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TEMPERATURE DEPENDENCE OF THE ROTATIONAL RELAXATION TIMES
OF ANISOTROPIC MOLECULES IN NEAT AND MIXED BINARY LIQUIDS*
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The relaxation times of the optical Kerr effect of nitrobenzene and m-nitrotoluene have been measured as a function of
temperature in neat and mixed binary liquids. The activation energy of molecular reorientation motion for various solutions
has been determined from Kerr effect and viscosity measurements. A modified Hill theory for the relaxation times provides
satisfactory agreement with the experimental measurements for the mixed liquids,

The knowledge of the rotational motion of mole-
cules in liquids is important for a full understanding
of the liquid state, Various techniques have been used
to probe the rotational kinetics of the molecules in
liquids [1—9]. Recently, picosecond laser techniques
[10—12] have been used to measure directly the time
dependence of the Kerr effect associated with the
orientational motion of anisotropic molecules in neat
and mixed liquids. For anisotropic molecules, the domi-
nant mechanisms responsible for the Kerr effect are
the molecular reorientation motion and electronic
cloud distortion [13]. The electronic mechanism is
temperature independent and is so fast (<10-14s)
that its time dependence cannot be resolved by pico-
second techniques. The measurement of the tempera-
ture dependence of the Kerr relaxation time will yield
information on the kinetics of the orientational motion
of the molecules, The relaxation time corresponds to
an overall rotation of the motion of the molecule +¥,

* Support in part by grants from NSF-GH 41812, CUNY
. FRAP and Dr. Harry E. Dubin Fund.
In partial fulfifment of Ph. D. degiee in Physics.
¥ Alfred Sloan Feltow.
¥ Just like the relaxation time obtained from the depolarized
Rayleigh wing linewidth [6], the Kerr rotational relaxation
time Is a combination of the rotations about the individual
axis of the molecules. The relaxation time is more strongly
weighted by the orientation about the axis which is asso-
ciated with the largest polarizability change upon rotation
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In this paper, we extend our earlier research [12]
by measuring the temperature dependence of the re-
laxation time (7) of the optical Kerr effect for nitro-
benzene {NB) and m-nitrotoluene (mNT) molecules
in neat and mixed binary liquids. We confirm within
experimental error that the temperature dependence
of the relaxation time depends on the measured vis-
cosity in neat liquids as suggested by Debye [1], and
on the effective viscosity in mixed liquids as suggested
by Hilt [14]. These measurements give credence to the
use of effective viscosity dependence in the equation
for 7 for mixed liquids [12]. The form of the effective
viscosity was empirically introduced previously [12]
from Hill’s [14] theory on the mutual viscosity be-
tween solute and solvent molecules and arises from
the solute-—solute and solute—solvent interactions. This
is a reasonable model since it only takes into account
the solute molecule interaction with its neighbors. The
Debye equation for the rotational relaxation time,
which depends on the measured viscosity, accounts
for an additional interaction between solvent—solvent
molecules in mixed liquids.

The single shot picosecond laser technique offers
both convenience and accuracy in measuring the ki-
netics of the optical Kerr effect over the multiple shots
technique [10,11]. A schematic of the experimental
apparatus used for measuring the Kerr relaxation time
is shown in fig. 1. An intense 1.06 um laser pulse with
8 ps duration induced the Kerr birefringence in the
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Fig, 1. Top view of the single shot picosecond laser optical Kerr gate.

sample solution which was situated between a pair of
crossed polarizers, The birefringence was caused by
partially orienting the anisofropic molecules in the
liquid through the interaction of the optical electric
field of the laser pulse with the polarizability of the
molecules. Upon passing a second harmonic pulse of
6 ps duration through a dilute milky solution, the 0.53
pm light along the path was uniformly scattered into
a continuous series of delayed pulses, The scattered
light at 90° forms an oblique wave front in time and
was directed into a 1 cm long sample cell, In this man-
ner the scattered light, which was variably delayed
with respect to the 1.06 um exciting pulse, was used
to interrogate the time evolution of the induced tran-
sitory birefringence of a sample sohition in a single
laser shot, The 1,06 um pulse was incident at an angle
of approximately 3° to the plane of incidence of the
scattered 0.53 um pulse and was focused to a diameter
of about 5 mm into the sample.

The track of the 0.53 pm scattered light from the
milky solution was imaged by a camera lens onto the

target face of an optical multichannel analyzer (OMA).

The time axis was calibrated by moving a prism in the
1,06 pm laser beam path, The induced light intensity
provile passing through the Kerr gate was detected by
the OMA which has 500 channel detectors over 12.5
mm, The signal was processed in the OMA system and
the decay profile stored in the OMA’s memory. The

effect of lag of the detector was minimized by scan-
ning most of the charge off the vidicon. In this mode,
the system was Hnear to within 5% over the range
used. The length of the track imaged on the detector
determined the time span investigated. Typically, a
time display of 125 ps was investigated on a single
shot with a signal to background ratio = 100, The in-
tensity profile was then recorded by an X'Y-recorder
and replotted on a semi-logarithm graph paper, The
relaxation time was extracted from the slope of the
measured intensity profile. Deconvolution was not
necessary in this study because the Kerr relaxation
times of these liquids were longer than the prompied
experimental decay of CS, Kerr intensity profile
(=5 ps).

The chemicals used in the experiments were the
highest purity available from Eastman Kodak Com-
pany. The sample cell was situated in a dewar with
strain free windows. The Kerr effect of the windows,
sample cell, and sofvents was measured to be less than
one hundredth of the solutes, A thermocouple was
cleaned and immersed in the samples.

After sealing the ceil the temperature was controlled
by flowing cooled nitrogen gas into the dewar and sur-
rounding the sample cell holder with heating tape. The
sample temperature was controlled to 1 K, The tem-
perature variation across the sample region was mea-

-sured to beless than I K. The lowest temperature used
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in the experiment was about 20 K below the freszing
temperature of the Hquid. At this temperature, the
liquids were supercooled. The highest temperature
reached was about 350 K. Above this temperature,
the relaxation time was too fast to be deconvoluted
reliably from the Kerr decay profile. The viscosity of
the samnples was measured by an Ostward-type Can-
non—Fenske viscometer in a temperature controlled
water reservoir. The temperature was controlled to
within + 1 K. The viscosities are measured withih a
2% error and are in good agreement with the viscosi-
ties listed in the standard tables [15].

A typical single shot Kerr intensity profile versus
delayed time for NB at 297 K is displayed in fig. 2.
The measured relaxation times and viscosities of NB,
mNT, and the mixture of mNT with carbon-tetrachlo-
ride (CT) and decyl alechol (DA) are plotted as a func-
tion of temperature in figs. 3, 4, and 5. The relaxation
time data presented in these figures are the average of
decay times extracted from five to ten different inten-
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sity profile curves. The typical error in relaxation time
is = 20%. The salient feature of the data present in
figs. 3, 4 and 5 is that the relaxation times decrease
approximately exponentially as 1/7, The data in fig. 5
shows a curvature at the high temperature end.

The modified Debye maodel for molecular rotation
relaxation time which is generally applicable to single
particles rotational motion in pure polar liquid is
[1,16]

7=4na3en (KT, (1)

where 7 is the relaxation time; &, the Boltzmann con-
stant; T, the absolute temperature; « = (M/pN)1/3, the
radius of the molecules; £ is a dimensionless paramoter
which is proportional to the ratio of the mean square
intermolecular torques to the mean square intermo-
lecular force [16]; and 1, (7) is the measured viscosi-
ty. In mixed liquids, it has been observed [12,17] that
the measured viscosity dependence given in eq. (1) is
not followed by the measured relaxation time. Apply-
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Fig. 2, Intensity profile of optical Kerr effect of NB at 25°C versus time. The zero time is arbitrary and the peak transmission of
the Kerr effect is about 10%. The rise time is 5.3 ps and the decay time is 15.2 ps. This decay time corresponds to a molecular

orientation time of 30.4 ps.
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Fig. 3. (a) Kerr relaxation time versus 1/ of pure NB. The data  are the measured viscosities in cP and the data 1 are the meas-
ured Kerr relaxation times (ps) X 2. The solid fine is the theoretical fit to Debye’s model 7 = gm%n T T= 52X 107

(K s/cPYyn (T)/T. (b} Kerr relaxation time versus 1/T of pure mNT, The data e are measured viscosities in ¢P and the data | is
theoretically fitted to Debye’s model 7 = %magnm(T)/T: 5.7 X 1072 (K sfcPyny(THT.

ing the concept of the mutual viscosity introduced by
Hill [14], an expression for the temperature and con-
centration dependence for the molecular rotational
relaxation time of solute molecules in a binary liquids
is obtained [12]:

(T) =T +M0xmp() +(1 =0 (1, (2)

where x is the mole fraction of solute molecules B
which has a mwuch larger Kerr effect than the solvent
molecules A in this experiment; ng, is the pure solute
viscosity; np, , is the mutual viscosity between sclute
B and solvent A molecules; C, is a constant parameter
related to the molecular sizes in solutions; and X, isa
constant parameter to account for the pair correlation
effect among the solute molecules at different concen-
trations, Values for C and A were numerically deter-
mined from our early experiments [I12] on the con-
centration dependence of 7 at room temperature 296
+72 K. The parameters are C; yp4or = 7-3 X296 K

sfcP”, AmNT+eT = 2.0 (slightly changed due to the
correction of mNT viscosity measurement), CLuNT+DA
= 5.5 X296 KsfcP, and A nT+pa = 2.56. A similar
formula to eq. (2) was used by Kivelson and Tsay [18].

Using Hill’s [14] model for mixed liquids, the tem-
perature dependence equation for the measured vis-
cosity is given by

??m(T) = (x2/am)aBnB(T) +[2x(1— X)/ﬂm ]C?BA??BA(T)
+ [(I —X)z/“m]ﬂ’A'f?A(T) 3 (3)

where 1, (T), ng(7"), n (T) are the measured viscosi-
ties of the mixture, solute and solvent liquids; ng (T)
is the mutual viscosity between the solute and the sol-
vent molecules; ag, @y , apy, 4, are the average values
of intermolecular distance [14]; and y is the mole frac-

* From ref. [12], we determined C/T = 7.3 psfcP at 296 K,
this implies C = 7,3 X 296 K psfcP.
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Fig. 4. Kerr relaxation time versus 1/T for 75% mole fraction
of mNT and 25% mole fraction of CT. The solid line is the
theoretical fit of Hill's model 7y = (6.9 X 296/7)

X {1+ 20xamNT() + 1 = DngNT+CT(T)], where x =
0.75. Debye’s model of 7 is almost identical to (-

tion of the solute. The temperature dependence is as-
sumed to arise from the viscosities ng(T), 7, (T), and
nga (7). All other terms are assumed to be constant
with respect to the temperature variation, The tem-
perature dependence of the viscosity int pure liquid can
be expressed [19,20] by

Fig. 5. {a) Kerr refaxation time versus 1/7 for 72% mole frac-
tion of mNT and 28% mole fraction of DA. The solid line is
THIH = (5.5 X 296/TH{ (1 + 2.56:) xnmNT(T) +

(1 — XInnNT+DATH, and the dashed line is 7, py = 5.7 X
107 (K s/eP) i (T)/ T. (b) Comparison of modified Hill, Dobye
and Arrhenius forms for the relaxation tinte of mNT in Da.
The solid line is 7yq31 = (5.5 X 296/T)[{1 + 2.56 X) xnmNT{T)
+(1 — x}nmNT+DA(D)], and the dashed line is 75y, =

1.2 X 107K s/cP) nyyy (7)), where the value 1.2 X 10-% is
chosen to force the curve to lie on the data point of 296 K.
The dotted line is the best fit by assuming an Arrhenius be-
haviour: 741, = 9.1 X 107 (s)exp(1500/7).
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7:7111(T) =(RT/E) 172 [(2mkT) 1/2/02/3p0]eﬁ1/RT @

where £ is the potential barrier or activation energy;
R, the gas constant; i, the molecular mass; v, volume
of a molecule; and p,,, the probability that there is a
sufficient local free volune for transition to occur.
When the temperature is changed, the viscosity of the
pure liquids of the solute and the solvent will be varied
as T exp{E;/RT). The mutual viscosity [21] between
the solute and the solvent molecules is assumed to vary
similarly:

npa(T) = T exp(Ega/RT), (5)

where Ep, is the potential energy barrier between the
positions of the solute and solvent molecules. From
the measurements of the viscosities ng(T), 7, (T} and
T (1), the mutual viscosity np s (T) can be calculated
from eq, (3).

A list of activation energies calculated from different
measurements is displayed in table 1 for various solu-
tions, The first column shows the activation energies
obtained from measuring the viscosity as a function of
temperature. Using egs. (3) and (4), the activation enes-
gies £ between solute and solvent molecules are cal-
culated; Ep Ny o (x = 0.75) = 2.2 keal/mole and
E o nT+Da (¢ = 0.72) = 3.8 keal/mole, These are listed
in column 2, The third column in the table is obtained
by fitting the measured Kerr relaxation times displayed
in figs, 3, 4 and 5 to a simple Arrhenius behaviour of
the form:
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The energies listed in columns 1 and 2 of the table
are used for curve fitting the relaxation time data dis-
played in figs. 3—5. The Hill relaxation times data are
calculated from eq. (2) using the previously measured
[12] parameters C and A, the measured 0y (7), and the
calculated ny s (T) (Fpo (7). The Debye relaxation
times are calculated from eq. (1) by using n,,, (),
Enp = 0.1 and &7 = 0.1. These values are plotted
in figs. 3—5. As shown in figs. 3a and 3b the calcu-
lated carve from Debye’s and Hill’'s models give excel-
lent fits to the 7 data for the neat liquids, Also, these
models agree well with the temperature dependence
of 7 for the mixture of mNT and CT (fig. 4). This is
reasonable since the effective and the measured vis-
cosities are about the same at different temperatures,
This is not so for the mixture of mNT and DA, The
dashed curve in fig. 5a is a plot of the relaxation time
calculated from eq. (1) of Debye’s model using the
measured value of n,,, (7) and the calculated values g3
and &7 from the neat Hquids. Using &y = 0.1,
this curve does not agree with the data. Even if we
force fit Debye’s equation for 7 to the data point of
fig. 5a at T = 296 K by changing £ = 0,023, the slope
of the curve from the Debye equation is still off by
40% with the slope of the data (see fig. 5b). On the
other hand, Hill’s modei provides a better fit to the
experimental data which is only about 20% off at the
higher temperature end. The deviation of the data at
high temperatures from a linear dependence in fig. 5
may arise from a low intensity slow relaxation compo-
nent which merges with the main fast component as

7=A4exp(E/RT) . 6 . . . ,
p(£/RT) (6) the temperature is increased, A possible mechanism
Table 1
Activation energy £ (Xcal/mole £ 10%)
1 2 3
EDebye 33 il EKen(n_leasured)
(viscosity (Arrhenius form)

measurement)

solute--solute

solute—solvent

NB 3.0 3.0
mNT 3.6 3.6
mNT + CT

(= 0.75) 29 36
mNT + DA

(x=0.72) 4.2 3.6
CT 2.5 -
DA 6.2 -

- 3.0
- 36
2.2 3.2
3.8 3.0

79




Volume 50, number 1

which may cause such a component is the reorienta-
tion of a solvent molecule by the field of the neigh-
boring solute molecules. At this time, from the con-
centration and temperature dependence Kerr relaxa-
tion experiments, Hill's theory seems to be an appro-
priate model to explain the molecular orientational
time in mixed liquids.

In conclusion, the relaxation time of the optical
Kerr effect and the viscosity of the neat and the mixed
liquids as a function of temperature were measured.
The activation energies were calculated from the mea-
surements of the teinperature dependence of the Kerr
relaxation time and viscosity. The Debye equation
gives excellent agreement with the Kerr relaxation
time measurements in pure liquids. To describe the
relaxation time in mixed liquids, an effective viscosity
is introduced to interpret the measured values of 7.
This is a simple physical model for a complex situa-
tion which provides reasonable agreement with the
experimental data. What is needed is a microscopic
theory for the Kerr rotational relaxation time of mole-
cules in neqr and mixed liguids to account for both
the coneentration and temperature dependence.
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