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Molecular orientational motions in liquid crystals:
A study by Raman and infrared band-shape analysis
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In this paper we report an extensive study of the relevant static and dynamic parameters connect-
ed to microscopic order and reorientational motion of single molecules in liquid-crystalline meso-
phases. In particular, we have studied the temperature dependence of the second- and fourth-order
parameters (Pt ) and (P4), and of the spinning and tumbling diffusion coefficients Dt~ and Di in
the nematic phase of several mesogens; some smectic phases were studied also. These results were
obtained using a combined theoretical-experimental method newly developed by us, which allows the
simultaneous determination of both static and dynamic parameters from the study of Raman and
infrared band shapes by Fourier-transform analysis. The results are discussed in the framework of
reorientational diffusion processes in anisotropic potentials. Implications on the nature of the
nematic-isotropic phase transition are also given.

I. INTRODUCTION

Vibrational spectroscopy is a major tool for the study of
vibrational and reorientational relaxations in molecular
fluids. '2 For complex molecules, band-shape analysis of
infrared (ir) and Raman spectra can be quite useful be-
cause of its sensitivity to specific molecular groups or sub-
units in the molecule. The spectral band shape is connect-
ed to the Fourier transform of the time autocorrelation
function of the induced dipole (ir) or the polarizability
(Raman) fluctuations; in principle, both vibrational and
rotational relaxations of the single molecules contribute
concurrently to the bandwidth. For complex molecules
the multiplicity of vibrational manifolds and anharmoni-
cities, coupled with the relatively large moments of iner-
tia, cause the rotational contribution to be small compared
to the vibrational one. A simplifying assumption, which
is expected to be reasonably accurate for internal molecu-
lar modes of high frequency (say to & 500 cm '), consists
of separating the vibrational and rotational relaxations,
thus neglecting the effect of the eventual rotovibrational
coupling on the molecular dynamics. In this case the
correlation functions factor out into the separate vibra-
tional and rotational components respectively.

Even within such an approximation, however, it is
exceedingly difficult to obtain the rotational correlation
functions from ir spectra. We have already mentioned the
small size of the rotational contribution to the bandwidth
relative to the vibrational one. Furthermore, ir absorption
is connected to the fluctuations of a vector quantity (i.e.,
1 =1, where 1 is the main spherical-harmonics index); in
an isotropic molecular fluid, there is no way to obtain
separately the two components of the product correlation
function. Thus it is necessary to estimate the vibrational
part from some other measurements (typically the tem-
perature dependence of the ir bandwidth, or the Raman

spectrum of the same band, when measurable), coupled
with some theoretical model for the vibrational relaxation
itself. In practice, and particularly in temperature-
dependence studies, these difficulties restrict the applica-
bility of ir spectroscopy to simple molecular systems and
to only semiquantitative determinations of the relevant
parameters.

Raman spectroscopy, probing as it does the fluctuations
of a tensor quantity (1=2), allows in principle the deter-
mination of the vibrational and rotational contributions
since it yields two pieces of information, namely the so-
called polarized ( VV) and depolarized ( VH) spectra for
each vibrational mode. For complex molecules, however,
the tensorial nature of the process makes the connection
between vibrational modes of the molecule and molecular
reorientational motion less direct and less easy to visual-
ize. This difficulty instead is less severe in ir spectros-
copy. Thus, although Raman spectroscopy is in principle
quite general in its applicability, in practice if used by it-
self it may yield only semiquantitative information on ro-
tational correlations and their temperature dependence.

Most difficulties could be overcome if both Raman and
ir band-shape analysis could be performed on the same
system. This may be the case of anisotropic fluids, such
as for instance oriented liquid-crystalline phases, as we
have shown in two previous papers, hereinafter denoted
paper I and II, respectively. ' In the following paragraph
we shall briefly summarize the fundamentals and relevant
algebra of our method, which allows in principle the
determination of the cylindrical symmetry orientational
order parameters (Pi) and (P4), i.e., the two lowest-
order coefficients of the series expansion of the nematic
angular distribution function f(I3), and the two major
components of the rotational diffusion tensor; these, for
the strongly anisotropic, quasicylindrical mesogen mole-
cules, reduce to the reorientational microscopic diffusion
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coefficients D~~~ (molecular spinning about the main sym-
metry axis) and Di (molecular tumbling perpendicularly
to the main symmetry axis).

In papers I and II me endeavored to establish the exper-
imental and theoretical methods and checked them
against existing results. In this paper we report an exten-
sive study of all the relevant static and dynamic parame-
ters connected to microscopic order and reorientational
motion in nematic phases. In particular, the temperature
dependence of (P2 ), D~~~, Di, and also Y~~ and v i (the cor-
responding relaxation times) was studied carefully in the
nematic phase, in the neighborhood of the X-I (nematic-
isotropic) phase transition and well within the smectic
phase.

II. RAMAN AND ir CORRELATION FUNCTIONS

ir active, light will be absorbed at frequency co and the re-
sulting spectral band shape will be given by

3;(co)=(2'/ficV)g (cu)[1 —exp( fic—o/kT)]

X C t exp —idiot dt,

where C (t) is the induced dipole correlation function,
l

i =z,x stands for the incident light polarization, g(co)
contains weakly frequency-dependent factors such as
local-field correction, index of refraction, oscillator ampli-
tude. As stated before, the time correlation function may
be factored out into its reorientational and vibrational
components. The vibrational part as well as g(to) and the
Bose-Einstein population term factor out when we take
the ratio

A. ir Absorption

Consider a well collimated linearly polarized beam of
light incident on a nematic sample aligned along the z
axis (see Fig. 1). If a given normal vibrational mode q„ is

(m,"(0)m,(t) ) /(m, "(0)m,(0) )
a, (t)la„(t)=

(m,"(0)m„"(t))/(m„"(0)m "(0))

where m;"(t) = (dm; ldq") „,and
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FIG. 1. Experimental geometries. (a} ir absorption; n is the nematic director. Incident light propagates along K (b) Raman
scattering; the experiment is performed in backscattering geometry and for homogeneous {I,II) and homeotropic configurations (III}.
In the figure we show also the characteristics of the ir and Raman vibrations we used which are relevant to molecular reorientations;
0 is the angle between transition dipole moment (ir case) and molecular axis (perfect alignment is assumed). The Raman tensor is as-
sumed uniaxial, i.e., e ~& 1. The molecule shown is OET.
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A; co exp iut co
a;(t) =

f A;(to)dto
(3)

are the correlation coefficients, i.e., the normalized
Fourier transform of the absorption band shape A;(co).
The ratio a, (t)/a„(t) thus yields directly the reorienta-
tional time correlation for those motions which modulate
the molecular dipole moment induced by the vibrational
mode q

Consider for instance the case of an induced dipole
parallel to the molecular axis (Fig. 1). The spinning
molecular motion is not expected to contribute appreci-
ably to the band shape of the corresponding vibration.
Thus spinning motion is not probed by such a band,
which on the other hand is then suitable for studying the
much slower tumbling motion. If the induced dipole
makes an angle 8 with the molecular axis (Fig. 1), spin-
ning motion will dominate the reorientational broadening.
Its contribution will be maximum for 8-=55', the "magic
angle" at which the l =2 Legendre polynomial
Pz(cos8}=0. Thus a judicious choice of vibrational
modes will yield a specific sensitivity to either spinning or
tumbling reorientations of the single molecules.

Given the relatively large mass of mesogen molecules [a
typical molecular weight is, for instance, 284 for [N-(4-
ethoxybenzylidene)-4'-(n-butyl)aniline (EBBA)], the iner-
tial region, i.e., the time interval within which the mole-
cule may be assumed to be essentially free before the in-
termolecular torques begin to act and randomize the

I

motion, is quite small (say about 0.1 psec}. Therefore the
time correlation function of reorientational fiuctuations
tends to be an exponential over most of the time domain
probed by our experiment (see following paragraph).
Under such circumstances the full application of
memory-function formalism to obtain the correlation
function from a dynamical model in order to fit the ex-
perimental data is not necessary; any Debye-like diffusion
model will be adequate. In papers I and II we have
chosen the small-step rotational jump diffusion model 's

to describe the reirientational dynamics in the short-time
limit (tD" ~~1). Such a choice was somewhat arbitrary,
and mainly dictated by the necessity of testing our
method using a well known and tried dynamical model.
However, it is possible to discriminate between several
possible dynamical models by analyzing the behavior of
the time correlation function in the inertial region. We
have done so, and the results of our analysis will be pub-
lished elsewhere. Here we shall mention only the main
result, on the average angle for the jump: for spinning
motion, it turns out to be approximately 25'; for tumbling
motion, we get approximately 5'. Thus it turns out that
the small-step model is certainly adequate for the tum-
bling reorientations, and maybe less so for the spinning
ones.

The kinematics of the coordinate transformations from
the laboratory frame to the molecular frame, and the
dynamical problem are best treated in the framework of
an irreducible tensor formalism. ' In the short-time-limit
approximation we obtain

9(P2)P2(cos8)D& + (P2) [1—P2(cos8)][1+2P2(cos8)](D~~ Di)——[a,(t)/a„(t)] =
dt [1—2 (Pz )P2(cos8)][1+2 (P2 )Pi(cos8) ]

KC

(8=55': "perpendicular" bands), and

—5,=
D", 9(P, )
nc (1—(Pz))(1+2(Pt))

(6a)

(6b)

(8=0': "parallel" bands}.
Using bandwidth analysis of course simplifies the treat-

ment of the data considerably; however, it is convenient to

where the order parameter (P2) may be determined in-
dependently from the value of the dichroism of a strongly
longitudinally polarized absorption band:

'"'=R 2
8 —1

8+2 '

where

R =f A, (co)dc@ f A, (co)de .

If the spectral band shape is well approximated by a
single Lorentzian, the reorientational diffusion coeffi-
cients may be obtained directly from the difference in full
widths at half height (FWHH) of the A, (co) and A, (co)
bands, respectively. If 5, and 5, are the FWHH of the
bands we have

I

use the Fourier technique first, not only because it yields
the time dependence of the correlation functions, but also
to identify the time interval in which such functions may
be assumed to be exponential, and thus to gauge to what
extent such approximation is correct.

8. Raman spectroscopy

Our typical scattering geometry is shown in Fig. 1. In-
cident light at frequency too, polarized along ec, is back-
scattered at frequency to, with polarization analyzed along
e, . The scattered spectral density is given by

I t, (to) =(I t, /2nc )(co coo)—
X f Cik(t)exp( icot)dt, —

where i,k =x,y, z and Ck(t} is the polarizability correla-
tion function, which again we assume to factor into a vi-
brational and a reorientational part. Following the treat-
ment of paper II, we construct the normalized Fourier
transforms of I;k, namely the coefficients aik(t), which
will be given by

(q "(0)q"(t)) (aik(0}a"k(t) )
att (t)=

(q "(0)q"(0)) (a,". (0)a,". (0) )

where a,"k =Ba;k/8&
~

„ is the differential polarizabilityq"=0
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tensor which contains all anisotropic contributions to the
scattering due to vibrational mode q". By taking spectra
in the so-called polarized (for instance zz) and depolar-
ized} (zx) geometries, we construct the correlation coeffi-
cients a (t) and a~(t) and then take the difference of
their natural logarithms. In this process the vibrational
relaxation drops out, and we are left with the time
behavior of the reorientational correlation function. In as
much as the Raman band can be approximated by a
Lorentzian, we obtain a straight line, the slope of which
yields directly the reorientational correlation time v .

If now we consider a strongly anisotropic vibration,
whose differential polarizability tensor may be assumed to
be uniaxial, the Raman band will be sensitive mainly to
spinning or tumbling motions, depending on whether the
transition involves light polarization perpendicular or
parallel to the main molecular axis, respectively. In prac-
tice most uniaxial Raman vibrations in complex molecules
are parallel, and therefore yield information on the tum-
bling correlation time ~&.

In the framework of the short-time approximation, and
small-step rotational diffusion model, in paper II we have
calculated the tumbling relaxation times for three experi-
mental geometries:

7 —2.5(P, ) —4.5(P, &

7 —10(P2 ) +3 (P4 )
—[a (t) —a (t)]= Di—8

Ct 3

7+5(P, ) —12(P, )
7+2«P2 &+8(P.&

7+2.5(Pp ) +8(P4)
d

a~(t} az (t—)]=Di 6
7 (P ) 12( )

(9a)

8 7+5(P, ) —12(P, )
3 7+20(P, )+8(P, )

(9b)

(9c)

As is apparent from Eqs. (9), the tensor character of the
fundamental quantity which is modulated by the reorien-
tational motions causes a dependence of the relaxation
times not only on the order parameter (P2), as was the
case for ir absorption, but also on the higher-order param-
eter (P4 ), which may then be determined also.

As was the case for ir absorption, if the band shapes
can be approximated to Lorentzians, the diffusion coeffi-
cients and the order parameters may be obtained directly
from the FWHH 5;k. In this case Eqs. (9) still apply, with
the substitution of m.c(5;k —5; k ) in place of the appropri-
ate first derivative of the correlation function.

III. EXPERIMENTAL TECHNIQUES

In&ared spectra were taken with a dual beam spectro-
photometer. Spectral resolution for most runs was set at
1 cm '. Whenever possible, the spectral range about each
line was investigated over about 5—10 times its F'WHH.

Sample thickness was chosen to yield optimum absor-
bance, i.e., a transmission of 10—30%, and was approxi-
mately 10 pm for most samples. Each run was repeated
five times and the reported results are averages over these
five runs. The sample cells consisted of two flat KBr ir
grade windows separated by calibrated teflon spacers; the
cell thickness was checked interferometrically. Molecular
alignment in the nematic phase was achieved by rubbing
the windows, for homogeneous configuration. For most
samples a maximum value of (Pz) between 0.6 and 0.7
could be obtained. Sample temperature was controlled by
a thermostat which circulated water inside a brass block
which housed the sample cell. Temperature stability was
better than 0.03 K. Temperature uniformity throughout
the sample was worse; the sample dimensions were 14X7
mm and we estimated a temperature differential between
the center and the periphery of the sample of about 0.3 K.
For this reason we have not been able to probe the critical
region, at least for e & 10, where e=(T, —T)/T, is the
reduced temperature. It turns out that the problem of
temperature inhomogeneity is not so severe as it may seem
a priori. In fact, it should be much worse for ir spectra,
where the beam size is about 10X5 mm, than for Raman
spectra, where the scattering section is less than 0.2)(0.1

mm . If inhomogeneity did induce significant systematic
errors in the temperature dependence of the data, it
should have very different effects on ir and Raman spec-
tra. We have found this not to be the case, although as we
shall see the absolute values of the same parameter (i.e.,
Di) obtained using the two techniques are somewhat dif-
ferent.

Raman spectra were taken with a microprocessor
driven and controlled spectrometric system; the computer
also acted as data buffer. " Spectra were obtained mainly
with the 4880-A argon laser line, which was cylindrically
focused onto the sample cell in a backscattering geometry
(Fig. 1). Sample thickness was generally set at 50 pm, a
compromise between acceptable signal-to-noise ratio and
minimization of polarization scrambling effects in the
birefringent nematic phase. ' '

Excitation power fiux at the sample was always kept at
a value of 100 Wjcm or less, in order to avoid sample
damage or turbulence effects. In order to improve statis-
tics in the rather stringent conditions of our experiment,
each Raman band was iterated at least 20 times, yielding
average integration times of 20 to 50 sec per channel. We
used the standard VV (e.g., zz or xx) and VH (e.g., zx or
xy) polarization geometries. The corresponding "polar-
ized" and "depolarized" spectra were taken for the homo-
geneous and the homeotropic configurations, respectively
(see Fig. 1). Homogeneous alignment was obtained by
rubbing the cell windows, whereas the homeotropic con-
figuration was achieved by treating the window surface
with polysilane.

The mesogens studied were PMT [4-(n-pentyl)-4'-
methoxytolane], HET [4-(n-heptyl)-4'-ethoxytolane], OET
[4-(n-octyl)-4'-ethoxytolane], EBBA [N-(4-ethoxybenzyli-
dene)-4'-(n-butyl)aniline], NPOOB [4-nitrophenyl-4'-(n-
octyloxy)benzoate], and HOBDOP [4-(n-hexyloxy)-4'-(n-
decyloxy)benzoate). The relevant transition temperatures
for these compounds are as follows. For PMT, C-N at
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43.S'C and X-I at 56.2'C; for HET, C-X at S2.0'C and
X-I at 72.0'C; for OET, C N-at 48.2'C and E-I at
74.8'C; for EBBA, C-N at 37.0'C and N-I at 78.0'C; for
NPOOB, C-Sz at 51.2'C, Sz-X at 61.8'C, and N-I at
68.7'C; for HOBDOP, C-Sc at 62.5'C, Sc-Sz at 77.5'C,
Sq-Tat 83'C, and N-I at 89 C.

The transition temperatures were determined spectros-
copically and calorimetrically. For more details on exper-
imental techniques, data handling, dynamical models, and
calculations, we refer the reader to papers I and II.

IV. SPECTROSCOPY

The following ir modes were selectmi to determine Di
and D": 1047 cm ' (PMT, OET, HET), 1048 cm —'

(EBBA), 1175 cm ' (OET, HET), 1178 cm ' (PMT), 765
and 1743 cm ' (NPOOB), and 1730 cm ' (HOBDOP).
The modes at 1047 and 1048 cm ' are assigned to
oxygen-alkyl tail stretching; they are weakly polarized (di-
chroic ratio R =1.8). The band at 1743 cm '

( and 1730
cm ') is attributed to carbonyl group stretching; for this
band, R =0.9. The transition dipole moment of these vi-
brational modes is directed to a good approximation along
the magic angle, i.e., about 55' away from the long molec-
ular axis. At such an angle the Legendre polynomial
Pi(cos8)=0, and the modulation effect of the spinning
motion on the transition dipole moment is maximum.
These bands then will be most sensitive to the spinning
diffusion coefficient DII,

' since in general, and specifically
in our experiments, DII »Di, these bands will probe only

DII. The transition dipole moment of the modes at 1175
and 1178 cm ' (benzene ring in plane deformation) is
essentially parallel to the molecular director (R =6).
Thus in this case the band shape will not be sensitive to
the spinning motion, and it will be possible to determine
the contribution to the band shape due to the tumbling
reorientational motion, and thus the coefficient Di.

In the case of ir spectra, the order parameter (Pz ) was
determined independently using Eq. (5). For OET, HET,
and PMT we used the integral intensity of the bands at
1175 and 1178 cm ', respectively. Since EBBA, HOB-
DOP, and NPOOB do not feature such strongly polarized
Lorentzian longitudinal bands, for these mesogens we had
to use the peak intensity of the lines corresponding to ben-
zene ring stretching at 1495 cm ' (NPOOB), 1605 cm
(EBBA), and 1518 cm ' (HOBDOP).

Raman spectra were taken only for the tolane deriva-
tives PMT, HET, and OET; for the other mesogens no
suitable lines were available. We studied the band at 2224
cm ', corresponding to C:—C stretching. The differen-
tial polarizability tensor of this line is expected to be high-
ly anisotropic; thus a uniaxial tensor form may be used in
the calculations. We have verified that this is indeed the
case by determining the tensor elements experimentally,
using the method introduced by Jen et aI. ' Thus we
determined precisely the degree of depolarization
p=IYH/Ii. y of the 2224-cm ' line in three scattering
geometries in the nematic phase of PMT at 48'C. If the
differential polarizability tensor diagonal elements are
denoted by a, b, and e, we have

a = —0.02, b =0.065, c 1 .

The 2224-cm ' Rainan line is thus a good probe of tum-
bling molecular fluctuations. So far we have not been able
to identify a Raman line which could be used to study the
spinning molecular motions. Although in principle our
method may be applied to Raman lines associated with
nonuniaxial tensors, we have not been able to find lines of
sufficient intensity and spectral quality, at least in the
samples studied so far. Thus in this paper we are able to
discuss only results on the tumbling diffusion coefficient
Dt and correlation time Yi, as far as Raman spectroscopy
is concerned.

V. TEMPERATURE DEPENDENCE
OF THE ORIENTATIONAI.

ORDER PARAMETERS (P2 ), (Pg )

In the case of the tolane derivatives, it was possible to
determine (Pz) from both ir and Raman spectra; the re-
sults could be compared, and this yields a test of the accu-
racy of the determination. In Fig. 2 we report the results
on the temperature dependence of (Pt) in the nematic
phase of OET, obtained by studying the ir dichroism of
the 1175-cm ' band and using Eq. (5). In Fig. 2 we also
show the behavior of both (Pt) and (P4) as determined

by Raman scattering; in this case the order parameters
were obtained both using our method, i.e., by solving the
system of equations (9) and by using the inethod of Jen
et al. ' As can be seen from the data, the two methods
yield very similar results, well within the accuracy of our
determinations; the small, systematic difference may be
due to the different weight that local-field corrections
have in the two methods. In any case the temperature
dependence of the order parameters is unaffected, at least
within the present experimental error. The agreement of
ir and Raman data is also satisfactory; there appears to

1.00-
— (P,)- '(P,)

M
0.75-

I:
4 &&6-

~ ~
ZJ

~ ~

T, —T {'C)

FIG. 2. Temperature dependence of the orientational order
parameters: (P&) (CI} and (P2). (P2) was determined using
the 1175-em ' ir band (6) and the 2224-em ' Raman band
(0). Solid circles denote the values of (P2) and (P4) we ob-
tained using the method of Jen et al. (Ref. 13); they are not
represented in the interval 0—5 C for T,-T, as they are in com-
plete agreement with our results.
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be, however, a systematic discrepancy between the data.
This is due to the fact that the ir data are not corrected
for the index of refraction and its variation with tempera-
ture. No data are available in the literature on the index
of refraction in the ir spectral range, and therefore we
cannot attempt the correction. It is estimated that this
may cause a systematic decrease of the measured value of
(Pq) of about 10%.' Thus, although the ir data are
more precise than the Raman data, the latter ones are
more accurate, since their calculation by our method is in-
dependent of factors such as the index of refraction.
Within the limits of our experimental accuracy, our data
for (P2) and for (P4) agree with the data obtained by
other methods on other nematic phases. ' In particular
we wish to point out that, although our values for (P4)
are systematically lower than theoretical predictions, '

they have the proper temperature behavior and are posi-
tive throughout the nematic phase; for our tolane deriva-
tives then the majority of molecules have their axis within
about 30' (corresponding to the first zero in the fourth-
rank Legendre polynomial) of the nematic axis
throughout the phase.

VI. THE REORIENTATIONAL RELAXATION TIMES

In Fig. 3 we show a typical reorientational correlation
function, obtained from the band-shape analysis of the
Raman line at 2224 cm ' in HET (nematic phase,
T =63'C). The function is nearly exponential in the time
domain 0.2 & t g2 psec. Our experimental resolution (2-
cm ' band-pass in the Raman case) did not allow us to
probe longer times. Assuming that the correlation func-
tion is truly exponential, the Green-Kubo correlation time
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FIG. 4. Temperature dependence of Yj &
(ir) and Y& 2 (Raman)

in the nematic phase of OET. Tumbling diffusion is seen to
behave as a normal, viscosity related thermally activated pro-
cess.
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FIG. 3. Typical reorientational correlation function obtained
from the 2224-cm ' Raman band for HET at 63 C in the
nematic phase.

FIG. 5. Temperature dependence of the ratio Yj l/rj 2 in the
nematic phase of OET (lower points, 0); the upper points c,

'+
)

refer to the "theoretical" behavior, as obtained by using the ex-
perimental values of (Pq) and (P4) in the (P2) and (P4)--
dependent quantities in Eq. (9a} and corresponding equation for
the ir case (Ref. 3},and constructing their ratio S((Pz ), (P4) }.
Note the translation of ordinate axis.
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FIG. 6. Temperature dependence of the spinning relaxation
time aft i obtained for the nematic phase of OET using the
1047-cm ' ir band.

(i.e., the time integral of the correlation function) coin-
cides with the decay time r of the correlation function.
Within the limits of the exponential approximation, our
data will yield directly the reorientational relaxation times

Y~~ and Yj depending on the spectral line. In this sense the
relaxation times give more fundamental information than
the diffusion coefficients, whose value depends on the
dynamical model chosen to solve the rotational diffusion
equation. Furthermore, for the time being only for Yj, we
can obtain both vq i (ir absorption) and rz t (Raman

scattering); the temperature behavior of their ratio may be
studied and information obtained on which type of
reorientational model is more appropriate for the nematic
phase. '"

In Fig. 4 we show the temperature dependence of r~ i

and rz 2 in the nematic phase of OET. ri decreases with
increasing temperature as expected, following a roughly
exponential law, yielding a typical Arrhenius activation
energy of about 30 kcal/mol, which has the correct order
of magnitude for these systems. ' Since there are no
viscosity determinations for tolane derivatives, we could
not test directly the linear dependence of Yi on rl/T
(where tl is an average shear viscosity), expected for any
Debye-like diffusion model. However, using the pub-
lished viscosity data for MBBA, 's whose nematic phase
range is similar to that of OET, we indeed find that the
expected Nernst-Einstein behavior of rz on rI/T is fol-
lowed.

In Fig. 5 we show a plot of the ratio Yz iles 2 versus
temperature. The ratio remains essentially constant, at a
typical value of approximately 2, throughout most of the
nematic range. We note, however, a reasonably pro-
nounced dip at about 60'C, and the hint of an increase
close to TN I. For any Debye-like model of rotational dif-
fusion in an isotropic fiuid, r' ="/~' = '=3." The ratio
decreases and tends to unity when the reorientational
dynamics acquires more solidlike features (jump diffusion
models), or when the reorientational events decrease in
frequency but involve large rotation angles (strong col-
lision models).

In our case, the small-step rotational diffusion model is
expected to yield a good approximation for molecular
tumbling motions. Thus the low values of the ratio must
be connected to the anisotropy of the fiuid, i.e., to the
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nonzero values of the static order parameters. This is ac-
tually predicted by our Eqs. (9}. In fact, if we plot the
(P2)- and (P4)-dependent quantities in the appropriate
ir and Raman equations, using the experimental values of
(Pz) and (P&), the resulting points are hardly distin-
guishable from the directly obtained experimental ones
(Fig. 5}. This result confirms the correctness of our
choice of dynamical model; furthermore, it provides what
we feel is the first direct experimental evidence on the ef-
fect of anisotropy on the behavior of a rotational correla-
tion time in a fluid.

Totally different and quite startling is the temperature
behavior of Y~~ i, which, so far, we have been able to deter-
mine with the ir spectroscopy only. In Fig. 6 we show

H~~ i for the case of OET in the nematic phase. The spin-
ning relaxation time r~~ i increases substantially with tem-
perature, particularly as T& I is approached. This slow-

ing down of single molecule spinning fluctuations seems
to be quite general; for instance, in Figs. 7 and 8 we show
the results obtained for two other mesogens, namely
EBBA and NPOOB. In the figures we have reported the
calculated spinning diffusion coefficient D~} instead of the
relaxation time, to show more clearly the result that dif-
fusion slows down as the orientational order decreases (the
(P2) values as determined by us are also shown in the
figures}. Similar results have also been obtained for PMT,
HET, and HOBDOP. From Fig. 8 it is apparent that D~~

is not very sensitive to the Sz-S transition. This is con-
firmed by our results for HOBDOP: as (Pz ) varies from
0.8 at the beginning of the Sz phase to 0.35 at the N I-
transition, r~}, varies form 3.6 to 26 psec, without appre
ciable discontinuities at the phase transitions, at least on
the coarse temperature scale of the measurements. These
results are reasonable since D}} measures single-particle
rotational time correlations, and therefore should be in-

sensitive to changes in the long-range order which leave
the local molecular ordering unchanged.
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FIG. 9. Temperature dependence of the spinning diffusion
coefficient D~~ in the nematic phase of OET (1047-cm ' ir
band).

In Figs. 9 and 10 we show the temperature dependence
of the spinning and tumbling diffusion coefficients of
OET in the nematic phase. The data show very graphi-
cally that the approach to isotropy takes place through a
substantial pretransitional slowing down of the "longitu-
dinal" component of the diffusion tensor. Such slowing
down appears to take place over the whole mesophase re-

gion. At T~ I, D}~ and Di still differ by a factor of 5.
Since Di does not show any appreciable discontinuity at
Tz.l, the question arises whether the difference in value
between D}~ and Di continues into the isotropic phase,
and, if so, up to what temperature. Since so far we have
not been able to determine D~~ directly in the isotropic
phase, we cannot at this time provide an answer to this
question.
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VII. CONCLUSIVE REMARKS

The temperature dependence of the spinning relaxation
time, perhaps the main result reported in this paper, re-
quires some further analysis. Essentially two points of
view may be adopted: the slowing down of spinning fluc-
tuations with increasing temperature is due to the pecu-
liarities of rotational diffusion in a strongly anisotropic
fluid; alternatively or concurrently, the slowing down is
"critical. " Our calculations, which are based on a specific
dynamical model, do yield the result that Y~ should in-
crease as the static order parameter (Pi dix:reases.
Furthermore, our result agrees with a more general calcu-
lation of relaxation times in the presence of an ordering
potential (19). However, neither our calculations nor the
theory of Ref. 19 succeed in explaining quantitatively the
strong temperature variation of r~~ in the nematic phase.
We, for instance, predict that

1/~- ( T —TD)", (10)

where y-1, T~ q
—To&1'C. In the nematic phase in-

for the ir case. Since (P2 ) varies by a factor of about 2 in
the nematic phase, the observed variation of about a fac-
tor of 4 in r~~ is unexplainable, even assuming a total tem-
perature independence of D~~~. A possible explanation
could involve a deviation from uniaxiality in the nematic
potential, i.e., a deviation from the assumed cylindrical
symmetry of the molecules. Such a deviation is in fact
entirely reasonable, and we expect it to have its most pro-
found influence just on the spinning motion. The sim-
plest way of taking into account molecular biaxiality is to
include it into the nematic potential. Preliminary calcula-
tions based upon the small-step rotational diffusion model
with a biaxial potential do indicate the possibility of a
stronger dependence of r~~ on (Pi ); in particular, if a cer-
tain delicate balancing between the two contributions
(long axis and short axis) occurs, we could have the result
that r~"~-(P2) . At this time, however, it is difficult to
obtain quantitative results, since we know nothing about
the relative size of the biaxial contribution to the poten-
tial. Furthermore we feel that a "static" explanation of
the slowing down, depending as it does on a delicate
balancing of contributions, may not be appropriate as a
general explanation of the slowing down, which we en-
countered in all the samples we studied so far.

Thus we turn to the hypothesis that the slowing down
is a general property of the nematic phase and is critical
in nature. Although most evidence on pretransitional
phenomena, and more particularly on critical slowing
down of fluctuations, concerns the isotropic phase, some
evidence on pretransitional effects in the nematic phase
has been reported. ' However, no data on dynamical ef-
fects in the nematic phase exist in the literature, as far as
we know. A typical, widely known effect is the narrowing
of' the bandwidth in quasielastic light scattering. For
T & T~ z, director fluctuations of nematic "swarms" are
seen to slow down as T~T~ J, following a law of the
type

stead, long-range orientational order keeps the director
fluctuations "locked" and the quasielastic light scattering
is essentially independent of temperature throughout the
phase. On a molecular level, this result is reflected on
our data on tumbling diffusion, which appear to follow
the dynamics of an ordinary, temperature-activated pro-
cess. The strong slowing down of the spinning fluctua-
tions, however, does suggest that molecular spinning goes
critical as T~Tg q in the nematic phase. We have veri-
fied this hypothesis by fitting our data on r~~ with a law
such as (10). A log-log plot of 1/r~~ versus the reduced
temperature (TD T)!—TQ did yield a straight line for
T & 65'C, i.e., for T~ i —T & 10'C. However, such plot
was linear only for an unreasonable value of Ta
(T0 Tz i-5—'C), and furthermore it did not take into
account the role of rotational viscosity and its tempera-
ture dependence. In fact, in a recent paper I.in has
shown (for the isotropic phase) that

1/2-v '(T —Tp),

where v is an average rotational viscosity coefficient. In
our case, since there are no published data on the viscosity
of our tolane derivatives, we have used in place of v, the
results on the tumbling diffusion coefficient Di, which
we have already seen to have the proper temperature
behavior. Thus we plotted 1/r~~D", versus reduced tem-
perature. The critical temperature TQ was varied to mini-
mize the confidence parameters in a linear regression flt
to the data. We obtain the best fit with T0 T~ +i0.3——'C
and y=1.02+0.03.25 It is important to note that the
linearity of the plot extends over the whole nematic range,
at least as far as our temperature resolution and errors in
the Y~~ values allowed us to estimate. The value of T0 is
also reasonable. ' The exponent y turns out to have the
classical value; this would confirm the view that the N-I
transition is classical, i.e., describable in terms of a
Landau —de Gennes theory. We must note, ho~ever,
that if indeed the temperature behavior we observe is criti-
cal, it would imply the existence of a second critical fluid
at the N-I transition, namely that connected with biaxial
fluctuations. In fact the dynamics of the spinning motion
is heavily dependent on deviations from cylindrical sym-
metry of the molecules. Perfectly smooth cylindrical mol-
ecules would have a totally inertial motion in the ordered
nematic phase. Thus biaxiality may enter not only stati-
cally by changing the form of the nematic potential, but
also dynamically by correlating the spinning motions over
an increasing number of molecules as each slows down be-
cause of the decrease in (Pz) as T~T~ i. If the static
contribution to the slowing down turns out to be less
relevant than the dynamical one, our data would furnish
strong support to the view that the N-J transition is tri-
critical, or at least quasitricritical.

The precise nature of the N-I transition is still one of
the outstanding problems in the field of critical phenome-
na. Both classical and tricritical behavior have been
claimed or disputed. One obvious test to assign the transi-
tion should be the determination of p, the critical ex-
ponent connected with the behavior of the order parame-
ter (P2 ) with temperature. Classical theory predicts
p=0.5, whereas for a tricritical point p=0.25. The



33 MOLECULAR ORIENTATIONAL MOTIONS IN LIQUID CRYSTALS: 4141

determination of P, however, has proven to be particularly
difficult and fraught with ambiguities, due mainly to the
fact that the N-I transition is weakly first order. This
implies that in the critical plot of (Pi) versus T, three
parameters come into play: the exponent P; the "su-
perheating" critical temperature To; and the extrapolated
value of (P2) at Tp, (P2)o. Clearly a log-log plot in
which three parameters may be varied to yield a straight
line is likely to lead to a wide range of possible choices of
parameter values.

An analysis of many results on (Pz ) in the literature
shows that a value of P=0.2 would yield a satisfactory
fit. More recent determinations also would favor a low
value for P, within the limits of ambiguity we have
described. Since our method allows us to determine
simultaneously the static order parameter (Pz) and the
dynamical parameter r~~, we are able to decrease consider-
ably the arbitrariness in a fit such as

g 0.71'
288

In fact, we may obtain a value for To independently from
the fit (11) of the temperature behavior of rt~, then use it
to fit Eq. (12). The number of free parameters is thus re-
duced to two, and this obviously should yield more defin-
ite results for P.

In Fig. 11 we show the critical plots and fits to Eq. (12)
for the cases of OET [Fig. 11(a)] and EBBA [Fig. 11(b)].
For OET To —Ttt.t +0.3 'C, and for EBBA
Tp = Ttt.t + 1 C. Keeping To fixed at these values, we
used a linear regression routine to fit the data; minimiza-
tion of the statistical confidence parameters yielded the
values

(P, ),=0.14, P=0.25 for OET;

(Pi)o=0. 1, P=0.3 for EBBA.

Although these data would seem to confirm unequivocally
the tricritical nature of the N-I transition, they are not of
sufficiently high quality yet to allow a definitive state-
ment. In particular, due to our relatively poor tempera-
ture resolution and consequent lack of experimental points
for T-Ttt t, the precise assessment of the (Pi)o value
was difficult, and the minimum of the confidence param-
eters in the fit is shallow. Thus our data (which are more
precise for OET than for EBBA) only allow us to bracket

oge'.
2.13 3.27 3.84

-ln To I
To

FIG. 11. (a) Critical plot of (Pq) —(Pq)0 versus reduced
temperature for OET: the solid line is the fit using Eq. (12). See
main text for details. {b) Same as (a), for the case of EBBA.

P: 0.2 (P & 0.3 (OET); P & 0.35 (EBBA ). Our data are
sufficiently unambiguous to exclude, at any rate, the re-
sult P=0.5.

With improved temperature resolution, our method
should yield a specific and clear answer to the problem of
the value of P, since then the critical fit would have only
P as a free parameter. We are presently working on this
problem. Independently of what the final result may be,
our work does show the importance of spinning fiuctua-
tions and of the interplay between the static and dynamic
contributions of molecular biaxiality in determining the
dynamics of the nematic phase and the nature of the N-I
transition point,
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