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Transient gratir~ optical Kerr e&t measurements in the isotropic pbase of the nematic liquid crystal pentylcyanobiphenyl 
(5CB) are presented. Subpicosecond time resolution permits the first direct investigation of the time correlation function for the 
local mokcular dynamics of the molecules within the pseudonematic domains. Intradomain molecular relaxation is noneaponen- 
tial with relaxation rates ranging from 1 / 1 ps to l/300 pa The decay characteristics are tempemture it&pent&t to temperatures 
35% above the nematic-isotropic phase transition reflecting a decoupling of the local dynamics from the bulk viscosity. 

1. Introduction 

The isotropic liquid phase of nematogenic sub- 
stances is characterized by considerable short range 
order [ 11. Although macroscopically isotropic, ori- 
entational correlation between the molecules persists 
over a coherence length, e(T), much larger than the 
molecular size. This local correlation can be visu- 
alized as microscopic pseudonematic domains in the 
isotropic phase. 

As a consequence of this coherence length, e(T), 
many static and dynamic physical properties show 
pretransitional behavior. Parameters, which char- 
acterize these physical properties, diverge if one low- 
ers the temperature toward T*, which is slightly be- 
Tow the nematic-isotropic phase transition Tniy as 
expected from the Landau-de Gennes model [ 1,2]. 
One of these parameters is the collective reorienta- 
tional relaxation time, r=, measured with dynamic 
light scattering (DLS) [ 31 and the optical Kerr ef- 
fect (ORE) [ 4-6 1. In the pretransitional region right 
above T”i, r,cc 1 /(T-T*) as predicted by the Lan- 
dau-de Gennes model, i.e. as c(T) increases the reo- 
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rientation slows dramatically because of collective 
interactions. 

Early on Flytzanis and Shen argued [ 71 that, be- 
sides the well-established slow collective dynamics 
arising from fluctuations of the order parameter, the 
reorientational motion in the pretransitional region 
should have fast contributions from local molecular 
reorientation. These fast contributions could ac- 
tually be seen in dynamic light scattering [ 8 ] and 
optical Kerr effect experiments [9,10]. Because of 
the limited resolution in these experiments, how- 
ever, the effect could only be established, and ques- 
tions about the general characteristics of the corm- 
lation function for the molecular dynamics or its 
change with temperature could not be addressed. 

In this Letter detailed experiments are presented 
which analyze the fast contributions to the correla- 
tion function and elucidate the time dependence of 
the local molecular dynamics in pseudonematic do- 
mains. By using transient grating experiments [ IO) 
it is possible to examine dynamics over the necessary 
broad range of time scales, i.e. from subpicosecond 
to tens of nanoseconds. Frequently, dynamics in liq- 
uids are discussed in terms of reorientational mo- 
tions. However, ORE and DLS data provide mea- 
surements of a collective correlation function, which, 
in addition to rotational dynamics, monitor inter- 
action- or colbsion-induced (CI) phenomena. The 
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possible role of CI phenomena in the measurements well as DLS techniques, give direct model-free access 
presented below is discussed in section 3. to the correlation function or its Fourier transform. 

Although refined models have been discussed [ 111, 
reorientational dynamics in regular liquids can gen- 
erally be described by a Debye-type small step dif- 
fusional model and hydrodynamic theory [ 12,131. 
In a Debye model, the reorientational time correla- 
tion function is given by a sum of exponentials with 
decay constants rmt,i corresponding to the interao 
tions between the molecule probed and the sur- 
rounding molecules. For hydrodynamic boundary 
conditions, the Debye-Stokes-Einstein (DSE) 
equation shows that this interaction can be de- 
scribed by the bulk viscosity, q, of the liquid and an 
effective volume, Vdf, of the rotating molecule: 

Recently, a transient grating (TG) ORE approach 
was used to perform a temperature-dependent study 
of the reorientational dynamics [lo] of neat bi- 
phenyl and biphenyl in solution [ 221. Because of the 
similarities of the biphenyl and 5CB molecules a 
comparison with the biphenyl study can provide in- 
sights into the nature of molecular dynamics. Be- 
sides an ultrafast component ( 100 fs timescale) as- 
sociated with librational damping/dephasing, the 
biphenyl experiments revealed two reorientational 
relaxation components. The slower one was associ- 
ated with the tumbling motion of the molecule 
around its short axes, the fast one with motion around 
the long axis. Both components are accurately de- 
scribed by eq. ( 1). 

r7 depends exponentially on temperature, There is a 
linear relationship between the reorientational re- 
laxation time and q/T a fact which has been con- 
firmed by a multitude of experiments [ 12,151. 

As will be shown below, dynamics of molecules 
within pseudonematic domains of SCB cannot be ex- 
plained in the manner described above. The orien- 
tational correlation in the domains establishes a lo- 
cal structure that is stable on the timescale of the fast 
molecular dynamics. The stable local structure pro- 
vides an anisotropic potential within which a mol- 
ecule moves. As demonstrated by the results pre- 
sented in this Letter, the ordered liquid structure 
influences the dynamics and gives rise to deviations 
from hydrodynamic theory. 

There have been a large number of investigations 
of the local order and molecular reorientation in ne- 
matogenic substances using NMR [ 161 and ESR 
[ 17 1. These investigations have either studied the 
motion of small solute molecules dissolved in the ne- 
matic or isotropic pretransitional phase [ 18-201 or 
considered the nematic phase [ 2 11, The spin relax- 
ation techniques provide a large amount of detailed 
information about single molecules rotational dy- 
namics in liquid crystalline systems. These experi- 
ments, however, require assumptions about the form 
of the reorientational correlation function and the 
coupling of the spins to the molecular motions be- 
fore information about dynamics on a picosecond 
timescale can be extracted from data. On the other 
hand, the ORE experiments to be described here, as 

The biphenyl study also demonstrated another 
point. DLS and TG-ORE experiments in principle 
contain the same information [ 231. However, de- 
pending on the specific situation, one of the methods 
can be advantageous. Whereas the TG-OKE study of 
biphenyl exhibited two reorientational relaxation 
components following the ultrafast growth and de- 
cay of the precursor librational motions [ 221, a 
comparable DLS investigation [24] gave a single 
Lorentzian, corresponding to the slowest reorienta- 
tional component. This illustrates that when there 
are several decay components, a time-resolved study 
can more readily observe the faster phenomena, The 
TG-OKE technique has another feature not found in 
DLS or conventional ORE experiments. As dem- 
onstrated by Etchepare et al. [ 251 and recently more 
generally [ 261, it permits the separation and iden- 
tification of physical processes which are character- 
ized by different symmetries of x”). This feature of 
the TG-ORE experiment makes it possible to sup 
press the contribution of the electronic ORE to the 
signal and to study solely the molecular dynamics 
giving rise to the nuclear ORE. Like DLS, it also al- 
lows the separation of the isotropic CI phenomena 
from the single molecule rotational motion and an- 
isotropic CI contributions. 

The TG signal is proportional to the square of the 
sample response function G [ 10,22,23 ] 

S(r)ccG2(r). (2) 

Therefore, in the analysis of complex TG data it is 
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useful to take the squareroot of the signal before fur- 
ther manipulation. 

2. Experimental procedures 

The experiments were performed with a sub- 
picosecond dye laser system which is described in 
detail elsewhere [ 271. With a DCM dye the laser 
system generates tunable 150-200 fs pulses with pulse 
energies of lo-20 u.l at a 1 kHz repetition rate. 

A schematic of the TG set-up is shown in fig. 1. 
As described in detail previously [ 261, the set-up 
provides control of the polarization of both excita- 
tion beams, the probe beam, and the detected signal. 
Thus it is possible to monitor exclusively the con- 
tribution of the desired physical processes to the TG 
signal. To avoid two-photon absorption in the 5CB 
sample, which becomes significant at shorter wave- 
lengths [ 26 1, an excitation and probe wavelength of 
A= 665 nm was used. Careful laser power and wave- 
length studies demonstrated that the results are free 
of artifacts. 

K 
llllllll) induced 

grating 

excitation 
pulses 

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 inter- 
ference pattern. The resulting changes in the index of refraction 
create a diffraction grating which Bragg scatters the probe pulse. 
The polarizations of aI1 four pulses are controlled in the experi- 
ment and a~ used to separate various contributions to the signal. 

The extensively filtered pentylcyanobiphenyl 
(5CB) liquid was placed in a 1 mm spectrophoto- 
metric cuvette which was inserted into a variable 
temperature sample holder. The sample temperature 
could be measured and controlled within kO.2”C. 
The experiments described here were performed in 
the isotropic phase of SCB (nematic-isotropic phase 
transition temperature rnj = 35 “C ) . 

3. Results and discussion 

The data in figs. 2a-2c show typical TG-OKB re- 
sults obtained in the SCB sample at 41.7”C, i.e. about 
7°C above the nematic-isotropic phase transition. 
The three plots depict the OKB behavior on three 
different timescales. The ultrafast dynamics (r-z 5~s) 
in fs. 2a have been recorded with polarization con- 
figurations which allow separation of the electronic 
and nuclear OICB and monitoring of their respective 
contributions to the TG signal [ 26 1. The plot of the 
electronic-only TG-OKB represents the instrument 
response function of the experimental set-up as the 
relaxation time of the electronic OKB ( 10mi3 s) is 

fast compared to the laser pulse duration. The nu- 
clear OKB on the subpicosecond timescale is dom- 
inated by a strong slightly delayed signal with decay 
constants on a 100 fs timescale. A response of this 
kind has been found in all ultrashort laser pulse OKE 
studies performed so far [ 22,28-311. This response 
is due to a coherent excitation of molecular libra- 
tions and CI interactions in the liquid. The optical 
pulse exerts a torque on the molecules, which react 
with a certain inertial delay. The induced anisotropy 
then decays because of thermalization and dephas- 
ing of the librations. As has been discussed id detail 
recently [ 221, this ultrafast librational dynamics 
gives rise to the anisotropy which decays on slower 
timescales by reorientational diffusion. Possible con- 
tributions from CI phenomena and couplihg be- 
tween rotational and translational degrees of free- 
dom are discussed below. 

The dynamics are shown in fig. 2b on a timescale 
which is compressed by two orders of magnitude 
compared to fig. 2a. The large dynamic range of the 
observed dynamical phenomena is emphasized by 
fig. 2c which shows the OKB decay on a timescale 
compressed by another order of magnitude. The data 
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Fig. 2. Optical Kerr effect transient grating signals S( 2) for a pen- 
tylcyanobiphenyl (5CB) sample (a-c) T=41.7”C, (d) 
T~69.4”C. (a) Ultrafast timescale behavior. Signals 1 and 2 are 
recorded with the electronic-only nuclear-only TG-OICJZ poti- 
z&ion confgurations, respectively [ 26 1. (b) Intermediate time 
scale behavior of the signal, recordfzd tie the crossed -tini 
confiiration. (c) and (d) Slow timescale behavior ofthe signal, 
recorded with the crossed grating confwration at two 
temperatures. 
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in figs. 2b and 2c were recorded with a crossed grat- 
ing configuration, which suppresses any contribu- 
tion from laser-induced phonons [ 10,261. Note that 
the flat part of the curve in 2a is the steep part of 2b, 
and the flat part of 2b is the steep part of 2c. 

The plot in fig. 2c suggests a change in the nature 
of the dynamics for r< 1 ns and for t on the slower, 
nanosecond timescale. The z> 1 ns data can be fit by 
a single exponential with a decay constant r,=60 + 10 
ns. The large error margin is due to the limited ex- 
tent of the probe delay 7, which is small compared 
to the decay time. We have performed the same kind 
of TG-GKE experiments on the 5CB sample with 
1064 nm 100 ps excitation pulses and much longer 
probe pulse delays. These measurements clearly es- 
tablished the monoexponential character of the na- 
nosecond timescale decay and reduced the error 
margin [ 32 1. The value of the decay time r, is in good 
agreement with earlier long time scale measurements 
(t> 10 ns) of the OKE in 5CB [33]. This decay is 
the collective reorientation time associated with the 
pseudonematic domains. 

The emphasis of this Letter is on the relaxation 
dynamics on the intermediate timescale 3 pscrc 1 
ns, which characterize local motions within the pseu- 
donematic domains. To analyze these data, we have 
taken the squareroot of the TG signal in figs. 2a-2c, 
which is proportional to the sample response func- 
tion, and we have subtracted the slow timescale ex- 
ponential decay, discussed in the preceding para- 
graph. The response function that is obtained from 
this procedure contains only intermediate timescale 
local molecular dynamics. A semilogarithmic plot of 
this reveals a distinct nonexponential character with 
time constants between 1 and 300 ps, that is not suit- 
able for presentation in a semilog plot. If a single ex- 
ponential is forced through the slowest part of a 
semilog plot, a decay constant of =300 ps is ob- 
tained. To depict the entire intermediate timescale 
dynamics and illustrate the broad range of decay 
constants the data are presented with a double log- 
arithmic representation in fig. 3. The actual data de- 
cayed over 15 factors of e. Therefore, the square root 
of the data presented in fig. 3 varies over about 7 fat- 
tars of e. The plot appears essentially linear over 
E 1.5 orders of magnitude change in time. For r> 100 
ps it starts to deviate because of a slowest decay con- 
stant of s 300 ps, and for very short times, T< 3 ps, 
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Fig. 3. Intermediate timescale dynamics of 5CB at T=41.7”C 
and T=69.4”C. Double logarithmic plot of .f?@j after subtrw 
tion of the slow timescale collective reorientation exponential 
decay. The bulk viscosities at these temperatures are 18.35 and 
6.35 cP, respectively. 

the decay may still be influenced by the ultrafast li- 
brational dynamics and CI phenomena. 

If one increases the temperature of the 5CB sam- 
ple, the coherence length, {, and the collective reo- 
rientation time, r,, change rapidly; z,cc~/( T- T*). 
This is illustrated in fig. 2d which shows the slow 
timescale decay for T= 69.4”C. r, decreases from 60 
ns at 41.7”C (fig. 2c) to 4 ns at 69.4% (fig. 2d) in 
accordance with theory [ 1,2,32 1. 

Although the collective reorientation displays a. 
dramatic temperature dependence, the intermediate 
timescale behavior is quite different. If, as before, 
one subtracts the slow collective contribution from 
the sample response function, one obtains a decay 
for the local relaxation dynamics at 69.4”C, which 
is indistinguishable from the behavior at 41.7”C. As 
displayed in fig. 3, the data at the two temperatures 
fall on the same curve. Measurements at a variety of 
other temperatures also fall on the same curve [ 32 ] . 
The deviation at very short times, t< 1.5 ps, is due 
to differences in the laser pulse durations when the 
two measurements were made and their influence on 
the convolution with the sample response function. 

The negligible change of the intermediate time scale 
dynamics between T=41.7”C and T=69.4”C is 
startling. The respective viscosities of the 5CB sam- 
plesat 41.7 and 69.4”Carc 18.35 and 6.35 CP [34]. 

Hydrodynamic theory and the DSE equation ( 1) 
predict a linear relationship between tloc and g/ T and 
therefore a change of reorientational diffusion con- 
stants by a factor of ~3. 

As mentioned in section 1, hydrodynamic theory 
has been confirmed for biphenyl, the parent of 5CB, 
by TG-GKE experiments performed in this labora- 
tory using the identical equipment and techniques 
[ 221, For the sake of comparison with the 5CB re- 
sults, typical biphenyl data are shown in a double 
logarithmic presentation in fig. 4. The viscosities of 
biphenyl for the two temperatures shown, T= 124°C 
and T= 58”C, are 0,67 and I.93 cP, respectively. The 
change of the viscosities by a factor of e 3 leads to 
a change of the reorientational decay constants by a 
factor of = 3 [22] and, as displayed in fig. 4, a cor- 
respondingly large change in the sample response 
function with temperature. Note that fig. 3 covers 
one more decade of time than fig. 4, and still the 5CB 
data for the two temperatures are indistinguishable. 

As mentioned in section 1, the TG-GKE experi- 
ments described in this paper measure a time cor- 
relation function of single molecules as well as higher 
order polarizabilities. Single molecule polarixability 
reflects only rotational motion whereas higher order 
polarizabilities are sensitive to translational and li- 
brational intermolecular motions (called CI ef- 
fects). Therefore, the intermediate timescale decay 

0 
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Fig. 4. Reorientational dynamics of 1 at T= 124°C and 
T= 58%. Double logari@nic plot of 
TG-OKJ?! s@nal. The bulk visc&ies of biphenyl at these tem- 
peratures are 0.67 and 1.93 cP, respectively. 
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could, in principle, contain contributions from sin- 
gle molecule rotational motion as well as intermo- 
lecular translational motion in the pseudonematic 
domains. 

The contributions of isotropic CI effects [ 35,361 
in the experiment can be inferred from the polari- 
zation dependence of the signal [26,32]. The con- 
tribution to the signal from isotropic CI effects is 
down by more than a factor of 106. Because the sig- 
nal depends on the square of the size of the effect, 
the isotropic CI effects are less than one part in a 
thousand of the total OKE effect. 

To estimate the importance of anisotropic CI ef- 
fects is more diff’cult. To be of significance, the an- 
isotropic CI effects would have to be a thousand times 
greater than the isotropic contribution. Furthermore, 
the type of positional correlations between mole- 
cules generally associated with CI effects would have 
to exist out to a time of one nanosecond. This would 
have to be the case if a substantial part of the inter- 
mediate time scale decay is because of CI phenom- 
ena. This seems unlikely. Intermolecular correla- 
tions would be expected to decay on a much faster 
timescale of a few picoseconds. Frenkel and Mc- 
Tague [ 351 have shown for small diatomic mole- 
cules that a timeseale separation between rotational 
and intermolecular motions is generally not possible. 
However, an extrapolation of these results to much 
larger molecules is not straightforward as, e.g. the 
point-polarizability approximation would not seem 
to be good for nematogens [ 371. Also, at higher tem- 
peratures, when the pseudonematic domains are be- 
coming vanishingly small (above SS’C), the inter- 
mediate timescale decay begins to show a T 
dependence which scales with q/T [ 32 1. This also 
suggest that the intermediate timescale decay is as- 
sociated with single molecule dynamics. 

While they cannot be totally ruled out, the dis- 
cussion given above indicates that CI effects are not 
of major importance in the intermediate timescale, 
temperature independent decays shown in fig. 3. 
However, there is another type of translational effect 
which should be considered. The rotational and 
translational degrees of freedom of the molecules 
within the pseudonematic comains may be inti- 
mately coupled so that orientational correlation is 
partly transferred to positional correlation. Even in 
semidilute solutions of rod-like molecules, rotations 

532 

and translations are coupled. Under these circum- 
stances a discussion in terms of single molecule ro- 
tation is insufficient. However, we believe that even 
in this case the main conclusion concerning the de- 
coupling of local reorientation (translational) mo- 
tions from the bulk viscosity, put forward in the fol- 
lowing discussion, remains unaltered. 

In contrast to a simple liquid, in the pretransi- 
tional region of 5CB reorientational relaxation takes 
place within an anisotropic potential of the local liq- 
uid structure which persists for times characterized 
by the collective reorientation time, r,. The time- 
scales of local reorientational relaxation and com- 
plete local structure randomization are widely sep- 
arated. The interaction of the rotating molecule with 
this highly correlated environment and its dynamics 
within this structure are independent of the bulk vis- 
cosity over a large temperature range. When the tem- 
perature is increased, the rate of structural random- 
ization increases and the viscosity decreases. 
However, as long as the rate of structural randomi- 
zation (the slowest component in the TG-OICE de- 
cays, figs. 2c and 2d) is long compared to the rate of 
local reorientational relaxation, the local relaxation 
is decoupled from the bulk. The local relaxation oc- 
curs on a potential surface which is essentially fixed 
on the timescale of the relaxation. The distinct time- 
scales and temperature dependences of the local reo- 
rientational relaxation and the domain structure 
randomization suggests that the local relaxation 
causes the anisotropy responsible for the TG-OKE 
signal to decay by returning the local structures es- 
sentially to their original configurations. Once the 
local structures have returned to their original con- 
figurations on a picosecond times&e, the remaining 
anisotropy is a property of the bulk domains. It de- 
cays with r,, the collective reorientation time on a 
nanosecond timescale. 

The pretransitional isotropic phase of a liquid 
crystal is composed of domains which are internally 
structured like the nematic phase. Each domain has 
a director. In a macroscopic volume, there are a large 
number of domains, and the directors point in ran- 
dom directions. Therefore a macroscopic volume is 
isotropic. The optical field induces an anisotropy 
which on a long timescale ( > 1 ns) decays with a rate 
1 /r, ‘Ibis is the rate of the loss of initial directional 
correlation among the molecules that make up a do- 
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main. In the isotropic phase, domains decay, and new 
domains are formed. The long lived anisotropy is due 
to a small net alignment of the domains’ directors by 
the optical field, and it can only decay by a random- 
ization of the domains’ structures. 

The intermediate timescale (3 ps< t< 1 ns) an- 
isotropy decay of 5CB is fundamentally different in 
nature. When the optical field is applied, the indi- 
vidual molecules will attempt to align with the field. 
The nematic structure of the domain means that the 
molecules have a net projection onto the director, 
but the individual molecules are arrayed with a 
spread of angles relative to the director, Depending 
on the director direction relative to the applied field, 
the optical pulse will enhance or decrease, on aver- 
age, the angles relative to the director. The new 
structures can be thought of as characterized by local 
order parameters which are higher or lower than the 
ones consistent with thermal equilibrium. 

To illustrate this idea, consider two special cases. 
The first is the subensemble of domains which have 
their directors along the applied field. The molecules 
will partially align with the field,. and therefore the 
average angle made with the director will be smaller. 
This corresponds to a higher value of the order pa- 
rameter. In contrast, consider the subensemble of 
domains which have their directors perpendicular to 
the applied field. Partial alignment with the field will 
make the average angle with the director greater, cor- 
responding to a lower value of the drder parameter. 

In the sample there are domains with directors 
pointing in all directions relative to the applied field 
direction. Therefore there will be a broad distribu- 
tion of modified order parameters. It is reasonable 
to postulate that the intermediate timescale dynam- 
ics are the reorientational motions (with possible as- 
sociated translational motions) which restore the lo- 
cal structures to their equilibrium spread of angles. 
One is observing the relaxation to the equilibrium 
local order parameter. The slow timescale dynamics 
are the relaxation of the bulk anisotropy induced by 
partial orientational alignment of the domains’ 
directors. 

Although a certain degree of decoupling of local 
solute motions from the bulk motions in the pre- 
transitional region of a liquid crystal has been ob- 
served in NMR experiments [ 18 1, to our knowledge 
temperature independent liquid crystal dynamics 

have not been observed previously. We have ex- 
tended the measurements described here to high 
temperatures ( T= 120 “C ) , where the coherence 
length decreases to a value comparable to the size of 
a single 5CB molecule. In these circumstances, one 
would expect SCB to begin to behave as a simple liq- 
uid, and indeed we observe a change of the inter- 
mediate timescale response function with tempera- 
ture. These measurements together with detailed TG- 
OICE data for the reorientational relaxation of 5CB 
in n-heptane solutions will be published elsewhere 
and will greatly amplify the results presented here 
~321. 

Acknowledgement 

We would like to thank the referee for helpful 
comments about the possible influence of CI phe- 
nomena in the reported experiments. We would also 
like to thank S.R. Greenfield, V.J. Newell and J.J. 
Stankus for technical assistance in the experiments. 
This work was supported by the National Science 
Foundation, Division of Material Research (DMR 
87- 18959) ) . Additional support was provided by the 
Office of Naval Research, Physics Division (NO00 14- 
89-J-l 119). FWD would like to thank the scientific 
committee of NATO for a postdoctoral fellowship 
administered through DAAD. 

References 

[ 11 P.G. de Gennes, The physics of liquid crystals (Clarendon 
Press, Oxford, 1974). 

[ 2 ] P.G. de Gennes, Phys. Letters A 30 ( 1969) 454; Mol. Cryst. 
LiquidCtyst. 12 (1971) 193. 

[3] T.W. Stinaon III and J.D. Litster, Phys. Rev. Letters 25 
(1970) 503; 
J.D. Litster and T.W. Stinson III, J. Appl. Phys. 41 ( 1970) 
996; 
T.D. Gierke and W.H. Flygare, J. Chem. Phys. 61 ( 1974) 
2231; 
G.R. Alms, T.D. Gierke and W.H. Plygare, J. Chem. Phya. 
61 (1974) 4083. 

[4] G.K.L. Wang and Y.R. Shen, Phys. Rev. Letters 30 (1973) 
895; 32 (1974) 527. 

[5] GKL. W0ngandY.R. Shen,Phys.Rev.A 10 (1974) 1277. 
[ 61 E.G. Hanson, Y.R. Shen and G.K.L. Won& Phys. Rev. A 

14 (1976) 1281. 

533 



Volume 167. number 6 CHEMICAL PHYSICS LETTERS 13 April 1990 

[ 71 C. Plytzanis and Y.R. Shen, Phya Rev. Letters 33 ( 1974) 
14. 

[ 81 NM. Amcr, Y.S. Lii and Y.R. Shen, Solid State Ccmmun. 
16(1975) 1157. 

[9] J.R. Lekmne, B. Martin, B. Pouligny and S. Kielich, Opt. 
Commun. 19 (1976) 440. 

[10]G.EyringandM.D.Fayer,J.Chem.Fhys.81(1984)4314. 
Ill ] SK Deb, Chem. Phys. 120 ( 1988) 225. 
I12 ] D. Kivclson, in: Rotational dynamics of small and 

macromoRcules, eds. Th. Dorfmftller and R. Peeora 
(Springer, Berlin, 1987) 0.1. 

[ 131 D.Xivclson and P.A. Madden, Ann. Rev. Phys. C&m. 31 
(1980) 523. 

[ 14) B.J. Berne and R. Pecora, Dynamic light ecetterin8 (Wiley, 
New York, 1976) cb. 7. 

I IS] G. Alma, D. Bauer, J. Brauman and R. Pecora, J. Chem. 
Phys. 59 (1973) 5310,532l. 

[ 161 I. W. Em&y and CA. Vera&i, ads., NMR in liquid cry&Is 
(Reidel, Dordrecht, 1985). 

[ 171 J.H. Freed, in: Rotational dynamics of small and 
macromolecules, eds. Th. Dorfmfiller and R. Pecora 
(Springer, Berlin, 1987) p. 89. 

I181 R. Poupko, R.L. Vold and R.R. Vold, J. Phys. Chem. 84 
(1980) 3444. 

[ 191 LS. Selwyn, R.L. Vold and RR. Void, Mol. Phys. 55 ( 1985 ) 
287. 

[ 201 C.F. Polnasack and J.H. Freed, J. Phys. Chem. 79 ( 1975) 
2287. 

[2l]T.M. Barbara, R.R. Vold, R.L.Vo1dandM.E. Neuhert, J. 
Chem. Phys. 82 (1985) 1612. 

[22] F.W. Deeg, J.J. Stankua, S.R. Greenfield, V.J. Newell and 
M.D. Faycr, J. Chem. Phys. 90 (1989) 6893. 

[ 231 Y.X. Yan and Kk Nelson, J. Chem. Phys. 87 ( 1987) 6240, 
6257. 

[24] Th. Dorfmthler, in: Rotational dynamics of small and 
macromolecules, eds. Th. Dorfmttller and R. Fecora 
(Springer, Berlin, 1987) p_ 65. 

12511. Etchepare, G. Grillon, J.P. Chat&suet, G. Hannoniaux 
and A. Orszag, Opt. Comnum. 63 ( 1987) 329. 

[26] EW. Deegandh5.D. Fayer,J. Chem. Phya 91 (1989) 2269. 
[ 271 V.J. Newell, F.W. Deeg, S.R. Grecnfield andM.D. Fayer, 1. 

opt. Soo. Am. B 6 (1989) 257. 
[ 281 S. Ruhman, B. Kohler, A.G. Joly and K.A. Nelson, Chem. 

Phys. Letters 141 (1987) 16. 
[ 291 S. Rubman, L.R. Williams! A.G. Joly and KA. Nelson, IEEE 

J. Quantum Electron. QE24 ( 1988) 470. 
[ 301 C. Kalpouzos, W.T. Lotshaw, D. McMorrow and G.A. 

Kenncy-Wallace, J. Phys. Chem. 91 (1987) 2028. 
[31] W.T. Lmhaw, D. McMorrow, C. Kalpouzos and G.A. 

Kenney-Wallace, Chem. Phys. Letters 136 ( 1987) 323. 
[32] F.W. Deeg, S.R. Greenfield, J.J. Stankus, V-J. Newell and 

M.D. Fayer, J. Chem. Phys., in preparation. 
133) H.J. C&s, Mol. Cryst. Liquid Ctyst. 49 (1978) 67. 
[34] P. Martinoty, F. Kiry, S. Nagai, S. Cam&u and F. 

Deheauvais, J. Phys. (Paris) 38 (1977) 159. 
[ 351 D. Frenkel and J.P. McTague, J. Chem. Phys. 72 ( 1980) 

2801. 
[ 361 D. Frenkel, in: Intermolecular spectnxopy and dynamical 

properties of dense systems, ed. J. van Kranendonk (North- 
Holland, Amsterdam, 1980) p. 156. 

[ 371 D. Frenkel, private cmnrnunication. 

534 


