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ABSTRACT
The electron spin—lattice relaxation times of several semiquinones have been
measured as a function of free radical concentration, temperature, solvent,
and viscosity, using the pulsed saturation recovery technique. It is found that
the recovery of the signal can be fitted to an exponential in all cases within the
limits of experimental error. It is also found that the relaxation time T1 is
independent of the hyperfine component for a given free radical. Three different
models for the liquid state have been employed to analyze the data and it has
been postulated that the data, both in liquids and frozen liquids can be ex-
plained on the basis of a hindered motion, in hydrogen bonding solvents. A
brief review of the earlier theoretical and experimental studies on electron

spin—lattice relaxation of free radicals in solutions is also presented.

I. INTRODUCTION
Recently, the study of spin—lattice relaxation in free radicals ias been draw-

ing greater interest from the workers in the field of electron spin resonance
(esr). Since the paper of Lloyd and Pake' on the saturation behaviour of
the esr spectra of peroxylamine disuiphonate ions in solution, at low
magnetic fields, a number of papers, both experimental and theoretical,
have been published about the spin—lattice relaxation of free radicals in
solution. It is well known that a study of the detailed properties of the un-
saturated line shapes of esr spectra of free radicals in solution can yield
useful information about dynamical molecular processes such as internal
rotations, molecular tumbling, solvent—radical interactions, radical—radical
interactions, ion-pairing, etc. The very same processes which modulate the
spin systems and lead to spin relaxation effects that decide the line shape,
also determine the spin—lattice relaxation which is reflected in the saturation
behaviour of the esr spectra. A study of the spin—lattice relaxation can
therefore be used to get information about the dynamical molecular processes
in solution. An understanding of the processes involved in the spin—lattice
relaxation of free radicals in solutions has been made possible by the papers
of Lloyd and Pake1, Fiaenkel2, Stephen3, Kivelson4, Freed5, McConnell6,
Carrington7, Johnson8, Hyde9, Jones'° and their coworkers. It is fair to say,
however, that there are still many unanswered questions, and the experi-
mental methods for the determination of electron spin—lattice relaxation
times of free radicals in solutions have not reached the accuracy and sim-
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plicity that have been obtained in the measurement of nuclear spin—lattice
relaxation times.

In this paper we shall first survey, in Section II, the various techniques used
to study the spin—lattice relaxation. In Section III, we shall discuss the
theoretical and experimental work carried out so far. In Section IV, the spin—
lattice relaxation times of semiquinones measured by us by the saturation-
recovery technique will be discussed. The measurements have been carried
out as a function of the nature of the radical, nature of the solvent, tempera-
ture and concentration of the radical.

II. REVIEW OF THE METHODS FOR STUDYING THE
SPIN-LATTICE RELAXATION OF FREE RADICALS IN

SOLUTIONS
(a) Pulse methods.

Perhaps the most direct way of measuring spin—lattice relaxation is the
saturation-recovery method1 1• In this method the magnetic field is fixed
corresponding to a paramagnetic absorption. A large saturating microwave
field pulse perpendicular to the steady magnetic field is applied and the
return of the complex portion of the susceptibility (x") to its equilibrium
value is observed using conventional detection techniques operating at low
microwave powers. The recovery curve of absorption is traced on an oscillo-
scope. This decay curve is then analyzed assuming it to be a superposition of
several exponentials. In our laboratory we have employed a superheterodyne
detection system at X-band with broad band isolators inserted at necessary
points to prevent the AFC lock-in of the local oscillator from being affected
by the pulsing. A Philco L-4146 switch has been used for the switching of the
microwave power and both the pulse width and repetition rate can be varied.
The main high power (500 mW) klystron V-53 C is locked to an external
cavity and this branch of the microwave line is also isolated adequately to
prevent the klystrpn from being unlocked during pulsing. Figure 1 is a block
diagram of the spectrometer which can be used for observing both resonance
and relaxation. We are limited to the measurement of times greater than
3 jis, which however can be achieved for many organic free radicals at tem-
peratures near 0°C where most solutions still retain low viscosity. The two
parts of the system that limit the response time are the IF amplifier with its
characteristic recovery time and the microwave cavity whose decay time
depends on its Q.Brownand Sloop'2 have recently described a pulsed X-band
superheterodyne spectrometer with a response time of 40 ns. They have
incorporated in the detector arm of the bridge a switch in a sense opposed to
that of the main pulsing switch to blank out the amplifier during the high
power period. They have also used a low Q cavity.

Besides the limitation on the relaxation times that can be measured by this
method, such spectrometers suffer usually from lack of sensitivity. In our
case, for example, most of the measurements have been made on concentrated
solutions, though in certain favourable systems, with a very small number of
hyperfine components we have been able to make measurements at radical
concentrations as low as iO M. The sensitivity of the system can be im-
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Figure 1. Block diagram of the X-band esr superheterodyne spectrometer used in spin—lattice
relaxation measurements.

proved by increasing the ON/OFF power ratio of the pulsing switch. In
this method, when the relaxation times are larger than one second, it be-
comes difficult to avoid saturation effects at the monitor power level necessary
to obtain reasonable S/N ratio.

In the inversion recovery method'3 one uses fast magnetic field sweeps
and the recovery of the entire esr line at different stages after an adiabatic
fast passage is studied. This method is convenient for relaxation times
greater than one second.

Another method for measuring the relaxation time by observing the
component of magnetization parallel to the steady magnetic field (using
pick-up coils) under the influence of pulsing field perpendicular to the steady
field has been described by Blombergen and Wang'4. This system has a
response time of about iO s but is not yet made sensitive enough for work
on dilute solutions of free radicals.
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(b) Method of Hervé and Pescia.

The method recently developed by Hervé and Pescia15 under certain
conditions offers an accuracy almost as good as the pulsed method in the
10-6 to 108 s range. In this method the microwave field is amplitude modu-
lated and an analysis is made on the basis of Bloch's equations for an ampli-
tude modulated microwave field H,. The in-phase and out-of-phase com-
ponents of dM/dt are measured as a function of modulating frequency and
a comparison is made with curves generated from the Bloch equations for
cases T >> T2 and T = T2 to determine T,. In this method there are still
many unanswered questions: the interpretation of data in the range between
T1 > 77, and T1 = 77,, the minimum sensitivity, the effect of lossy solvents, etc.

(c) Dynamic nuclear polarization
Landesman'6 has shown that in the case of dynamic nuclear polarization

experiments where one of the spins is the unpaired electron of the free radical
and the other is the solvent—nuclear spin, the enhancement of the nuclear
resonance of the solvent—nuclear spin on saturation of the electron-spin
transition is related to the electron spin—lattice relaxation time T1. T1 can be
extracted from a knowledge of the nature of the electron—nuclear coupling.

(d) The continuous saturation method'7
The continuous saturation method is the simplest in terms of additional

equipment needed. Its range of application is broad (i.e. from 10-2 to 109s).
The sensitivity of this technique is better than that of the pulse methods and is
suited to the study of radicals at low concentrations.

In this method one defines a saturation factor Z for the esr transition
between levels and f3 having degeneracy D2 by the relation

Zczp= (1)

where n and n20fl refer to the equilibrium population difference between
the two levels and fi in the presence and in the absence of rf field respectively.
As shown by Lloyd and Pake' Z can be written in the form

= (1 + 2I'Q)1 (2)

where is the probability of transition induced by the radiation and con-
tains the factor D. Qfl is the saturation parameter determined by the spin—
lattice relaxation processes.

In the case of a homogeneous Lorentzian resonance line, we can express
the linewidth as a function of the microwave magnetic field H, as

(AH )2 — + 4f11fl (3)—

3yT 377,

where tXHfl is the linewidth measured between points of extreme slope of
the absorption line and T2 is the inverse of linewidth in units of angular
frequency measured at low microwave powers. A plot of(AH)2 vs. H yields
a straight line with a slope equal to (4D�2fl)/377, and an intercept at 4/(3y2T ).
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can be measured by several methods discussed by Freed5l, Kooser'7 and
Jones' Oc

The error in the estimation of comes from the error in the estimation
of H, and the error in the determination of 172. It should be pointed out that
in the case of lines having unresolved hyperfine structure it is difficult to
estimate 772 and the results obtained by this method are likely to lead to
erroneous conclusions.

If the return to the equilibrium in the saturation-recovery method is
exponential with a single relaxation time then it can be readily shown
that obtained by this method is related to the determined by the
continuous saturation method

(4)

It is interesting to compare the spin—lattice relaxation time T1 for the M = 0
line of TCNEK in DME at 15°C, determined by the two techniques, at
high concentrations. Eastman et al.5 estimate 7172 1.0 us whereas the
measurements by the saturation-recovery method carried out in our labora-
tory give a value of T1 5 is in the concentration range where T, is shown
by these authors to be independent of concentration. We believe, the differ-
ence in the two determinations comes mainly from the inaccuracies involved
in the estimation of H1 and '17, in the continuous saturation method.

An excellent review of the various techniques available up to 1965 for
the measurement of electron spin—lattice relaxation times has been made by
Pescia' 5a

IlL REVIEW OF THE EARLIER WORK ON RELAXATION OF FREE
RADICALS iN SOLUTION

It was pointed out in Section I that the saturation behaviour of the esr
spectra of free radicals in solution throws light on dynamical molecular
processes such as internal rotations, molecular tumbling, solvent—radical
interactions, ion-pairing, etc. From the theoretical treatments of the relaxa-
tion mechanisms and their influence on the saturation parameter, Q and T1
by Stephen3, Fraenkel2a 2e, Kivelson4a, 4d and Freed51" one can derive
the dependence of T, (and Q) on several parameters such as the nuclear
spin quantum number of the esr transition, concentration of free radicals,
nature of solvent, and temperature, and these are summarized below. It
should be mentioned that electron—nuclear double resonance (ENDOR)Sb
and electron—electron double resonanceSe 5g (ELDOR) studies on free
radicals in solutions also provide information on these dynamical processes.

(a) Hyperfine component dependence in dilute solutions
The linewidth variations among the hyperfine components observed in

the esr spectra of paramagnetic molecules tumbling in solutions was first
explained by McConnell6. The linewidth of a hyperfine component (AII)
corresponding to an esr transition between two levels with nuclear spin
state given by the quantum number mj is expressed as2a,2c, 4a,6

(AH),. = Km + Lm + M (5)
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The term K arises from the modulation of the intramolecular electron—
nuclear dipolar interaction (END), M arises from the modulation of the g-
tensor term and other mechanisms, such as spin—rotation interaction which
do not depend on m. L is a cross term arising from the simultaneous modula-
tion of the END term and the g-tensor.

Based on similar considerations, Stephen and Fraenkel2a predicted
different saturation parameters also for different hyperfine components.
However, the experiments of Schreurs and Fraenkel2c on dilute solutions
of p-benzosemiquinone ion and peroxylamine disulphonate ion proved in-
conclusive in establishing the nuclear state dependence of Q. It has been
shown recently by Lingam, Nair and Venkataraman'8, by the saturation
recovery technique that the different hyperfine components in 2,5-ditertiary-
butyl-p-benzosemiquinone ion (DTBSQ )have the same spin—lattice relaxa-
tion time T1 within the limits of the experimental error (±5 %)and a similar
tentative conclusion was arrived at for the case of p-benzosemiquinone ion
(PBSQ) also. Similar observations have been made by other workers
also2e, 2f, 4ç, 4d, 5b, 5d, 5i, 9, 19 The obvious conclusion is that, in these free
radicals the modulation of the END term is not the dominant process causing
the spin—lattice relaxation.

It also follows that if the END term is not dominant and the electron spin—
lattice relaxation times are independent of the nuclear spin quantum number
of the hyperfine component one should expect an exponential recovery in
the pulsed saturation recovery technique and the T1 is related to the saturation
parameter, Qfl, by equation 4.

It should be mentioned that nuclear electric quadrupole relaxation
and the modulation of the isotropic part of the hyperfine interaction are also
expected to relax different hyperfine components differently20. The authors are
not aware of any experimental confirmation of such effects.

(b) Concentration dependence
When the concentration of the radicals is increased the modulation of the

radical—radical interactions becomes significant in determining the spin—
lattice relaxation time. Freed and coworkers5 have estimated the relative
importance of dipole—dipole and exchange interactions. According to them
the dominant process responsible for the concentration dependence of the
relaxation, is the modulation of the Heisenberg exchange term. In the presence
of strong exchange, the spin—lattice relaxation probability is increased, and
the spin—lattice relaxation time in the presence of exchange T., is related
to the spin—lattice relaxation time in the absence of exchange T(O) by the
expression

[1 — ] = mb" + a (6)

where

b" = (DHE/NW

a1 =f=(N—2D)/N
m = 2f/N
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Dç1 = degeneracy of state with spectral index M

N = total number of spin eigenstates

= relaxation probability due to lattice-induced pure electron spin flips

[2T(O)]'
= Heisenberg exchange frequency (7)

The Heisenberg exchange frequency is given by5'' 5f, 8,21

WilE— rj'[l + J2'r2]' (8)

where 12 is the mean lifetime between the successive bimolecular encounter
of identical radicals, 'r1 is the mean lifetime of an exchanging radical pair
and J is twice the exchange integral. Strong exchange requires (J11)2 > 1.
The expression (6) has been obtained for the case when only Heisenberg
exchange and lattice-induced pure electron spin flips are important. b" can be
determined as a function of concentration and spectral index M by a study
of linewidths5, The experimental results of Freed and coworkers5' on
TCNEK in DME are in agreement with their expressions. Chemical
exchange is also expected to give similar results.

The exchange interaction will become less significant when the size of the
radical is big or when the radical is solvated. The strong exchange is expected
to become significant when the viscosity of the solvent is increased leading
to an increase in r1. Since 12 1 is proportional to T/i, an increase in tempera-
ture leads to increase in WHE under strong exchange conditions.

It has also been shown by these workers5 that the spin—lattice relaxation
time T1, under strong exchange, approaches an asymptotic value with in-
creasing concentration and the linewidths increase with temperature and
concentration.

(c) Solvent and temperature dependence.
As stated above, the Heisenberg exchange term depends on the viscosity

of the solvent and temperature and the ratio, T/T1(O) will vary when the
viscosity, temperature or both are varied. However, in dilute solutions
where the exchange is not dominant, this variation can be neglected.

In Section 111(a), the spin—lattice relaxation of free radicals in dilute solutions
in absence of exchange is shown to be predominantly independent of the
particular hyperfine transition, and in such a situation, the major contri-
bution to the spin—lattice relaxation comes from the modulation of the g-
tensor term and spin-rotational interaction. The associated transition
probabilities are given by 2a, 4d, 4e

3
w8= > [(g — g5)2/40] [w'rR/(1 + w4)] (9)

and
3

j4$R (g. — g)2/18t (10)

where g1, g2, g3 are the components of the g-tensor, gs = = 2.0023
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and tR is the rotational correlation time associated with the tumbling free
radical. The temperature and solvent dependence of the relaxation probability
in these processes comes from the dependence of tR on these parameters.
Many attempts have been made to predict rR, based on different models of
the liquid state. Of these, the viscosity model, the conditional inertial
rotation model and the quasilattice random flight model are of interest to us.

The viscosity model is a small step isotropic rotational diffusion model, the
diffusion coefficient occurring in the diffusion equation being expressed in
terms of the viscosity of the solvent ij. Using the Debye—Stokes—Einstein
relationship one gets

VMiI 11tR-
where VM is the molecular volume. Gierer and Wirtz23 have taken into account
the discontinuous nature of the liquid which reduces the value of tR by a
factor of six. The temperature dependence of the rR in this model can be
expressed as

= AT1 exp (E/RT) (12)

In the above expression it has been assumed that j = exp (E,,/RT) which
is true for most of the liquids. Anisotropy in the rotation modifies the
expressions slightly24' 25

Atkins26 developed a model in which the molecular rotation in liquids
strongly resembles that which occurs in the gas phase. Atkins, Loewenstein
and Margalit27 modified this and proposed the conditional inertial rotation
model in which it is assumed that the inertial rotation occurs only when the
environment of the molecule attains an expanded lattice configuration. The
concentration of such expanded lattice sites D is given by P = P exp
(—E/RT). This assumption leads to an expression for tR:

tR = AT exp (E/R T) (13)

In this model the value of A increases as the moment of inertia of the molecule
increases27.

The quasilattice random flight model used by O'Reilly and Schacher28
is based on the large step random walk theory of rotational diffusion, out-
lined by Ivanov29. The model assumes that the liquid strUcture up to the
first coordination shell may be approximated by a lattice. It is assumed
that the molecule undergoes little reorientation at the normal lattice sites.
It is further assumed that when the molecule is excited to a vacant inter-
stitial site due to drastic changes in the intermolecular forces, the molecule
will undergo large-amplitude reorientation. The correlation time in this
model can be given as

= A exp (E/RT) (14)

where A depends on molecular volume.
It should be mentioned that when one has a 'barrier' motion the rotational

correlation time has a similar expression.
In all these models 'r increases as the temperature is decreased. II g-

modulation is important in determining the spin—lattice relaxation time
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T1, T1 c' l/TR for (werR 1) and T1 cr r for (0)erR>> 1). On the other hand,
if the spin-rotational interaction is important T1 cL -r always. Studying the
spin—lattice relaxation at different microwave frequencies helps in determin-
ing which term is important. In situations where T1 c TR we can write T1 =
BT exp (E/RT) or

in T1 — n in T = C + E/R T (15)

n = 1, — and 0 will correspond to the different models discussed above.
The experimental results on semiquinone ions will be discussed in the light
of the above mentioned models in Section IV.

(d) Spin—lattice relaxation for radicals with orbitally degenerate ground states
Free radicals with orbitally degenerate ground states have anomalously

small relaxation times and it has been found by Das, Wagner and Freed5 that
their linewidths and saturation behaviour are independent of solvent, counter-
ion and temperature. This is most clearly demonstrated for coronene and
triphenylene anion radicals. However, in the cases of benzene and cyclo-
octatetraene anions (which are alkali metal prepared) there is an additional
contribution to which increases with temperature. This contribution is
correlated with counter-ion and solvent-dependent ion-pairing effects.
Rataiczak and Jones'°' have observed recently that for benzene anion
the linewidths are independent of concentration for concentrations less
than 0.1 M. T2 exhibits a maximum at 173 K and Tf at approximately 188 K.
T1 is also found to be independent of concentration. These authors also
found evidence for ion-pairing effects. Das, Wagner and Freed5 have suggested
that the independence of relaxation times from temperature, solvent and
counter-ion where ion-pairing effects are negligible, arise from intra-
molecular relaxation mechanisms via the anomalous spin—orbit interactions.
However, the range of T1(10 7) for the orbitally degenerate radicals is
outside the scope of our present experimental capability of pulsed techniques
and we have not, therefore, attempted to measure these.

IV. SPIN-LATTICE RELAXATION IN SEMIQUINONES
In this section we discuss our measurements of T1 by the saturation

recovery technique on a number of semiquinones. The saturation recovery
trace was displayed on the dual-beam oscilloscope and compared with the
output from an exponential generator. In all the cases studied so far, the
saturation recovery was exponential and could be characterized by a single
relaxation time T1 within the limits of experimental error.

The relaxation times measured for the different hyperfine components
showed that the spin—lattice relaxation in semiquinones is predominantly
independent of nuclear spin state. This is in agreement with the observations
of Lingam, Nair and Venkataraman'8. Since T1 wa.s found to increase on
decreasing the temperature, we have a situation where T1 cc 'CR. We have
analyzed our results according to equation 15. By a least squares analysis
of the data the activation energies E and intercepts 'C' have been obtained
for the cases n = — 1, — and 0, corresponding to the different models of
the liquid state. The details of our results are given below:

295



S. K. RENGAN, et a!.

(a) Samples and materials

(i) Chemicals used for relaxation studies.
p-benzohydroquinone from May and Baker Ltd. was used without

further purification whereas monochioro, monobromo, tolu, mono-t-butyl,
2,5-di-t-butyl, and 2,5-di-t-amyl hydroquinones from Eastman Organic
Chemicals were purified by recrystallization from ethanol. 2,5-dichioro,
2,5-dimethyl and 2,6-dimethyl p-benzoquinones were also obtained from
Eastman Organic Chemicals. The chioro compound was reduced with Zn
dust in glacial acetic acid30. The methyl quinones were reduced with 85%
hydrazine hydrate solution3 1 Duroquinone was prepared from durene
(Fluka, Switzerland, used without further purification) by the method of
Smith and Dobrovolny32 and was recrystallized from 95% ethanol. It was
reduced to durohydroquinone with Zn dust and glacial acetic acid30.

The potassium salt of tetracyanoethylene anion (TCNE ) was obtained
from the Department of Chemistry, Cornell University, USA.

(ii) Solvents and other inorganic chemicals:
Absolute ethyl alcohol (96 %) from local suppliers was used without

further purification. Isopropanol was obtained from Fluka, Switzerland,
ethyleneglycol from NAARDEN, Holland and amyl alcohol from Allied
Chemical and Dye Corporation. Methanol, n-butanol, n-decanol, glycerol
and acetone used were ANALAR grade BDH products and were used with-
out further purification. l,2-dimethoxyetbane (DME) from Aldrich Chemical
Co. Inc. and tetrahydrofuran (THF) from L. Light & Co. Ltd. were purified33
and stored under vacuum.

All the inorganic chemicals used were of reagent grade.

(iii) Preparation of semiquinones in alcohols, acetone.
The hydroquinones and potassium hydroxide were dissolved in appropriate

solvents in different tubes. They were mixed in the esr sample tube itself
just before the relaxation studies to get the corresponding semiquinone by the
air oxidation of the hydroquinone. If the mixing is done in the esr sample
tube the samples had a longer life time than if they were mixed outside
and then transferred into the esr sample tube. The solubility of hydroquinones
in viscous alcohols—n-butanol, n-decanol, glycerol, ethyleneglycol—was
quite poor and almost saturated solutions were used.

(iv) Preparation of semiquinones in other solvents.
The semiquinones were prepared by method (iii) in ethanol as described

above in the sample tube. The sample tube was then connected to the vacuum
line and all the ethanol was removed under vacuum. Into the dry semiquinone
sample was distilled previously purified, dry solvents, stored on the vacuum
line. The sample tube was then sealed under vacuum.

(v) 1T2NE K samples.
The potassium salt of tetracyanoethylene was dissolved in DME in a sample

tube under vacuum by distillation of DME from a reservoir of purified DME
kept in vacuum.
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(b) 2,5 ditertiarybutyl-p-benzosemiquinone ion (DTBSQ )
The esr spectrum of this ion consists of a triplet with the intensity ratio

1:2: 1. Each hyperfine line is further split by the interaction of the unpaired
electron with the tertiary-butyl protons. However, at the concentrations
used by us these fine hyperfine structures are unresolved. Thus, it becomes
difficult to estimate T1 for DTBSQ by the continuous saturation technique.
The saturation-recovery method is ideally suited to study the spin—lattice
relaxation behaviour of this radical. DTBSQ - isquite stable and a sufficiently
high concentration of this radical can be obtained in a number of solvents.

The measured spin—lattice relaxation times T1 at different concentrations
of DTBSQ in ethanol are plotted in Figure 2. It is seen that 'i is independent

as a function of concentration
16 of - 14

2 .5-d-tertiary-butyL -p-ben zosemquinone
ion in

a) ri-Decanot at rm temp 22° C-O

14
thaL

ntim tp

220 1•

Concentration x 10 M

Figure 2. Spin—lattice relaxation times (T1) as a function of concentration of DTBSQ in n-
decanol and ethanol at 22CC.

of the concentration of DTBSQ -, inethanol, within the limits of experimental
error (± 10%). However, 7; shows concentration dependence in the highly
viscous solvent n-decanol.

We feel that the concentration independent behaviour of 7; for DTBSQ -
in ethanol shows that the exchange effects are not important in this system at
concentration 10_2 M. The observed increase of linewidth on lowering
the temperature below —40°C also confirms the above statement. (Exchange
effects cause the linewidth to decrease with decrease in temperature). The
observed increase in linewidth on increasing the temperature at higher
temperatures (>—40°C) can be explained on the basis of spin-rotational
effects. Further, exchange effects are expected to become important as the
viscosity of the solvent is increased. Thus, the observed dependence of T1
on concentration in n-decanol is not surprising and can be attributed to the
exchange term. The linewidth behaviour of DTBSQ - in solvepts other than
THF and n-decanol (solvents are listed in Table 1) suggest that the Heisenberg
exchange term is not important in these solvents. However, the dependence
of T1 on concentration has not been studied except for ethanol and n-decanol.

Figure 3 gives the plot of T1 for DTBSQ in the mixed solvent ethanol—
glycerol vs. in where is the viscosity of the mixed solvent. (The viscosity
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Figure 3. The logarithm of the spin—lattice relaxation times (T1) plotted against in for DTBSQ
in ethanol—glycerine mixtures of different compositions at 22°C.
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Figure 4. The plot of ln T1 against the reciprocal of temperature in kelvin
different solvents.
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is varied by changing the composition of the solvent). From the plot it is
clear that T1 is not proportional to the viscosity. Thus the viscosity model
can be ruled out at least in the case of this mixed solvent.

T1 has also been measured as a function of temperature Tin a number of
solvents. (in T1 — n in T) has been piotted against ljT in Figure 4 (for n = 0),
Figure 5 (for n = —) and Figure 6 (for n = — 1). The activation energies E
and the intercept 'C' obtained from this data are tabulated in Table 1. (Measure-
ments of T1 of DTBSQ in n-decanol have been carried out between 10 and
60°C. Since there was a possibility of concentration change due to decay of
the radicals at high temperatures, the data points for this system are not
plotted in Figures 4, 5 and 6).

If the viscosity model is the correct one, then the activation energy E for the
case n = —1, must be equal to E obtained by fitting the viscosity data to the
relation

E
1n =ln'0 + (16)

The values of E for the solvents for which viscosities at various temperatures
are known are also listed in Table 1.

The activation energies E are very different from E for the solvents

L()a
+

0
x

F-

-

Figure 5. The plot of in T1 + 0.5 in T against the reciprocal of temperature in kelvin for DTBSQ
in different solvents.
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4 5 6 7
1 3

Figure 6. The plot of In T1 + In T against the reciprocal of temperature in kelvin for DTBSQ
in different solvents.

Table I. Comparison of the energies of activation (E) and intercepts (C) obtained from the
equations: In Er5 — a ln T — C + (E/RT) for relaxation time T1 of 2,5-ditert-butyl-p-benzo-
semiquinone in different solvents. Also tabulated for comparison are the energies of activation

(E1) obtained from the equation ln ij = In flo + (Eq/RT)

Solventt

Eq
(kcal

mol ')
(±1%)

E(kcal mole 1)
(+7°/)

Ca

(± 10%)

n=ob 0_05b n=—1.0" n=Ob n=0.5b n=_1.Ob

Methanol 2.64 1.94 1.74 1.50 — 1,46 1.75 4.96
Ethanol 3.14 1.90 1.68 1.46 —1.00 2.21 5.42
n-Butanol 4.60 1.66 1.44 1.24 —0.24 2.95 6.14
25% Glycerene— — 2.90 1.78 1.56 —0.52 2.50 6.06
75% ethanol
Ethylene glycol — 1.40 1.18 0.98 0.86 4.05 7.25
Acetone 1.72 1.86 1.64 1.42 —1.39 1.81 5.02
THF 1.82 2.38 2.16 1.96 —3.48 —0.30 2.88
n-Decanol — 3.48 3.18 2.88 —3.43 —0.08 3.27

Units of C depend on the equation used.

n is varied to test different models; see text.

Concentration of the radical is about 10— '2M.
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methanol, ethanol and n-butanol. Actually E shows a small decreasing
trend when E is increased by changing the solvent. We can safely rule out
the viscosity model in these solvents also.

In the case of ethylene glycol (m.p. —17°C) and n-butanol (m.p. —90°C),
the temperature variation of T1 has been observed to fit with the proposed
equations even below the freezing point.

The observation of temperature-dependent spin—lattice relaxation in
frozen solutions suggests the possibility of hindered rotation, the activation
energy being determined by the barrier to the motion similar to that pro-
posed in solid benzene34. Since the straight line plot (Figure 4) extends from
the liquid region to the solid region with perhaps a small change in slope,
we are led to believe that the agency causing the barrier to the motion is the
same in both liquid and solid solutions. Moreover, the activation energies
are 1.7 kcal mol1 for the above mentioned solvents. It should be mentioned
that these solvents have hydrogen-bonding properties and the radical could
be inside a solvent cage. Hydrogen-bonding effects have been observed in the
esr spectra of semiquinones in such solvents35' 36,37• We feel that the acti-
vation energy can be associated with hydrogen-bonding. Our claim that the
semiquinone rotates even in the frozen solution is supported by the tem-
perature-dependent linewidth studies of p-benzosemiquinone ion in solid
hydroquinone matrix and solid biphenyl matrix by Krishnamurthy and Yen-
kataraman38. However, hydrogen-bonding is not expected in solvents like
acetone and THF. The activation energies E obtained from the spin—lattice
relaxation time measurements (for n = — 1) are not much different from the
E obtained from the viscosity data (Table 1). Thus in the case of these solvents
the viscosity model may be applicable. However, we cannot rule out the
other models. It is interesting to note that the activation energy E associated
with the rotational correlation time, obtained from nuclear spin—lattice
relaxation studies using the quasilattice random flight model in acetone is
1.5 ± 0.2 kcai mol1 which agrees reasonably with the E measured in
acetone solutions of DTBSQ in this work.

We cannot rule out the possibility of temperature-dependent transition
probability due to Heisenberg exchange in THF and n-decanol. Since the
viscosity of THF is small, probably this effect is small in THF. However, the
highly viscous n-decanol is expected to show the effect of exchange. The large
temperature dependence of T1 is probably due to the additional contribution
from the exchange term to the temperature dependence.

(c) Other substituted semiquinones in ethanol.
The effect of substituents in the ring of the semiquinone ion on T1 has

been investigated for methyl, t-butyl, t-amyi and halogen substitutions.
Table 2 gives the activation energies E and intercept 'C' in equation 15
determined for these semiquinones in ethanol. Figures 7, 8 and 9 give the
plot of in T1 vs l/T (i.e. n 0) for these cases. It is seen that the activation
energies change with substituents showing, in general, a tendency to decrease
with increasing size of the substituent. This may be due to decreased solvent
interactions in substituted semiquinones. 2,5-Dichiorosemiquinone, however,
does not show any dependence of lj on temperature within the limits of
experimental error; a behaviour we do not understand yet. Probably quad-
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Figure 7. The plot of In 1 against the reciprocal of T for ethanol solutions of tert-butyl and
tert-amyl substituted p-benzosemiquinones. A similar plot for the unsubstituted semiquinone is

given for comparison.
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Figure 8. The plot of ln T1 against T1 for ethanol solutions of methyl-substituted and the
unsubstituted p-benzosemiquinone ions.
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Figure 9. The plot of ln T1

T for various semiquiriones
in Ethanol

against T1 for ethanol solutions of
unsubstituted p-benzosemiquinonc tons.

halogen-substituted and the

rupolar interactions play an important role in this case and a detailed
study of other halogen-substituted semiquinone is warranted.

Increase in the molecular volume and moment of inertia is expected to
increase the intercepts 'C' according to all the models discussed in Section III.
The intercepts 'C' given in Table 2 show such a behaviour, within the limits of
experimental error.

Table 2. Comparison of the energies of activation (E) and intercepts (C) obtained from the equa-
tion: in T1 — n in T C + (E/RT) for relaxation time T1 of several semiquinones in ethanol.

Semiquinone'

E(kcaimol1)
(±7%)

ca
(±10%)

n=0' n=0' n=

PBSQ 2.10 1.90 1.70 —2.60 0.57 3.72
Tolusemiquinone 2.04 1.80 1.58 —2.20 1.00 4.21

2,5-dimethyl PBSQ 1.48 1.28 1.06 —0.83 2.36 5.54

2,6-dimethyl PBSQ 1.58 1.42 1.22 — 1.06 2.01 5.19

Durosemiquinone 1.64 1.40 1.18 —0.98 2.25 5.48
2-tert-butyl PBSQ 1.88 1.64 1.42 — 1.40 1.76 4.98
2,5-ditert-butyl PBSQ 1.90 1.68 1.46 — 1.00 2.21 5.42
2,5-ditert-amyl PBSQ 1.56 1.34 1.14 —0.49 2.69 5.88
Monochloro PBSQ 2.20 2.02 1.82 —2.90 0.21 3.37
2,5-dichloro PBSQ 0.00 — — 1.38 —

MonobromoPBSQ 1.56 1.34 1.12 —2.10 1.07 4.27

Units depend on the equation used.
is is varied to test different models (see text),

Concentration of radical is about '°M 2
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(d) Rotational correlation time r.
One can estimate the rotational correlation times from a knowledge of the

g-tensors and spin—lattice relaxation times using equations 9 and 10 assuming
an isotropic rotational motion. Using Schreura s and Fraenkels2c values for
the g-tensor components ofp-benzosemiquinone ion (g1 = 2.0091, g2 = 2.0024,
g3 2.0023, gs = 2.0047), we get

W 3041 x 108w2zR '8tR
1=

40(1 + co24) 4625 x 108 ( 7)

It can be seen that W is always less than WR. The ratio W/WR will attain
an asymptotic maximum value of 0.296, when WVR 1. Thus at the most the
g-tensor modulation will contribute 25 per cent to the relaxation probability
and the dominant mechanism causing spin—lattice relaxation will be the
spin-rotational interaction. Using T1 = {W + W)' for T1 = 50 us, the
rotational correlation time CR 3.3 x 10 '0s and this is in the region OYCR>>1.

However, when T1 1 J1s, VR 5 x 1012 s and this corresponds to a region
WTR < 1. The observed increase in relaxation time with the decrease in
temperature is because of the dominance of spin-rotational effect over the
g-tensor modulation effect even in the WVR < 1 region.

(e) Conclusions
The observed temperature dependence of T1 of semiquinones in dilute

solutions is mainly due to spin-rotational interaction. The observed tem-
perature dependence in frozen solutions, requires the semiquinone to
undergo hindered rotations in the frozen solutions also. In hydrogen-bonding
solvents like the alcohols the activation energy E associated with the rotational
correlation time seems to have no relation with the viscosity of the solvent.
The activation energy E is probably associated with the hydrogen-bonding
of the semiquinones with the solvent.

It is also observed that the contributions to the relaxation mechanisms
from the modulation of the electron—nuclear dipolar interaction is not domi-
nant in these semiquinones. Exchange effects have been definitely observed
only in viscous solvents like n-decanol.
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