyl-d4
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Fig. 1 The calculated TR MFE curves obtained from eqns. (2)—(4) in
various magnetic fields for a radical pair in which one of the partners
has no hfc and the second one has 18 equivalent protons with hfc
constant a. The difference in g-factors is assumed to be Ag = 0.001,
the fraction of spin-correlated pairs 0 = 0.2. Paramagnetic relaxation
is neglected. For convenience, the curves are arbitrarily shifted along
the vertical.
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(pTP-d,4) was detected by the single photon counting techni-
que using an X-ray fluorimeter described elsewhere.!> The
duration of the ionizing pulse was <3 ns. The light was col-
lected using an optical pass band filter (260-390 nm). The sam-
ple cuvette was similar to that described elsewhere.'® It was
constructed to avoid the irradiation of the quartz parts of
the cuvette and to minimize the background luminescence.

To decrease the influence of instrumental drift the fluores-
cence decays were registered for periods of 250 s, alternatively,
with and without magnetic field using computer control. Zero
magnetic field was adjusted to within £0.05 mT. The thermo-
stabilization system allowed us to keep the sample temperature
in the range from —20 to +50°C with an accuracy of +1°C.

The OD EPR spectrometer has been described in detail else-
where.!” About 1 ml of a sample solution in a quartz cuvette
was put in the magnetic field of a BRUKER ER-200D EPR
spectrometer equipped with an X-ray tube (Mo, 45 kV, 50
mA) for sample irradiation and a photomultiplier tube with
a quartz light guide for the registration of recombination fluor-
escence. The spectrometer was supplied with a home made mw
amplifier for raising power level up to 10 W. n-Hexane (Reac-
tiv, Russia) was stirred with concentrated sulfuric acid, washed
with water, distilled over sodium and passed through a 1 m
column of activated alumina and then passed through a 1 m
column of activated alumina coated by AgNO; (Reactiv,
Russia). HME (Aldrich) and pTP-d4 (Aldrich) was used as
received. The solutions were degassed by repeated freeze-
pump-thaw cycles.

Results and discussion

Our attempts to record the OD EPR spectrum of the (HME)' "
radical cation in n-hexane at room temperature have failed,
probably, because the recombination time of pairs in a nonvis-
cous n-hexane was too short to provide a substantial change in
singlet population under the action of mw field. It is known,
however, that at low temperatures the OD EPR spectrum of
this radical cation can be recorded.'®! Therefore we
performed the experiment in n-hexane at lower temperature.
Fig. 2 shows the OD EPR spectrum of the 0.1 M
HME +3 x 10~* M pTP-d,, solution in n-hexane at 268 K.
Due to the ionization energy difference (9.8 eV for HME and
10.13 eV for n-hexanezo), the holes resulting from n-hexane
ionization are captured mainly by the HME molecules. The
electrons are captured by the pTP-di4 ones. Thus, the OD
EPR signal is expected to arise from the recombination of
(HME)"" /(pTP-d4)"~ pairs, which is accompanied by the
fluorescence of pTP-dj4 molecules. As follows from Fig. 2,

338 340 342 344 346
B/mT

Fig. 2 The OD EPR spectrum of the 0.1 M HME + 3 x 10~* M pTP-
dy4 solution in n-hexane at 268 K. Smooth line is the best approxima-
tion of the experiment by the model of the superposition of the
(pTP-d\4)"~ and (HME) " spectra with the hfc constant a(18H) =
1.2 mT and the difference in the g-factors Ag = 9 x 1074,
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the spectrum is the superposition of a singlet and a multiplet
with an odd number of lines separated by (1.2 +0.05) mT.
The multiplet splitting is close to hfc constant a(18H) = 1.22
mT in the HME radical cation produced in n-pentane at 190
K and in CFCls at 140 K.'® In addition, this value is in agree-
ment with the data obtained in a low CFCl; matrix at 77 K
a(6H) = 3.2 mT and «(12H) = 0.45 mT,?! taking into account
the fast rotation of methyl groups in our experimental condi-
tions and assuming the same sign of both hfc constants. In
Fig. 2, the width of individual lines is 0.5 mT and is determined
by the mw field amplitude. The thin smooth line denotes the
best approximation of the experiment by the model of the
superposition of the (pTP-d;4)°~ and (HME)" spectra with
the hfc constant ¢(18H) = 1.2 mT. The integral intensities of
the spectra are identical. Their relative shift corresponds to a
larger value of the radical cation g-factor by the value
Ag = (94+1)x 107* Thus, using rather high mw power, the
OD EPR method can give the EPR spectrum of (HME)™* radi-
cal cation in solution at the temperature close to ambient.
However, in this case, it is impossible to measure the individual
line width.

Fig. 3 shows the experimental TR MFE curves for the 0.1 M
HME+3x 107> M pTP-d4 solution in n-hexane in fields of
0.1, 0.5 and 0.7 T. One can see from the Fig. 3 a decaying
peaks sequence. As the magnetic field strength increases, the
peaks observed at long times reverse, which indicates the differ-
ence in the g-factors of the pair radical ions. Smooth lines
show the results from the approximation of experiment by
eqn. (2), in which the finite time of pTP-d;4 fluorescence,
=12 ns,?* was taken into account by convolution the
expression for the singlet population with the exponential
fluorescence kinetics. The fraction of spin-correlated pairs 0,
the relaxation times 7y, 77, and 7>, the values of Ag and
the hfc constant a were used as fitting parameters for better
agreement with the experiment. The following optimum values
were obtained for these parameters: a = (1.24+0.03) mT,
Ag=(7T£1)x 107 and 0 = 0.18 £0.02. Experiments per-
formed in various fields differ only in the relaxation times 7}
and 7>, whose values increase with increasing the magnetic
field strength (Fig. 6). The values for Ag and hfc constant
are close to the data obtained by the OD EPR method.

Usually the paramagnetic relaxation time values 75 for radi-
cal ions, obtained by TR MFE technique, are much lower than

1, (1, (1)

Time/ns

Fig. 3 Experimental TR MFE curves for the 0.1 M HME +3 x 10>
M pTP-d,4 solution in n-hexane at 293 K in various magnetic fields.
Smooth lines are the approximation of experiment by the model of
(HME)"*/(pTP-d,4)'~ pairs with the parameters: a(pTP-d}4) = 0.067
mT, a(18H) = 1.24 mT, Ag =7x10"%, 0 =0.18, and 15 = 1.2 ns.
Relaxation times: for B=0.1 T T, =114 ns, T, = 38 ns; for
B=05T T,=227 ns, T, =43 ns; for B=0.7 T T, = 320 ns,
T> = 50 ns, for all the curves T, = 46 ns. For convenience, the curves
are arbitrarily shifted along the vertical.
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the typical values characterizing the neutral radicals in liquid.® !
A similar peculiarity was also observed in OD EPR techni-
que.’ The majority of radical ion pairs in solutions have an
individual line width exceeding 0.1 mT. This value corresponds
to the phase relaxation times of radical ions that are shorter
than 60 ns. To study the relaxation mechanism for the
(HME)** radical cation, we measured the concentration and
temperature dependences of TR MFE. A change in the
HME concentration from 0.1 to 0.5 M failed to cause any
changes in the shape of the TR MFE curves. It was concluded
then that the contribution of the degenerate electron exchange
between a radical cation and a neutral molecule of HME to
paramagnetic relaxation was not substantial. There was also
no significant temperature dependence of the curve shapes
and thus, of the relaxation times over the range of —20 to
+50°C (see Fig. 4).

Fig. 5 shows the experimental data obtained in fields of 2
and 4 mT comparable with the hfc constant. In this case, the
TR MFE curves exhibit a more complex shape as compared
with the high fields. Nevertheless, these oscillations are well
reproduced by simulation using eqns. (2)—(4) (smooth lines in
Fig. 5), which allows us to determine the paramagnetic relaxa-
tion times 7 and 7T, that coincide in these fields with the value
of the relaxation time 7| in zero field.

The relaxation time 7', was found to depend substantially on
the magnetic field strength while 75 is nearly constant. This is
shown by Fig. 6 giving the data on all measured fields as the
dependences of the rates of longitudinal and transverse relaxa-
tion on the magnetic field strength.

According to the Redfield theory,” when the amplitude of
perturbation that causes relaxation is independent of field
strength, both of the rates should decrease with increasing field
strength B according to the equations:

1 292 4%
= (7)
Ti 1+ (yBr)
1 1/1
— == +2y247 8
=3 (7 + 2 a) ®)

where y is the gyromagnetic ratio, 4 and t are the amplitude
and correlation time of the process that causes relaxation.

These equations predict that the rates of 7} and T, relaxa-
tion in weak fields should coincide. With increasing field the
T, relaxation rate should vanish, and the 7, relaxation rate
should drop down to half its value in weak field.

As seen from Fig. 6, the 7 relaxation rate decreases with
magnetic field strength in accordance with the prediction of
the theory. The lower solid curve in the figure was calculated

T=50°C
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Fig. 4 The TR MFE curves for the 0.3 M HME+3x107° M
pTP-d,4 solution in n-hexane at various temperatures. For convenience,
the curves are arbitrarily shifted along the vertical.
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Fig. 5 The TR MFE curves for the 0.3 M HME + 3 x 107> M pTP-
dy4 solution in n-hexane in low magnetic fields. Smooth lines are the
approximation of experiment by the model of the (HME) "/
(pTP-dy4)"" pairs with parameters: a(18H) = 1.24 mT, 0 = 0.18,
g = 1.2ns, T} = T, = Ty = 46 ns. For convenience, the curve for 4
mT is shifted along the vertical.

using eqn. (7) with best fit parameters t = 10 ps and 4 = 3.1
mT for experimental longitudinal relaxation rates. The stan-
dard deviations of the values are about 30%. The measured
values of phase relaxation rate are significantly higher than
the low-field limit for the values of (7’ 1)’1 and are almost inde-
pendent of magnetic field strength. The upper solid curve cor-
responds to transverse phase relaxation time and was
calculated with the same parameters T and 4 using eqn. (8)
where in the right-hand part a field-independent contribution
from (75%)~! = 0.016 ns~' was added.

Thus, two relaxation mechanisms are required for a satisfac-
tory description of the observed dependence of relaxation rates
on the magnetic field strength. The first one corresponds to the
Redfield theory, and the second one contributes only to phase
relaxation.

The first mechanism is likely to be related to hfc modulation
due to the rotations of methyl groups. For the (HME)*" radical
cation recorded in a Freon matrix at 55 K, hfc with six equiva-
lent protons and the constant a(6H) = 2.75 mT has been
observed. Being heated to 140 K, this hfc is replaced by hfc with
18 protons and the constant a(18H) = 1.22 mT.'® As follows,
the value a(6H) that determines the perturbation amplitude
during the fast rotation of methyl groups is close to our 4 value.
For the Arrhenius dependence of rotation frequency on tem-
perature the correlation time t = 10 ps, corresponds to the

003 1° 1
o T
e} 2 o
o o o
< o2 o o o °
o 002 o B
c L ° 8 o
-
001 1 -1
o ° T1
.8 °
..\o.\.\'\
e ——*
0.00 . . . . :
0 200 400 600 800 1000
B/mT

Fig. 6 Dependence of the reverse relaxation times 77 and 7, on
magnetic field strength. Solid lines-calculation in the framework of
the model of two relaxation mechanisms (see the text).
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preexponent value of 10'? and the activation energy of 2.8 kcal/
mole. The values are in agreement with literature data.>*

The second, magnetic field-independent contribution to 75
relaxation has a number of possible causes. Its origin can be
assumed to be an interaction between a radical ion and para-
magnetic particles in a radiation track, which can be the
exchange, and dipole-dipole interaction with neutral radicals
or the triplet excited molecules forming in the track. Another
explanation of this mechanism nature can be reversible charge
transfer between radical ions and some impurities, presenting
in the irradiated solution.?

Apart from true phase relaxation, there are also inhomoge-
neous broadening of spectral lines and some instrumental
effects that could cause a dephasing of spin evolution.

Numerical simulation has demonstrated that taking into
consideration a number of simple factors simulating phase
relaxation cannot provide a quantitative agreement with
experiment. Among those factors, the accuracy of the zero field
setting +£0.05 mT, an additional inhomogeneous broadening of
the radical anion’s line due to a small fraction of protons and
3C nuclei in pTP-dy4, a possible inhomogeneous broadening
of the EPR spectrum of (HME)** radical cation due to inter-
action with solvent molecules or formation of weakly bound
dimers have been analyzed.

The short phase relaxation time can also be simulated by a
transfer of the positive charge from HME radical cation to a
solvent impurity molecule. If, for example, in such transfer
the forming impurity radical cation has a hfc greater than that
in HME radical cation, then the effective relaxation rate will be
close to the charge transfer rate. Special experiments have
shown that this mechanism is not likely to account for the con-
tribution to the phase relaxation rate. To this end, we studied
the effect of cyclic alkane frans-decalin and olefin cyclohexene
solutes on the TR MFE curves. It was found that trans-decalin
in concentrations up to 107> M does not affect the pattern of
the TR MFE curve, while 1072 M cyclohexene shortens the
phase relaxation time down to 20 ns.

According to the results of chromatographic analysis, the
major impurities (1072 M by order of magnitude) in the sol-
vent n-hexane that we used are its isomers branched alkanes,
while the concentration of olefin impurities is 10~% by order
of magnitude. trans-Decalin has a lower ionization potential
(9.32+0.05 eV)*® than n-hexane’s isomers (from 9.8 to 10
eV).?” Cyclohexene has a lower ionization potential
(8.95+0.01 eV)* than hexene-1 (9.44 +0.04 eV).?° It is known
that the effectiveness of the charge transfer correlates with the
difference in ionization potentials of the molecules involved.
Therefore one can expect that HME radical cation would deli-
ver positive charge to alkane impurities less effectively than to
trans-decalin, and to olefin impurities less effectively than to
cyclohexene. This suggests that such mechanism cannot cause
additional phase relaxation with a time shorter than 2000 ns.

Thus, in our view the most probable causes of the magnetic
field-independent contribution to phase relaxation are inter-
actions of radical ions with paramagnetic species in radiation
track. Further progress in understanding those processes
requires extra studies to be performed.

Conclusions

The hexamethylethane radical cation is used to demonstrate
that the values of the EPR spectrum parameters of radical ions
composing the spin-correlated radical pairs can be reliably
determined from the TR MFE data. Recording by the OD
EPR method requires mw field of large amplitude, which leads
to the additional broadening of spectral lines. Thus, the char-
acteristics such as the values of relaxation times can be deter-
mined by the TR MFE method more accurately. Moreover, it
is possible to study their dependencies on the magnetic field

928 | Phys. Chem. Chem. Phys., 2004, 6, 924-928

strength. This opens up new opportunities for studying the
mechanisms of paramagnetic relaxation.
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