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Subpicosecond transient grating optical Kerr effect measurements have been used to evaluate
the reorientation of biphenyl molecules in neat biphenyl and r-heptane solutions. Besides an
ultrafast (100 fs time scale) component associated with librational damping/dephasing, two
reorientational relaxation components are observed. The slow reorientation is due to rotation
around the short axes of the molecule (tumbling motion), the fast reorientation is associated

Anisotropic reorientational relaxation of biphenyl: Transient grating optical
Kerr effect measurements

with internal rotation around the central C-C bond and/or rotation of the whole molecule
around its long axis (spinning motion). Whereas the tumbling motion has been observed in
earlier depolarized light scattering data, the time resolved Kerr data presented here are the
first ones to reveal the dynamics of the fast reorientation component and the ultrafast
librational dynamics. It is shown that the diffusive reorientational relaxation must be coupled
to the ultrafast librational dynamics, and implications of this coupling are pointed out.

I. INTRODUCTION

A large variety of spectroscopic methods, e.g., neutron
scattering, nuclear magnetic resonance (NMR) and elec-
tron spin resonance (ESR) line shape analysis, Raman scat-
tering, infrared absorption, fluorescence depolarization, dy-
namic light scatering (DLS), and optical Kerr effect
(OKE), have been used to investigate the dynamics of mole-
cules in liquids. Each experiment probes a different dynami-
cal quantity and in general a different time correlation func-
tion.!~® Therefore, each approach can focus on a different
aspect of the dynamics and contribute to a more detailed
picture of the molecular motions. Even if two experimental
setups measure the same dynamic variable and theoretically
contain the same information, one of the two approaches
may be advantageous due to experimental constraints like
signal/noise (S/N) ratio or resolution and range of the mea-
sured parameters.

DLS experiments have been an extremely valuable tool
in the investigation of rotational relaxation dynamics. De-
pending on the chosen optical technique (grating or interfer-
ometer filter, optical mixing) DLS can cover time scales
from subpicoseconds to seconds and, therefore, measure
reorientational motion of small molecules as well as macro-
molecules.! With the development of picosecond spectrosco-
py, direct measurements of orientational correlation func-
tions became feasible, and there have been time resolved
studies of the rotational relaxation of medium sized mole-
cules with rotational diffusion constants in the 100 ps range
using fluorescence depolarization or other polarization spec-
troscopic methods.* On the other hand, time domain mea-
surements of the rotational dynamics of small molecules
have been very scarce and there exist only a few OKE studies
in this field since the advent of femtosecond laser pulses."
These studies served either as a pure demonstration of the
effect or focused solely on the ultrafast dynamics
(0 <7< 500 fs) associated with inertial motion of the mole-
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cules, dephasing/thermalization of the molecular libration
and other interaction or collision induced effects.

In this paper we present a transient grating OKE study
of the rotational dynamics of the biphenyl molecule in neat
biphenyl and in n-heptane solutions based on a sub-ps time
resolved transient grating (TG) approach. A TG approach
to study the OKE was first used by Eyring and Fayer.'?
Preliminary data in a recently published DLS study of bi-
phenyl/n-heptane solutions'® have been interpreted with a
single Lorentzian associated with the (comparatively slow)
tumbling motion of the biphenyl molecule. We will compare
the results of our time domain experiment with that frequen-
cy study focusing especially on the anisotropy of the molecu-
lar reorientation. We will also discuss the relationship
between the ultrafast coherent librational motion of the mol-
ecules and the “incoherent” orientational dynamics due to
diffusive reorientational relaxation on a slower time scale.

1. EXPERIMENTAL PROCEDURES

The laser system used has been described in detail else-
where.!* The 70 ps output pulses of a cw mode-locked
Nd:YAG laser at a repetition rate of 83 MHz are sent
through an optical pulse compressor and frequency doubled.
The resulting 2.5 ps pulses at 532 nm with an average power
of 750-800 mW are used to synchronously pump a linear
astigmatically compensated three mirror dye laser which is
tuned by a single plate birefringent filter. With DCM the dye
laser delivers tunable 300 fs pulses with an average output of
70-220 mW over the wavelength range 605-705 nm. These
dye pulses are amplified by pumping a three stage amplifier
with frequency doubled pulses from a cavity-dumped, Q-
switched, and mode-locked Nd:YAG laser operating at 1
kHz repetition rate. The cavity-dumped Nd:YAG laser pro-
duces 1 mJ IR pulses which, when frequency doubled, gener-
ate 700 uJ pulses at 532 nm to pump the three amplifier
stages. The two Nd:YAG lasers are electronically synchro-
nized by a common radio frequency (rf) master oscillator
for both mode lockers and the timing is set by a voltage
controlled phase shifter for the rf into the amplifying laser’s
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mode locker. A saturable absorber jet between the second
and third amplifier stage suppresses the unamplified dye
pulses and shortens the width of the amplified pulse. For
DCM we find typically pulsewidths of ~ 200 fs with an aver-
age pulse energy of 10-20 uJ. A laser wavelength of 665 nm
was chosen to eliminate two-photon absorption in these ex-
periments and similar experiments on pentylcyanobiphenyl
which will be described in future publications.'’ To elimi-
nate amplitude fluctuations of the amplified pulses due to
timing jitter between the amplifying pulses and the dye
pulses an electronic control system uses the intensity of the
amplified pulses to feed back on the phase of the rf into the
mode locker of the amplifying laser.

For the transient grating optical Kerr effect (TG-OKE)
experiments described here, the amplified pulse is split into
three pulses to yield the two excitation pulses and the probe
pulse. The two excitation pulses, focused to 120 um spot
sizes, are crossed in the sample at an angle of 15° to produce
an optical interference pattern (see Fig. 1). The optical in-
terference pattern induces the OKE grating, which mimics
the interference pattern spatially. This grating is monitored
by the 90 um spot size probe pulse which is incident at the
phase matching angle for Bragg diffraction (slightly noncol-
linear with the excitation beam to achieve spatial separa-
tion). The probe pulse can be variably delayed by an optical
delayline which is controlled by a 1 um resolution stepper
motor. The intensity as well as the polarization of all three
beams can be independently controlled by sets of half-wave
plates and linear polarizers. A fourth linear polarizer is set in
the signal path and permits any polarization of the diffracted
beam to be monitored. Typical single pulse energies used in
the experiments were in the range 200 nJ-1 uJ. One of the
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FIG. 1. Schematic illustration of the transient grating experiment. The
crossed excitation pulses generate a periodic Kerr effect alignment in the
sample with the wavelength of the optical interference pattern. The result-
ing changes in the index of refraction create a diffraction grating which
Bragg scatters the probe pulse. The polarizations of all four pulses are con-
trolled in the experiment and are used to separate electronic and nuclear
Kerr effect in the detection.

excitation beams or the probe beam is chopped and the sig-
nal, which is picked up by a photodiode or a photomultiplier,
is fed to a lock-in amplifier. The output of the lock-in ampli-
fier is connected to a computer, which allows signal averag-
ing by controlling multiple scans of the optical delayline.

Biphenyl (Fisher reagent grade) was extensively zone
refined (=300 passes) before use. n-heptane (Baker, for UV
spectrophotometry) was used without further purification.
The biphenyl liquid and biphenyl/n-heptane solutions were
in a sealed 1 mm spectrophotometric cuvette. The sample
under study was placed inside a sample holder whose tem-
perature could be regulated and controlled within + 0.2 °C.
The viscosities of the biphenyl/n-heptane solutions were
measured with a Cannon-Ubbelohde semimicro-type visco-
meter. The density over the investigated temperature ranges
was calculated using the isobaric expansion formula. Litera-
ture values were used for the viscosity of neat biphenyl.'s
The biphenyl/n-heptane solutions investigated had weight
ratios of 0.2:1 and 0.5:1 biphenyl:n-heptane corresponding
to 0.77 mol/¢ (at room temperature) and 1.65 mol/¢ (at
50 °C). The high concentration sample had to be heated to
~45 °C for all biphenyl to dissolve.

n-heptane has a small electronic polarization anisotropy
of its own. However, TG-OKE experiments on a pure n-
heptane sample showed that the contribution to the signal
due to n-heptane molecules is negligible in the biphenyl/n-
heptane samples.

Ill. THEORETICAL BACKGROUND

In a TG experiment the two time coincident laser excita-
tion pulses which are crossed in the sample set up an optical
interference pattern. If the length 7, of the pulses is short
compared to the characteristic response times of the sample
this interference pattern generates a coherent spatially peri-
odic response in the material which is given by the impulse
response function G(¢) of the material. The probe pulse en-
tering the sample at the Bragg angle is diffracted by this
optical grating. If we can neglect absorption in the sample
and only have to consider stimulated scattering phenomena
(which is the case for the experiments described here), the
intensity of the scattered light is

I(8) < [ (D) P« |Be(2) | o< |G (1) |2 (1

Here y* is the third-order nonlinear susceptibility, € is the
dielectric constant, ¢ is the peak—null difference of the di-
electric constant in the optical grating, and G is the impulse
response function of the dielectric constant of the sample. In
anumber of recent papers Nelson and co-workers have given
a detailed description of the stimulated scattering grating
experiment and have compared it to dynamic light scatter-
ing in the frequency domain.'” The frequency resolved DLS
spectrum is given by

I(®) < (kT /0)Im[G*(w)], (2)

with G*“(w) and G*“(¢) being related by Fourier transform.
So, in the limit of infinite time resolution and infinite fre-
quency resolution, the TG and the DLS experiment contain
the same information and monitor the same processes. With-
in the general framework of time correlation functions we
can equally well describe the response of the system through
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C(1) = (e*(0)e(D)), (3)

the dielectric constant time correlation function. The rela-
tionship between G*“(¢) and C*(¢) is simply given through
time differentiation

Ge(t) = — (1/kﬂ(%)€“(t). 4)

(1), 8¢e(t), G=(t) and C**(¢) in Egs. (1) and (4) are
tensor quantities whose properties are determined through
the symmetry group of the sample and the physical processes
under investigation. We will only consider an isotropic sam-
ple, which is an appropriate description of a molecular lig-
uid. There are three independent elements of y*’. Through
the choice of the electric field polarizations of the two excita-
tion beams, the probe beam and the signal beam, a certain
projection of the tensor is selected, and a scalar quantity 7(#)
is measured. Different choices for these polarizations allow
us to evaluate different tensor elements of y® and G and
single out different physical phenomena if these phenomena
have different y® symmetry properties. For example, if all
beams in the TG experiment are polarized perpendicular to
the scattering plane (we will call this 0°) we measure
¥$311 (#). In a polarization grating or crossed grating ap-
proach, one of the excitation beams is 0° polarized, the other
has 90° polarization. If the probe beam is 0° polarized and we
monitor the signal at 90° polarization, we determine
312 (2). In a more general case, the excitation beams have
polarizations of 0° and &, the probe beam has 90° polarization
and we detect the signal beam with a polarization angle 3,
then

I(t) <|sin Bcos @ y{1, (1) +sinacos B y$L (D)% (5)

So through the choice of @ and 8 we can essentially monitor
any combination of elements y'*. For example, it has been
shown recently'® that it is possible to distinguish between an
excited state grating and a Kerr effect. This approach was
pioneered by Etchepare et al.'® In an elegant investigation of
the Kerr effect in CS,, they showed how to separate the nu-
clear and electronic contributions to the Kerr effect through
polarization selective TG experiments. This separation is
based on the different symmetry properties for the electronic

1> and the nuclear y > processes.?

() __2,03) 203 2.(3)
Xettn = 3oz = 3Xer221 = 3Xei22s

XL,B1)1|| = (4/3),1’5.,31)212 = (4/3),1’5;,31)221 = - 2/1’,(1,31)122- (6)

As can be calculated from these relationships and Eq.
(5), only nuclear contributions will be observed for a = 45°
and S = 135° and only electronic contributions will be ob-
served for @ = 45° and 8 = 56.31°. We have used these two
configurations in our investigations to separate electronic
and nuclear Kerr effect at early times # < 2 ps. We have used
a pure polarization grating at longer times ¢ > 2 ps, when the
excitation pulses have left the sample and the instantaneous
electronic effects have relaxed. The polarization grating
gives, in general, a better S/N ratio as the polarizer in the
signal beam screens out most of the background scattered
light. It also suppresses contributions to the signal from opti-
cally generated acoustic waves which might play a role at
times > 100 ps.!>2!

We are interested in the nuclear Kerr effect in molecular
liquids. The excitation pulses interact with the polarizability
of the sample and exert torques on the induced molecular
dipole moments. One can distinguish between single mole-
cule polarizability, which governs the response of individual
molecules in the medium, and higher order polarizabilities,
which determine the response of molecule pairs and oli-
gomers.??

Molecular librations dominate the response of the sam-
ple at short times 7 <1 ps. The interaction with the single
molecule polarizability induces a reorientation of the mole-
cules. It is the relaxation of this nonequilibrium orienta-
tional distribution by rotational motions of the molecules
which we observe in our experiment for ¢>2 ps. We will
discuss the rotational motions and choose a specific model to
describe them. The Debye diffusion model with hydrody-
namic boundary conditions is capable of describing the phe-
nomena for ¢> 2 ps. For shorter time, we will discuss the
excitation and damping of the coherent librational motion
which leads to the orientational anisotropy.

To explain our experimental results through molecular
processes, we have to relate the observables in Eq. (1) to
molecular quantities. In the data presented below there is no
evidence for contributions from higher order polarizabili-
ties, and, therefore, it is sufficient to consider the liquids as if
they are composed of isolated molecules in dilute solution
(we will consider the effect of correlation between particles
later on). We can approximate the time correlation function
of the dielectric constant € by the time correlation function
of the molecular polarizability « i.e.,

C (1) < C*(2). )]
With Eq. (3), this gives
C5() = (a;(0)a;(2)). (8)

Here C {f is the time correlation function for a certain select-
ed projection of the dielectric tensor, as mentioned earlier,
and ¢ is an element of the molecular polarizability tensor in
a laboratory-fixed coordinate system. For every molecule
there is a (molecular-fixed) principal axis system of the mo-
lecular polarizability in which only the diagonal elements
@,y @, and a,, are nonzero. If the molecule has certain
symmetry properties, this tensor can be simplified further,
e.g., a cylindrically symmetric molecule has only two inde-
pendent components @, and ¢.'

For times greater than 2 ps, the OKE induced transient
grating relaxes by orientational diffusion. The ultrafast time
behavior is discussed in Sec. IV. An extremely successful
model for the reorientation process was developed by De-
bye.?* In this small-step diffusion model, molecules can only
rotate by a small angle before they experience a reorienting
collision. Under the assumptions of this model the complete
reorientation process can be characterized by diffusion con-
stants ®,. In the most general case there is a diffusion tensor
with three independent diagonal elements ©,,,®,,,and ©,,
which characterize the reorientational motion around three
independent axes. It can be shown that the reorientational
relaxation process then is described by a sum of five expon-
entials.?** To simplify matters, we introduce at this point
two assumptions which are confirmed by the experimental
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results. First, the principal axis systems for the polarizability
tensor and the rotational diffusion tensor coincide or are
very close to each other. This reduces the number of expon-
entials to be considered to two**:

C(t) A, exp[ — (60, + 24)¢ ]
+ A, exp[ — (60, —24A)¢], (92)
where
0,=(1/3)(0,+0,+0,), (9b)
A=[(0,, —0,)*+ (0, —0,,)(O, —0,,)]"% (%)
4, =1/N*{(a/3)[a,, — (1/2)(a.. + a,,) ]

+ (ab /\3) [, — (1/2) (e + a,,) | [ — @y ]
+ (6%/2)[a,, —a,,]? (9d)
with
a=3(09,, —0,), (%)
b= (20, —0,, — 0, +24), (9)
N=2(Ab)"2 (9g)

A, is the same as 4, with the exception that g and b are
interchanged and a negative sign is placed in front of the ab
term.

Second, the diffusion constants for the rotation around
the two short axes of the biphenyl molecule (tumbling mo-
tion) are very similar

®xx z®ny®l) (10a)

but different from the diffusion constant characterizing the
rotation around the long axis (spinning motion)

0, #0,=0,,. (10b)

Considering this second assumption of a symmetric diffusor
we should bear in mind that the average dihedral angle
between the two phenyl rings in biphenyl in the liquid phase
is estimated to be 20°—40°.263® Under these circumstances
these assumptions appear to be physically well founded and
consistent with the experiments presented below. Inserting
Egs. (10) into Egs. (9) gives

C“(t)xA,expl —t/7] + A, exp — t/7,] (11a)
or
G(t) « (4,/1)exp[ — t/7,] + (Ao/7y)expl — t /7]

(11b)

with

T =1/60, (11¢)

7, = 1/(49; +20,), (11d)

A, =(1/2)[a, —a,,]% (11e)
and

A, = (1/3)[a, — (1/2)(a,, +a,)]> (11f)

That is, we expect to see a sum of two exponential decays
with their respective amplitude given by the anisotropy of
the molecular polarizability and the decay times.
Hydrodynamic theories of liquids ignore the details of
molecular interaction and treat the problem with a contin-
uum theory. The only important parameters are the shear

viscosity 7 of the medium and the boundary conditions at
the surface of the molecules being probed.’’ The Stokes—
Einstein—Debye (SED) equation,

7, =1/60 =V, /kT (12)

allows one to calculate the rotational relaxation time 7, of a
spherical particle under stick-boundary conditions.'*' Here
V.. is the volume of the particle. Perrin extended this basic
theory to treat cylindrically symmetric ellipsoids,*” and Hu
and Zwanzig showed how to calculate rotational relaxation
times for these ellipsoids under slip-boundary conditions.**
Their theories replace the molecular volume ¥V, in Eq. (12)
by an effective volume,

Veff =.f2Vm’ (13)

with f being a shape factor and z depending on the hydrody-
namic boundary conditions. The rotational relaxation of an
ellipsoid with three different principal axes has been treated
within this general framework by Youngren and Acrivos*
allowing them to calculate three different effective volumes
and relaxation times for any given ellipsoid.

Another extension of the basic SED equation was intro-
duced by Alms et al.** who added a term 7,

7, =NVa/kT+ 7, (14)

to account for the observed nonzero value of 7, in the extra-
polation /T —0. 7 is generally associated with the unhin-
dered inertial rotation of the molecule but has to be inter-
preted very carefully®' as even negative values of 7, have
been found experimentally.

The 7, in Egs. (12) and (14) are single particle correla-
tion times. One can show, however, that the relaxation times
measured in an TG-OKE experiment or a DLS experiment
are collective relaxation times 7,.>¢ This is in contrast to,
e.g., a NMR spin lattice relaxation or fluorescence depolar-
ization experiment which measure single particle correlation
times. Keyes and Kivelson®” have given an approximate the-
ory for the relation between 7, and 7, and find

7. = (&/.) 7, (15)

g, and j, are static and dynamic orientation correlation pa-
rameters and it is usually assumed that j, ~ 1." Therefore, a
separate measurement of 7. and r, through different experi-
mental approaches or a measurement of the relaxation times
in dilute solution and neat liquid yields g, and information
about orientational order in the liquid sample. From Egs.
(14) and (15) we expect the correlation times 7, measured
in a TG-OKE experiment to be given by

T, = 8 (MVea /kT + 75). (16)

IV. RESULTS AND DISCUSSION

Figure 2 shows typical TG-OKE signals as observed in
experiments under different polarization configurations. To
display the fast time scale behavior [Fig. 2(a)] the nuclear-
only OKE (0°/45°/90°/135°) and the electronic-only OKE
(0°/45°/90°/56.31°) configurations were chosen (the angles
of polarization in the preceding parentheses stand for the
two excitation beams, the probe beam and the signal beam in
that sequence). The electronic-only OKE signal [trace 1 in
Fig. 2(a)] gives the instrument response of the experiment

J. Chem. Phys., Vol. 90, No. 12, 15 June 1989



Deeg et al.: Reorientation of bipheny!

TG—Signal intensity (arb. units)

-2
time (ps)

:'9\ —
2 %MWMM
3 4
'é -
£ b
>
£ -
c -
3
'-OE-' -
T
c
o
72l
|
0 -
Q

0 10 20 30

time (ps)

FIG. 2. Optical Kerr effect transient grating signals S(¢) for a 0.77 mol/¢#
biphenyl/n-heptane solution at 23 °C. (a) Fast time scale behavior. Signals
1 and 2 are recorded with the electronic-only (0°/45°/90°/56°) and nuclear-
only (0°/45°/90°/135°) TG-OKE polarization configuration, respectively.
The dashed lines through the signals are calculated through the evaluation
of convolution integral (17). The theoretical curve through signal 2 (the
nuclear Kerr response) is calculated with response function (20). Signal 1
(the electronic Kerr or instrument response) has been fit with a §(¢) sample
response function. (b) Slow time scale behavior of the signal, recorded with
the polarization grating configuration (0°/90°/0°/90°). The dashed lineis a
fit using a biexponential decay function. The upper trace shows the residu-
als of the fit on a 10X enlarged vertical scale.

as the relaxation time of the electronic OKE is fast (10~ '°s)
compared to the pulsewidth. We have fit the instrument re-
sponse by assuming a double-sided exponential shape 7(¢)
for the laser pulse' with 1/e widths of 45 and 145 fs and
calculating the TG convolution integral for the three pulses
with a & function for the sample response G*“(¢)

+
S(1) =J I(t—1t")

—

XU G“(t"—t’)Ie(t’)dt’]zdt". (17)

I,(t) and I, (1) are the excitation and probe pulse shapes
(identical in our case), S(¢) is the signal amplitude of the
diffracted light when the probe pulse arrives with a delay ¢
with respect to the excitation pulses. The dashed line, which
isthefittocurve 1in Fig. 2(a), shows that the assumed pulse
shape reproduces the measured instrument response very
well. Only in the far wings are there small deviations from
the analytical function used.

Trace 2 in Fig. 2(a) and the curve in Fig. 2(b) display
the nuclear OKE data. First, we will address times >2 ps
where the dynamics are determined by reorientational diffu-

6897

sion. As seen in Fig. 2(a), the TG signal due to the nuclear
OKE data vanishes at a set of angles appropriate for the y**
tensor symmetry associated with single particle polarizabili-
ty. This validates the assumption that the dynamics can be
described in terms of single particle reorientation. The reor-
ientational relaxations have characteristic decay times much
longer than the pulsewidth. Therefore, one can analyze the
t> 2 ps data in a straightforward manner without having to
numerically compute convolution integrals. Convolution
will be used in discussing the ¢ < 2 ps data.

We have used the following approach in analyzing the
data. A TG experiment measures a signal which is propor-
tional to the square of the response function G*°(¢). Thus, we
first calculate 1/.S(¢) for the observed signal and then work
with this function. Figure 3 (a) shows a semilogarithmic plot
of the /S datain Fig. 2(b). The decay of the signal for 1> 12
ps is described by an exponential decay with a time constant
7, = 12.3 ps. At shorter times, ¢ < 12 ps, the signal deviates
from a single exponential. To analyze this part of the signal,
we have subtracted the contribution of the slow exponential
B, expl — ¢ /7] from v/S(¢) and drawn a semilogarithmic
plot of the difference. This plot for the +/S data in Fig. 2(a)
is shown in Fig. 3(b). We find a straight line over three
factors of e characterizing another exponential with a time
constant 7, = 2.1 ps (and amplitude B,). So, for £>2 ps the
signal decay v/S(z) « G*°(¢) is given by a biexponential
function B, exp[ — ¢ /7,1 + B, exp[t/7,]. The dashed line
through the data in Fig. 2(b), barely discernable from the
data, is the square of this biexponential function and demon-
strates the excellence of the fit. In the upper part of Fig. 2(b),
the residuals of the fit are shown on a 10 times expanded
scale. There is no systematic trend in the residuals which
supports the accuracy of the fit. The ultrafast time scale be-
havior (¢ < 2 ps) shows additional contributions to the signal
which are discussed later.

The general behavior described in connection with Figs.
2 and 3 is shared by all samples over the entire temperature
range investigated. For £>2 ps, the decay of G*(¢) is given
by a biexponential characterized by two time constants 7
and 7,. Table I shows a compilation of the decay parameters
found in the experiments. The decay times are the average of
several independent measurements. From the theoretical
background presented earlier we now identify the decay
function with Eq. (11b) and associate the two decay param-
eters 7, = 1/60, and 7, = 1/(40 + 20,) with rotational
diffusion constants. 7, characterizes the slower tumbling
around the short axes whereas 7, contains contributions
from spinning and tumbling motion. From Eqgs. (11c¢) and
(11d), we can calculate the time constant for pure spinning
motion

27,7,

Ty — T2 .

The values of 7, are also compiled in Table 1.
We have plotted the values of 7, and 7, vs 7/ T'in Figs. 4

and 5, respectively. Focusing first on the behavior of the

slowest exponential, depicted in Fig. 4, we find that 7, shows

a linear dependence on 7/7, as predicted by the modified

SED equation (16). The straight line in Fig. 4 is a linear fit
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TABLE L. Average rotational correlation times of the investigated samples.
7, and 7, are the measured relaxation times of the biexponential decay. 7, is
the relaxation time characterizing the spinning motion of the molecule and
is calculated according to Eq. (18) in the text. T'is the temperature in °C and
77is the viscosity in centipoise (cP). The data points marked with an asterisk
are taken in the supercooled biphenyl liquid.

T 7 T T T, T,
(°C)  (cP) (1073cP/K) (ps) (ps)  (ps)
Biphenyl,
neat
58* 193 5.82 38.5 5.7 4.0
63* 1.75 5.21 349 5.3 3.7
73 1.46 421 28.3 4.3 3.0
83 1.23 3.44 24.8 3.0 2.1
103 0.89 2.37 17.7 29 2.0
113 0.77 2.00 15.3 2.4 1.7
124 0.67 1.68 13.6 2.4 1.7
Solution
1.65 mol/¢
49 043 1.35 12.3 2.3 1.6
56 0.41 1.24 11.2 2.2 1.6
63 0.38 1.14 10.6 2.1 1.5
78 0.34 0.96 8.8 2.0 1.5
Solution
0.77 mol#
23 0.48 1.61 12.1 2.1 1.4
35 0.42 1.38 10.5 2.0 1.4
49 0.38 1.19 9.1 1.9 1.4
63 0.35 1.04 7.7 1.7 1.2
78 0.32 091 6.8 1.6 1.2

for the relaxation times observed in neat biphenyl and is
given by 7, = (3.4 + 1.0) X 10~ "* s + (6.0 +0.2) X 10~°
(9/T) s K/cP. The first number is the intercept, and the
second is the slope. Applying Eq. (16) this slope corre-
sponds to g,V.; = 83 + 3 A>. Similar linear fits for the data
in solution (fits not shown in Fig. 4) give
7,=(0.0+07)X10""? s+ (9.1+1.8)X10™° (/1)
s K/cP for the 1.65 mol/¢ solution and 7, = (0.0 + 1.0)
102 s 4 (7.6 +0.9) 107° (5/T) s K/cP for the 0.77
mol/¢ solution. This corresponds to g,V.s = 126 + 25 A®
and 105 + 12 A? for the 1.65 mol/¢sample and the 0.77
mol/¢sample, respectively. That is, the solution data show
somewhat larger slopes and have larger error margins. The
larger error margins can be attributed to two facts. First, the
S/N ratio for the data in solution is worse than for the signals
in neat biphenyl, as the signal intensity decreases with the
number of biphenyl molecules in the sample. Second, the
1/ T range which is easily accessible and has been investigat-
ed for the solutions is much narrower than the /T range of
the neat biphenyl data. This is because of the larger activa-
tion energy of the viscosity in neat biphenyl compared to the
solutions and the fact that it is possible to supercool the neat
biphenyl considerably (=15°) (see data points at 58 and
63 °C) and extend the accessible temperature and viscosity
range.

If there is any orientational correlation between the bi-
phenyl molecules, we would expect that this correlation,
contained in the parameter g,V ¢, would increase with in-
creasing biphenyl concentration and increasing interaction
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FIG. 3. Analysis of the data in Fig. 2. (a) Semilogarithmic plot of v/S(¢) in
Fig. 2(b). The straight line is a monoexponetial fit to the slow time scale tail
of the decay. (b) Semilogarithmic plot of v/S(¢) [signal 2 in Fig. 2(a)]
after subtraction of the slow time scale exponential decay B, exp[ — ¢ /7,]
as shown in (a). The straight line is a single exponential fit to the > 2 ps
part of the curve following subtraction.

between the molecules. This is clearly not the case. g,V ¢ is
smaller in the neat bipheny! than in the two solutions, and
the error bars almost overlap. Although it might be possible
to construct a complex model, including specific interac-
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FIG. 4. 5/T dependence of decay time 7, of slow exponential decay. The
straight line is a linear fit through the data for neat biphenyl only.
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FIG. 5. /T dependence of “fast” correlation time r, as calculated with Eq.
(18). The straight line is a linear fit through the data for neat biphenyl only.

tions with the n-heptane solvent molecules, which would
account for an increase in g, going from the 0.77 mol/¢ to
the 1.65 mol/¢ solution and then a drop of the orientational
correlation or even an anticorrelation in the neat liquid, the
available data, especially given the large error margins for
the solution experiments, supports a simple conclusion. The
fact that there is no obvious trend going from the least con-
centrated solution to the neat liquid indicates that there is
little orientational correlation between the biphenyl mole-
cules, and g, ~ 1.

This conclusion is supported by a comparison with cal-
culated numbers. We determined the molecular extensions
of biphenyl using a Stuart-Briegleb space filling model and
approximated the molecule as a cylindrically symmetric el-
lipsoid whose large diameter is given by the long axis of the
biphenyl molecule and whose short diameter is the mean of
the two short axes of biphenyl. This gives a molecular vol-
ume V,, = 122 A3, and an asphericity parameter, p =042,
Assuming slip-boundary conditions,*! we find** ¥, = 104
A3, a value of the same magnitude as the experimental values
found for g, V. This supports the conclusion that the orien-
tational correlation between the biphenyl molecules is small
and that g, ~1 in the samples investigated. Altogether, the
data show that the tumbling motion reorientational relaxa-
tion of biphenyl is well described by hydrodynamic theory.

Turning to the 7, data in Fig. 5 we again find a linear
dependence of 7, on /T as predicted by the SED equation.
The results of linear fits through the data are 7,

=(0.6+03)X10""? s+ (5.7+05)%X107° (/T
s K/cP for the neat biphenyl (shown as straight line in Fig.
5), 7,=(lL14+0.1)X10""2 s+ (414+28)x107"°
(9/T) sK/cP for the 1.65 mol/¢ solution, and 7,
= (0.8+0.1)X10""? s+ (41+14)X10°"° (o/1
s K/cP for the 0.77 mol/¢solution. Within the experimental
error, these slopes are the same. This indicates that the fast
reorientational relaxation given by 7, is well described by
hydrodynamic theory. The comparable slope for the neat
biphenyl and solution data demonstrates that there is no ap-
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preciable static orientational correlation for the short axes of
biphenyl and g, (short axes) =~ 1.

Since g,~ 1, the slopes for 7, vs 77/T can be translated
into an effective hydrodynamic volumes V,; of 7 A%, If bi-
phenyl is approximated as a general ellipsoid with three dif-
ferent diameters, three effective hydrodynamic volumes for
slip boundary conditions can be calculated.* One value cal-
culated in this manneris ¥V ; = 8 A, Ttis, however, unrealis-
tic to approximate the biphenyl molecule with its two out-of-
plane phenyl rings as a general ellipsoid. There is no
unambigous way to do it.

Instead, it is informative to compare the spinning mo-
tion of biphenyl with the rotation of benzene around an in-
plane axis. Alms ez al.*® have found from the viscosity depen-
dence of 7, of benzene that 7, = 3.5X 10~ "> (%)s/cP. This
correponds to V,; = 14.3 A3, compared to the theoretical
value for slip-boundary conditions, V.4 = 20.4 A>. That is,
the 7, for rotation of biphenyl around its long axis are
smaller than the reorientation times of benzene. The fact
that the biphenyl molecule spins faster than benzene at the
same viscosity contradicts our intuition about the reorienta-
tional relaxation of these molecules. We have considered two
possible reasons for the surprisingly fast relaxation of bi-
phenyl.

First, the spinning motion of biphenyl might have to be
described with subslip-boundary conditions. Subslip-bound-
ary conditions are generally explained by picturing a small
nonspherical molecule rotating in a solvent of large mole-
cules with large interstitial gaps providing little friction.?!-°
Although a solution of biphenyl in n-heptane or neat bi-
phenyl liquid do not seem to fit into this category, we cannot
totally exclude this possibility.

Second, the fast reorientational relaxation might not be
associated with spinning of the rigid biphenyl molecule but
result from a torsional motion of the two phenyl rings with
respect to each other around the central C-C bond. If the
molecule is not rigid, the optical excitation pulses not only
exert a torque on the whole molecule, but also exert different
torques on the two phenyl rings. This induces a torsion of the
molecule and a change of the dihedral angle between the two
phenyl rings. The twisted molecule relaxes by intramolecu-
lar reorientation of the phenyl rings. The internal relaxation
takes place within a restricted range of the dihedral angle
determined by the potential function describing the internal
rotation in the presence of the liquid environment. It has
been shown that molecular reorientational diffusion, which
can only proceed within a limited angular region, is charac-
terized by an apparently faster relaxation time than reorien-
tation without restriction. %!

A recent determination of the biphenyl dihedral angle
potential function®® gives barrier heights of 4.7 and 14.7
kJ/mol at 0° and 90°. Hence, even at room temperature, there
is a considerable probability ( =0.15) of crossing the barrier
at 0°. Experiments at higher temperature than presented
here might be able to clarify the nature of this fast reorienta-
tional diffusion process, since reorientation of the whole
molecule and internal rotation in a potential well should
show a different T dependence. The conditions in the liquids
studied here are not those which would be expected to yield
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subslip-boundary conditions. Internal dihedral angle relaxa-
tion seems the most likely explanation for the faster relaxa-
tion component.

It is interesting to compare the results of the time do-
main TG-OKE experiments with the results of a frequency
domain DLS study. Dorfmiiller'® has published data from a
DLS investigation of several biphenyl/n-heptane solutions,
one having a concentration of 0.77 mol/¢, allowing direct
comparison with our data. The scattered Rayleigh spectrum
was fit with a single Lorentzian which was associated with
the tumbling motion of the biphenyl molecule. Besides some
discrepancy at low temperature/high viscosity, the
linewidth of this Lorentzian is consistent with the time con-
stant of the slow exponential in the TG-OKE experiments.
The important difference between the DLS and the OKE
data is that the time resolved experiments show a distinct
second relaxation component. The fast component (and the
ultrafast relaxation discussed below) are not observed in the
frequency domain study, although theoretically both meth-
ods should reveal the same information.

The different observations in the TG-OKE and DLS
experiments could be due to different experimental con-
straints in the two approaches. First, the light scattering
method has the largest signal and best S/N ratio for small
values of Aw characterizing the slow processes in the sample.
Signal and S/N ratio get smaller in the spectral wings, which
contain information on the fast dynamics. In a time resolved
experiment, however, the fast processes dominate the signal
at early times where the intensity of the signal is large and the
S/N ratio high. Only the contributions of the slow relaxation
processes are left at long times where the signal intensity and
S/N ratio are small. Second, the time resolved method, given
a long enough optical delay line, is able to gather data on all
time scales with a single experimental setup. Depending on
the free spectral range of the equipment used, frequency re-
solved studies often involve different setups for different fre-
quency scales. This can introduce problems with matching
of the spectra and finding the correct baseline.

Dorfmiiller'® has also presented a linewidth analysis of
Raman spectra of the symmetric breathing vibration of the
phenyl ring of biphenyl in a 1.45 mol/¢ biphenyl/CCl, solu-
tion. He finds correlation times, 7,,,, = 4.5-7.5 ps, which he
associates with the spinning motion of biphenyl. These cor-
relation times 7, are considerably longer than the relaxa-
tion times 7, of the fast exponential found in the OKE ex-
periments. As shown by Bartoli and Litovitz,**> however, the
reorientational correlation function for a Raman active vi-
bration in a molecule of lower symmetry than C;, or D, isa
sum of five terms with different decay constants. It is not
possible to isolate one of these terms and study reorienta-
tional motion about one specific axis of the molecule. There-
fore, the values for 7,,, of biphenyl in Ref. 13 should contain
contributions from the tumbling motion, making r,,,,, longer
than the values for 7, found in the OKE study.

Up to now we have only considered the decay times 7,
and 7, of the two reorientational relaxation components en-
countered in the TG-OKE experiment. Besides the decay
constants, the two exponentials are also characterized by
amplitudes B, and B,. Following the theory leading to Eqs.
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(11), these should be given by the ratio of the anisotropies of
the polarizability and the decay times, i.e., B, = 4,/7,. The
values of B,/B, found in the TG-OKE experiments are in the
range 1.1-1.4. The independent values of the biphenyl polar-
izabilities, ;;,**~*° which would allow us to calculate 4,/4,,
all have considerable shortcomings and are not consistent
with one another. The values of a;; found in the only experi-
mental study*’ are based on the assumption of a flat biphenyl
molecule and yield 4,/4, = 0.96. Two different theoretical
treatments give 4,/4, = 0.83-0.94* and 3.7-4.8*" for a di-
hedral angle of 30°~40°. Both theoretical approaches have
critical flaws. The CNDO/SCI method* is based on a very
deficient one-particle basis set, and the ACF method*® is a
purely empirical and conceptually weak approach.*® The
values of a;; in Refs. 43 and 44 translate into B,/B, = 0.14—
0.20, whereas Ref. 45 gives B,/B, = 0.55-1.05 compared to
our experimental value of 1.1-1.4.

The difference between the calculated and experimental
value of B,/B, could arise from our imprecise knowledge of
the a;;. There is, however, a fundamental flaw in the descrip-
tion of the reorientational relaxation through Egs. (11), i.e.,
the assumption of a purely relaxational mode. To see the
limits of this picture, we will briefly discuss the dynamics on
the ultrafast time scale ¢t <2 ps. Recent measurements on
other systems’~'! have reached the conclusion that the ultra-
fast timescale is dominated by the dynamics of librational
modes. The excitation pulses exert a torque on the molecule
and Kick it out of its equilibrium orientation. The original
motion is inertial and the molecule starts to librate within the
potential well defined by its solvent cage. This can be
thought of quantum mechanically as stimulated rotational
Raman excitation of the libration. The librations are damped
through collisions with other molecules. Whether the libra-
tions are underdamped or overdamped depends on specific
molecular interactions.’ In spite of this broad picture, the
detailed description remains fuzzy. Up to now the available
data are scarce. With one exception,® all investigations have
been done at a single temperature, and it is difficult to decide
between the response functions which have been put forward
to describe the ultrafast dynamics.

With this background, we want to bring forward a ma-
jor point which has been neglected so far; coherent libra-
tional motion and incoherent diffusive reorientational mo-
tion in a liquid are coupled. The molecule kicked by the
electric field (Raman scattered) starts librating within the
potential defined by its environment. In a crystal, the molec-
ular libration damps by phonon scattering, and the molecule
relaxes to its initial equilibrium orientation. In a crystal,
after librational relaxation, there is no residual anisotropy.
In a liquid, the libration is damped by collisions with neigh-
boring molecules. At the same time, the solvent cage around
the molecule is undergoing structural relaxation. Partial re-
laxation of the solvent structure is responsible for the net
alignment (anisotropy) left in the sample after the damping
of the libration. The librations are excited in preferred direc-
tions. Most of the induced alignment disappears with the
librational damping. When the excited molecules damp, the
local structure has changed. The molecules do not relax to
their original configurations. It is only this residual align-
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ment which relaxes by diffusive reorientational relaxation.

This picture has certain implications. If the time scale
for the evolution of the solvent cage is much slower than the
time scale for the librational damping, then the residual
alignment following librational damping is very small. An
extreme case would be the situation in the crystal mentioned
above. The closer the damping and structural relaxation
time scales are to each other, the larger is the alignment
which then relaxes due to reorientational motion. The data
shown in Figs. 2 and 3 are dominated by the librational con-
tribution on the ultrafast time scale and can only be fit by
assuming an inertial delay in the response function. This
proves that the model of a purely relaxational mode is not
applicable and the response function (11b) has to be modi-
fied at early tines. It also means that the expressions for the
amplitudes of the exponentials in Eq. (11b) are incorrect
and the discrepancy between the experimental values of
B,/B, and the values derived from Eq. (11b) are not surpris-
ing.

A correct response function has to describe the libra-
tional excitation and damping, the diffusive reorientational
motion, and the coupling between the two kinds of motion.
To take these into account, we have used a response function
for a single libration/reorientation of the form

G“(t) = C[exp( —t/1,) —exp(—t/7,)]

+ C,[1 —exp( —t/1,) ]exp( —t /7). (19)

The C, term describes the libration as an overdamped oscil-
lator characterized by time constants 7, and 7,. 7, charac-
terizes the rise of the libration induced anisotropy, and 7,
characterizes the decay of the libration. The C, term de-
scribes the diffusive reorientation; the [1 —exp( —¢/7,)]
factor assures the coupling between librational and reorien-
tational relaxation and delays the onset of the diffusive reor-
ientation by the librational damping time. 7 is the orienta-
tional diffusive relaxation time. Although earlier
publications have acknowledged the fact that the reorienta-
tional relaxation should show inertial character at short
times,>*” to our knowledge this is the first effort to explicitly
link the librational and the diffusive reorientational motion.
One immediate implication of the picture of molecular
dynamics developed here is the fact that C, and C, in Eq.
(19) are not independent parameters but are related. C,/C,
depends on the relationship between the time scales for the
librational damping and the solvent structure evolution. If
we associate the time scale for the solvent structure random-
ization with the time constants of the reorientational relaxa-
tion 7; (this does not imply that they are identical), then C,/
C, should be a function of ¢, /7;, the ratio of the librational
damping time and the reorientational relaxation time. If the
librational damping does not depend strongly on tempera-
ture/viscosity, then we expect C,./C, to increase with in-
creasing temperature/decreasing viscosity, i.e., decreasing
7;. A check of the data, comparing the intensity of the signal
at its maximum (when it is dominated by the libration) with
the intensity at = 3 ps (when the diffusive reorientation is
predominant), actually shows a trend confirming this idea.
Equation (19) is in some respects heuristic. Its purpose
is to explicitly link the librational motion and the reorienta-

tional relaxation. The librational motion might be more ac-
curately described with an underdamped oscillation and a
decay dominated by inhomogeneous dephasing, as in the re-
cent publications of the groups of Nelson and Kenney-Wal-
lace. However, thermalization (librational damping) must
occur before the system can undergo diffusive relaxation.
The coupling term between the librational and reorienta-
tional relaxation may also require a more refined treatment.
Nevertheless, Eq. (19) contains the essential ingredients of a
proper description of the dynamics.

To calculate the data on the ultrafast timescale ¢ < 2 ps,
we convolve the response function with the laser pulses fol-
lowing Eq. (17). To achieve a satisfying agreement between
the data and the theoretical curve we include two ultrafast
components in the response function, one for each of the two
long time (> 2 ps) decays. We have given this additional
component the form of another overdamped oscillator. The
two librations, like the two diffusive reorientational compo-
nents, could correspond to motions around the long axis and
the short axes of the biphenyl molecule. The resulting equa-
tion is
G<(t)=C,, [exp( —t/7,,) —exp( —1/7,)]

+C, [l —exp( — 1 /74, ) ]exp( — t/7,)
+ Cpp[exp( —t/7,,) —exp( —t/7,)]

+C,[1 —exp(—t/7,,) Jexp( —t/7,). (20)

The calculated curve (dashed line) through the data in trace
2 of Fig. 2(a) uses the parameters: C;; =90, C,, =34, 7,
=40 fs, 7,, =50 fs, 7,, =480 f5, C,,, =1, C,, =112,
7, = 2.1 ps, and 7, = 12.3 ps. The agreement is very good,
but due to the limited time resolution of our experiments the
first five parameters characterizing the ultrafast dynamics
have an error margin of + 20%. It is important to mention
again that the data cannot be fit with a relaxational model,
even using a number of additional exponentials. The data
clearly display a delayed rising edge, consistent with the pro-
posed description and response function.

V. CONCLUDING REMARKS

We have employed time resolved TG-OKE experiments
in the study of the reorientational dynamics of biphenyl in
liquids. The sub-ps time resolved investigation of biphenyl as
neat biphenyl and in n-heptane solution reveals a biexponen-
tial decay (¢> 2 ps) associated with the anisotropic reorien-
tational relaxation of the molecule. The slower exponential
is due to the tumbling motion of biphenyl and has been found
in earlier DLS experiments. The faster exponential charac-
terizes relaxation most likely arising from internal reorienta-
tional motion of the two phenyl rings around the central
C-C bond. This faster component has not been seen in the
DLS investigations. On the ultrafast time scale (¢ <2 ps),
dynamics are dominated by librational excitation and damp-
ing, rather than diffusive reorientational motion. Qur ex-
perimental results demonstrate the limits of a purely relaxa-
tional model in describing the onset of molecular alignment.
We have outlined an improved model which couples the dif-
fusive reorientational relaxation of the molecules with the
librational motion on the ultrafast time scale.
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