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New method and results of Raman studies of 
non-diffusional reorientational dynamics of 

molecules in the nematic phase 
by S. YE. YAKOVENKO", A. A. MINK0 
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B. ARNSCHEIDT and J. PELZL 
Ruhr-University, Bochum, Institute of Experimental Physics 111, Postbox 10 21 48, 

47, Bochum, F.R. Germany 

(Received 3 December 1994; in final .form 18 April 1995; accepted 25 April 1995) 

The method of differential Raman spectroscopy is developed to the case of uniaxial liquid 
crystals, increasing the precision of the determination of relative broadening and splitting of the 
polarized components of Raman bands in liquid crystals. With the help of the new technique and 
on the basis of a more general treatment of rotational broadening of Raman bands, some typical 
liquid crystal materials, namely, 4-pentyl-4'-cyanobiphenyl (5CB) and trans-4-pentyl-(4- 
cyanophenyljcyclohexane (SPCHj have been studied. It is shown that for a particular form of 
intramolecular vibration (for example the cyano stretching mode), it is possible to determine 
all independent orientational autocorrelation functions without applying model considerations 
of the rotational motion in the nematic phase. The deviations of the results of these studies 
from a simple diffusional model of orientational relaxation in the short-time limit are 
discussed. 

1. Introduction 
Recently [I]  we reported results of the comparative 

study of molecular reorientational dynamics by different 
spectroscopic methods. Band-shape analysis of spon- 
taneous Raman spectra resulted in reorientation times 
which appeared to be much smaller than would have been 
expected from comparison of the depolarization ratios of 
luminescence and resonance Raman bands. It has been 
argued that this discrepancy originates from the non- 
exponential decay or from decay that is not one-exponen- 
tial of the orientational autocorrelation function in the 
short-time limit. 

In the overwhelming majority of publications devoted 
to the study of rotational dynamics of mesogen molecules 
(see, for example, [2-51) the diffusional model is adopted 
as sufficiently adequate and at the same time simple. There 
are manifold arguments for this statement based either on 
comparison of molecular dimensions and the density of the 
system, or on comparison of the reorientational frequency 
and the mean frequency of the classical free rotor 161. 
In addition, this model enables a fairly good description 

* Author for correspondence. 

of spectroscopic data obtained by NMR [ 2 ] ,  polarized 
fluorescence [5 ]  and other techniques (we do not consider 
here such phenomena as dielectric relaxation or quasi- 
elastic light scattering, where many-particle movement 
can be observed). We do not attempt to refute these results. 
The overall reorientation of mesogen molecules occurs by 
small-step diffusion and magnetic relaxation experiments, 
which are usually performed in the fast motion limit, and 
luminescence experiments, for which the probe molecules 
are chosen with a lifetime comparable with the time of the 
reorientation, confirm this assumption. 

Raman band shape, which we intend to discuss here, is 
determined by the product of the autocorrelation functions 
of relaxation of internal vibrational movement 
(Q(O)Q*(t)) and of transition polarizability reorientation 
(a(O)a*(t)) in the case of statistical independence of these 
movements [7 ] :  

m 

I], (0) = ~ ( 0 ~  - a14(2~) - 1 I (a,,(o)a;(t)) 
- - o c  

X (Q(O)Q*(t))  exp ( - iwt) dt (1) 

where 00 and o are the frequencies of the incident and the 
scattered light which have the polarizations j and i, 
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450 S. Ye. Yakovenko ct al. 

respectively; Q(7‘), SZ and a(t) are the normal coordinate, 
the frequency and the transition polarizability tensor of the 
internal molecular vibration under study; A contains all 
specific experimental and local field factors, such as 
incident light intensity, solid angle, in which the scattered 
light is collected etc. The vibrational autocorrelation 
functions for mesogen molecules normally relax after the 
time interval of about 1-2ps [S], while the reorientation 
time according to independent experimental estimates 
[ 1,2,51 is of the order of nanoseconds. Hence, at the 
outset, according to equation ( l ) ,  Raman band shape 
analysis, being insensitive to the overall reorientation 
process, is sensitive even to the peculiarities of molecular 
orientational relaxation in the very beginning. This 
explains why deviations from diffusional motion, which 
are substantial only in the time region t < 0.1 ps, could be 
observed in reorientational autocorrelation functions 
derived from vibrational spectra of mesogens [ 1,8,9]. 

The two above mentioned features: the non-exponential 
decay of the orientational autocorrelation functions and 
the smallness of the contribution of rotational movement 
to the vibrational spectra substantially complicate their 
study in mesophases by Raman spectroscopy. As com- 
pared to isotropic systems, there is a much larger number 
o f  independent autocorrelation functions [2] and to reduce 
the number of variables one has to specify a model 
for molecular rotation [3,4]. In the present paper we 
make an attempt to solve these problems. We develop 
an experimental method which enables study of very 
small differences between various polarized Raman 
components, and hence enables a precise evaluation 
o f  the rotational contribution. Further, we show that 
for particular form of vibration it is possible to determine 
all independent autocorrelation functions without 
applying model considerations to the rotational 
motion. 

The paper is arranged as follows. In § 2 which follows, 
we outline basic equations which are necessary for an 
understanding of our experimental approach. In 5 3, 
experimental details and test measurements confirming 
the validity of such a method are described. In 5 4, on the 
basis of the experimental data for some mesogens, we 
analyse the predictions of different diffusional models for 
anisotropic systems with the object of clarifying the origin 
of the observed phenomena. Finally, we briefly summarize 
the conclusions. 

2. Theoretical background 
Orientational autocorrelation functions of transition 

polarizability (a(O)a(t)) depend upon both the components 
of the transition polarizability tensor of the particular 
intramolecular mode in the molecular fixed frame and the 
rcorientational movement of the molecule. Writing ex- 

plicitly the transformation of the components of the 
transition polarizability tensor due to molecular rotation, 
one can obtain formulae for (0) or its Fourier transform 
(cx,,(O)a,T(t)) in terms of molecular orientational autocorre- 
lation functions. For the case of a uniaxial mesophase 
constituted of cylindrically symmetric molecules, there 
are four independent, polarized Raman components and if 
we denote the symmetry axis of the mesophase as the 7 
axis, then we can obtain [4] 

here (P2)  is the order parameter; zZm is the mth spherical 
component of the transition polarizability in the molecular 
fixed frame for the normal mode under study (we use here 
irreducible spherical components as defined in [ 101, which 
are somewhat different from the definition used in [4]). 
Their transformation in the laboratory fixed frame is 
described by the Wigner D-functions [lo] Di,,,(t) of rank 
2,  which in this representation constitute molecular 
orientational autocorrelation functions. Keeping in nlind 
that for rod-like molecules functions with m and ~ m are 
equivalent [2], one can conclude that in this, relatively 
simple case, which is however sufficiently adequate for 
many nematic phase systems, 9 different non-vanishing 
autocorrelation functions influence Raman band shape. 
For molecular vibrations along the symmetry axis, only 
D-functions with m = 0 are non-vanishing (such highly 
symmetrical modes are not affected by spinning motion), 
and these three orientational autocorrelations functions, 
as well as the vibrational one, can be extracted from 
the band shape of such Raman active modes using the 
relations 
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Non-diffusional molecular rotation 

( 3 )  

where for a cylindrically symmetric transition polarizabil- 
ity tensor 

a 0  0 

O a  0 (4) 

0 0 1 - 2 %  

both spherical components 

can be determined from depolarization measurements on 
the isotropic phase. C h ( t )  = @ ~ o ( t j / @ ~ o ( 0 )  stands for the 
normalized orientational autocorrelation functions 
defined similarly to [2,5] by 

@f;;o(t) = ( & m ( t > K n ( o ) )  - ( & n ) ( K ) .  (6) 

For )(D:,(0))12 we use expressions from [5 ] .  The order 
parameters and a can be determined from measurements 
of the depolarization ratios of the same band; formulae for 
integral intensities in terms of these values are readily 
obtained by putting t = 0 in relations (3)  and substituting 
them into equation ( 1 ) .  

It is worth mentioning that in deriving (3) ,  no model 
approximations have been used concerning the character 
of the molecular motion, or the kind of orienting potential 
acting on the molecule in the mesophase. This enables one 
to test experimentally different models, or to compare 
the effect of different approximations. For example, in the 
small-step diffusion approximation, the band-shape is of 
Lorentzian type, the bandwidth being directly related to 
the relaxation time: 6 = (1/7cc7) where c is the velocity of 
light. In this case straightforward differentiation of the 
product of the autocorrelation functions in (1) with 
substitution of (3) in the limit = 0 gives 

where 
r a  

45 1 

(7)  

(8) 

and for the sake of simplicity we put M = 0 in (4) (cf. [4]). 
While deriving formulae (7), an exponential form was 
assumed for CLm(t), but no specifications have been made 
concerning the functional form or the nature (short-range 
or mean-field) of the nematic orienting potential in the 
mesophase, thus enabling testing of these models. 

3. Experimental 
As it is clear from the previous section, from a 

theoretical point of view, there are no limitations upon 
deriving orientational autocorrelation functions for meso- 
gen molecules or reorientation times from experimental 
data. The problem is that the smallness of the rotational 
contribution ( 0 . 2 4 5  cm- ' [ 1,4,8]) to the total band- 
width (the full width at the half height (FWHH) is about 
6-8 cm I for typical mesogenic substances) leads to large 
uncertainties in its determination. Consequently, operat- 
ing with many components, as is necessary in order to 
extract correlation functions according to formulae ( 3 )  or 
(7), one only accumulates errors. This is especially true for 
components with very low intensity (for stretching 
vibrations, Iyx can be 10-50 times smaller than Izz). The 
situation is even worse due to the necessity to record 
Raman spectra over a very large spectral interval 
(300-500 cm- I )  in order to fulfil the requirements for the 
correct background subtraction [ 1 11. Within such limits, 
it is impossible to use high-precision spectrometers, and 
the reproducibility of universal Raman spectrometers is 
usually worse than 0-2cm-' ,  i.e. is of the order of the 
rotational contribution. 

To overcome these difficulties, we used the fact that in 
order to study molecular rotational movement one does not 
need absolute accuracy. It is clear from (3) and (7) that 
only within one set of measurements must the relative 
accuracy be as high as possible. Consequently we have 
modified the method of differential Raman spectroscopy 
[ 121 in order to carry out experiments with liquid crystals. 
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452 S. Ye. Yakovenko et al. 

We used a conventional experimental set-up for the 
Raman studies [13], but we changed the registration 
procedure: the intensities of all polarized components 
were measured synchronously. This means that for every 
point of a spectrum the number of photon counts was 
determined for each polarized component by rotating the 
analyser and ieorienting the liquid crystalline optic axis 
with the externally applied electric field, and only after 
this, was the position of the monochromator changed. 
The procedure was repeated at each spectral point. 
Certainly, this does not improve the precision of the 
monochromator positioning, but the relative accuracy of 
the bandwidth and band position determination for 
different components can be as high as 0.01 cm - I ,  which 
is a gain of a factor of 10 as compared to the conventional 
technique. 

All experimental details and preparation of liquid 
crystal samples are thoroughly described elsewhere 
[ 1, 131. For achieving high signal-to-noise ratio, the 
slit-width of the monochromator has been chosen to be 
comparatively large: HWHH = 2.7 cm- ’. Although this 
can be supposed to be appropriate, because we are 
interested only in the relative difference of the components 
with different polarization, nevertheless the effect of 
the slit-width has been checked. In experiments with the 
slit-width varying from 2-8 to 6 cm- I ,  almost no varia- 
tions have been observed in the difference between the 
bandwidths with different polarization. 

As is clear from the idea of the differential method, the 
spectra with different polarizations were recorded in one 
scan. For noise averaging, we accumulated the photon 
counts during 2-20s, depending on the intensity of the 
component. In test experiments, the bandwidth appeared 
to be independent of the accumulation time (at least within 
the limits 0.5-30 s). The bandwidth measurements were 
also performed with different spectral intervals for fitting 
or Fourier transform. The absolute bandwidth values 
changed by 10 per cent while we varied the spectral 
interval of fitting from 150 to 500 cm- ’, but the results for 
the 6 ,h  - 6,” remained identical within experimental error. 

In our experiments the liquid crystal samples have a 
planar alignment and 4 differently polarized components 
(both, incident and scattered light can be polarized parallel 
or perpendicular to the liquid crystalline director) can be 
determined for such a geometry. Furthermore, under the 
external electric field, the liquid crystal was reoriented and 
2 more polarized components (with the incident light 
perpendicular and the scattered light parallel or perpen- 
dicular to the incident light polarization) could be 
measured. Only 4 of these components are linearly 
independent (see equations (3)) ,  but this offers the 
possibility of checking directly both the effect of 
the depolarization due to elastic light scattering on the 
long-wave fluctuations of the director [ 141 and the effect 

of incomplete reorientation of the liquid crystal in the 
external field. 

Although the Raman band intensity varies as the second 
power of the cell thickness, sufficiently thin samples 
(4-6pm) were nevertheless used in order to avoid an 
extrapolation procedure of the results to zero thickness. 
This was especially desirable because the large uncertain- 
ties in the experimental bandwidth data prevent accurate 
extrapolation. With cells of this thickness, the residual 
difference between the bandwidths of the similar compo- 
nents obtained with different geometries was smaller than 
the scattering of the data and therefore was neglected. 
The external electric field applied for the reorientation of 
the liquid crystal sample (rectangular a.c. with a frequency 
1 kHz) was chosen to be large enough (1 0 V amplitude for 
5CB and 14 V for 5PCH) for no observable birefringence 
or change of the depolarization ratios to be noticed. The 
differences between the bandwidths of the similar compo- 
nents obtained with and without the external field were 
within the scatter of the data. 

For the studies of molecular orientational dynamics, we 
have chosen two substances: 4-pentyl-4’-cyanobiphenyl 
(5CB) and tran.~-4-pentyl-(4-cyanophenyl)cyclohexane 
(SPCH), which have almost identical structures, but 
somewhat different viscosities. The cyano-vibration in 
both of them seems to be very appropriate for molecular 
rotation studies for several reasons. This mode is charac- 
teristic and well localized in the molecule and is unaffected 
by molecular conformational flexibility. Secondly, Raman 
band corresponding to it is well separated allowing precise 
band-shape analysis. Thirdly, the polarizability derivative 
tensor for this mode has been shown [lS, 161 to possess 
axial symmetry relative to the molecular long axis and, 
with perpendicular components that are much smaller than 
the longitudinal one, this enables usage of formulae (7). 
The procedure used for the measurement of depolarization 
ratios, refractive indices and local field anisotropy, 
necessary for the determination of the order parameters, is 
described elsewhere [ 1,171. 

4. Discussion 
Orientational autocorrelation functions for 5CB and 

5PCH at several temperatures in the isotropic and the 
nematic phases, obtained with the help of formulae (3) ,  are 
represented in figures 1 and 2. To make quantitative 
comparisons, it is more convenient to deal with the 
bandwidths and their temperature dependence. The results 
of the relevant measurements for both substances are 
presented in figure 3 .  

4.1. Determination of orientational correlation times 
It is evident that the rotational contribution has the same 

order of value for both substances, and therefore the 
orientational relaxation times determined from these 
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Non-diffusional molecular rotation 453 

* * 
,a * *  * *  * *  0 

0 
* 

0 0  0 
0 

0 
0 

0 * 0 0, 

measurements with formulae (7) are depicted in figure 4 
only for one of the substances. Besides the self-consist- 
ency of the temperature behaviour of the relaxation times 
720>721>722 so derived (all of them decreasing with 
temperature increase), one can notice that the scattering of 
the z20 values is very high (some points are far beyond the 
borders of the plot). This is caused by the smallness of 
the contribution of 720 to the bandwidth. For example, for 
5PCH at AT = 11.7 (according to (7)) 

720 

720 

As a result, the relative accuracy of determining zz1 and ~2~ 

1.00 fi 

+ + +  \ 
+ + + + < +  + 

+ \  
0.95 1 

\ +  
\ 

1.00 

0.90 

0.0 1.0 2.0 3.0 
time / ps 
(a) 

I + 

i 

+ +  + + +  
+ 

+ + +  + + + + 
+ 

+ i  

+ 
I + 

+ I  
0.0 1.0 2.0 3.0 

time / ps 
(b) 

1.00 - * 

o *  * 

I * O O  

* * * * *  

0.90 4-1 
0.0 1.0 2.0 3.0 

time / ps 
(c) 

Figure 1 .  Orientational autoconelation functions for 5CB in 
the (a)  isotropic and in the (b, c )  nematic phases at 
AT = 7 K, obtained on the basis of formulae (3): ( + ) 720. 
(*) 521, (0) ~ 2 2 .  The dashed line (see figure 1 (a)) represents 
the autocorrelation function obtained from the bandwidth 
measurements. 

is the same as for 6, - d,, and 6, - 6,,, respectively, while 
for 720 it is at least 4 times worse. This is also true for the 
relevant autocorrelation functions (see figures 1 (b) and 
2 (b)).  Consequently the value of 720 determined from 
these measurements is strongly influenced by various 
approximations, utilized during derivation of (7). For 
example, if to account for a finite value of CI in (4) (relevant 
equations for bandwidths are presented in Appendix A), 
the values of 720 are drastically changed and become 
unrealistically small in comparison with other 7s (see 
figure 5) ,  indicating a failure of some other model 
assumption (see further discussion). 

4.2. Analysis of the small-step diffusion approximation 
The relative insensitivity of the rZrn with m # 0 to the 

already adopted approximations makes it possible to use 
them for checking some models of the molecular move- 
ment in the mesophase. In [3,4] orientational correlation 
times for D-functions of different symmetry were derived 
using the small-step diffusion model for molecular 
orientational relaxation in the mean-field nematic orient- 
ing potential: 

720 = 
7 + lO(P2)  + 18(P4) - 35(P2)' 

6Dr(7 + 5(P2) - 12(P4)) 
' 

(9) 
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454 S. Ye. Yakovenko et ul. 

Although the resulting expressions are dependent not only 
on the order parameters, but also on the rotational 
diffusion coefficient D,, which is the parameter of the 
model, one can test the dependence of the ratios of 
different T~, , ,  on the orientational ordering. It is evident 
from figure 6 ( a ) ,  that the experimental ratios 221/222 for 
SPCH agree well with the model predictions (somewhat 
worse agreement is observed for 5CB). This facilitates 
more reliable determination of the tumbling rotational 
diffusion coefficient (see figure 6 (b)) within the model. 
On the other hand, the experimental value of 720 is much 
lower than that predicted by (9). 

While deriving equations (7) (or (Al)) and (9), several 
approximations have been made, which can substantially 
influence the resulting values of the orientational relax- 
ation times [4]: (i) the orientational diffusion coefficient D, 
is independent of molecular orientation, i.e. macroscopic 
anisotropy of the D, is neglected; (ii) the molecules are 

1 ~~ 1.00 

0.90 4 " I 

0.85 ~ 

1 

I I I I I " 

0.0 1 .o  2.0 3.0 
time / ps 

( [ I )  

T 
+ 

I 

+ t  - + +  

I +  

+ +  
I + - +  + + + 

0.90 

+ I  
0.85 1 4  

0.0  1 . 0  2.0 3.0 
time / ps 
( h )  

0.95 

0.90 

t 
0.0 1 . n  2 . 0 3.0  

time / p s  
( C )  

Figure 2 .  Orientational autocorrelation functions for 5PCN in 
the ( a )  isotropic and in the (h)  nematic phases at AT = 5 K. 
obtained on the basis of formulae (3). The notations are 
similar to those for figure I .  Vertical lines represent the 
error bars. 

rigid; (iii) the molecules possess cylindrical symmetry; 
(iv) the orienting potential is treated in the mean-field 
approximation. 

The influence of the anisotropy of the rotational 
diffusion tensor on the orientational relaxation times has 
been considered in [ 181, taking, as an example, zlnr derived 
from TR band-shape analysis. Following the derivation 
used in 11 81, one can readily obtain relevant expressions 
connecting T;,,,, predicted by the diffusion model which 
accounts for the diffusion tensor anisotropy, with r2,,,, 
given by formulae (9): 

1 1  - ~ - -  
z;" 720 

where 68 = ( E ~ ,  - E,)/(E,~ + 2-5,) is the relative anisotropy 
of the rotational friction tensor introduced in [18] for a 
perfectly aligned nematic. As is seen from (lo), account- 
ing for the angular dependence of the orientational 
diffusion coefficient D, leads to an increase of T ~ I  and t 2 2  

relative to ~ 2 0 .  Nevertheless, in order to achieve experi- 
mentally observed ratios T ~ O / T ~ ~ ,  one has to assume an 
extremely anisotropic rotational friction tensor (hs = 1 ) .  
On the other hand, recalculation of the relaxation times 
according to (10) makes T ~ ~ / T Z ~  strongly different from the 
experimental value. At reasonable values of the rotational 
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0.5 - --._ -.. 1. 
-. 
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0.6 
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‘ G  
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$ 0.4 

m 5 0.3 
P 

0.2 

0.1 

\ 
& z - d z z  \ 

-10 -5 0 5 10 15 20 25 

T”-T / K 
(b) 

Figure 3. The temperature dependence of the bandwidths of 
the polarized components determined relative to the zz 
component for (a) 5CB and (b) SPCH. The curves represent 
the values predicted by the small-step diffusion model [4]: 

The scatter of the experimental points shows the uncertain- 
ties of the measurements. 

( _ _ _ _ _ )  6 vx - 6  ZZI (---) 6 x i  - 6  z i r  (- ) 6, - 6;;. 

friction tensor anisotropy, its influence is relatively small 
and it cannot explain the experimental results. 

To analyse the effect of molecular biaxiality, it is more 
convenient to discuss this directly in terms of the rotational 
broadening of the Raman bands. Looking at figure 3, one 
can tell that the diffusional model underestimates the 
rotational contribution onto the xx component and some- 
what overestimates it for the yx and xz components. This 
effect is independent of whether the molecule is con- 
sidered to possess cylindrical symmetry or not. Just as 
tumbling motion mainly contributes to the I,, components 
with i Zj,  in the lack of cylindrical symmetry, the 
diffusional model predicts that spinning motion will even 
increase the difference between the bandwidths of these 
components and Ixp 

Concerning the other two approximations mentioned 
before, it is very difficult to teach some definite conclu- 
sions. One can only argue that both the molecular 
flexibility and the realistic dynamics of the molecular 
interaction potential can cause the molecular reorientation 
to be substantially different from a simple diffusion model. 
Correlation functions depicted in figures 1 and 2 give some 
evidence that the short-time molecular dynamics, at least, 
are non-diffusional. Correlation times derived from the 
Raman band shapes mainly reflect this short-time relax- 
ation (compare corresponding exponents in figures 1 (a)  
and 2 (a )  with experimental points) and, due to this, they 
are strongly different from the values obtained from 
luminescence depolarization measurements [ 11. 

4.3. Other models 
To explain this short-time evolution of the correlation 

functions, it is useful to compare it with the predictions of 
other models. In [ 191, the J-diffusion model, developed 
originally for isotropic liquids [20], has been generalized 
to the nematic case. Thus, inertial effects have been taken 
into account to fit the gaussian-type time evolution of the 
autocorrelation functions at t = 0. Unfortunately, with this 
simple model, it is also impossible to fit the correlation 
functions represented in figures 1 and 2. According to the 
J-diffusion model [19,20], both in isotropic liquids and 
nematics, the second derivative of the autocorrelation 
function is always negative, while in figures 1 and 2 one 
can easily see regions with a positive curvature of the 
experimental autocorrelation functions. As can be shown 
within the formalism of the memory functions approach 
18,211, a more correct model must take into account 
non-Markovian behaviour of the molecular angular 
velocity. 

Some such models of rotational movement of non- 
spherically symmetric molecules have been developed for 
isotropic liquids. According to the cage model [22,23], it 
is supposed that the molecule has several stable orienta- 
tions, i.e. potential minima of orientational energy. The 
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Figure 4. The temperature dependence of the orientational 

autocorrelation times for 5PCH obtained with formulae (7) 
(z = 0 approximation) from the experimcntal data of 
figure 3. 

height of the barriers separating the minima must be larger 
than kT to ensure oscillatory movement of the molecule. 
The molecule is subject to a random force due to 
surroundings, and hence its libration is damped. When 
the energy fluctuations reach the height of the potential 
barrier, the molecule leaks out of the well into a 
neighbouring well. For the two-dimensional system of this 
kind, the equations for rotational movement have been 
solved [23], resulting in the orientational autocorrelation 
function 

omn(t) = (exp [inO(o) - imO(r)l) 

(1 1) 
where 

and 

where I is the molecular moment of inertia, b is the force 
coefficient of the well potential V(0)  = (b/2)02 and Ni s  the 
number of wells. The rate of escape from the well 7 can 
be related to these parameters and the damping factor q. 

Tn the itinerant oscillator model [24], a non-spherical 
molecule librates inside a cage of neighbouring molecules. 
The cage in its turn performs a rotary Brownian motion. 

I I U  7 2 2  I 

0.4 i 
i 

A 

A A r\ 
7-21 

G 

\ A A  I 
C 

0 5 10 15 20 25 

Figure 5.  The temperature dependence of the orientational 
autocorrelation times for (a) SCB and (b )  SPCH obtained 
with formulae (A 1) from the experimental data of figure 3 
(the values of arnlnocr are 1.17 and 1.038 for 5CB and SPCH. 
respectively: these are derived from the depolariration 
measurements made with the isotropic phase and arc 
consistent with the data of [15, 161. 

Analytical solution for disks in two dimensions have the 
form of equation ( 1  1). This equation combines resonance 
and diffusion phenomena, as can be readily sccn by putting 
t < ; I ,  or t S- q. Extrapolation of its long-time part to t = 0 
crosses they axis at In (p , , , ( t ) )  = - (kTn2)/b, that is below 
zero, similarly to experimental curves. In general, at 
definite values of the model parameters, it can fit 
experimental curves. Unfortunately, analytical solutions 
have been found for two-dimensional models only. 
In order to assign some physical meaning to the parameters 
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Figure 6. The temperature dependence of the ratios 221/222 (a), 
obtained from experimental data for PCH5 ( + ) and as is 
predicted by the small-step rotational diffusion model [4] 
(0), and the rotational diffusion coefficient (b)  for the 
tumbling motion as obtained with equations (9) for 5CB 
(0) and SPCH (A), respectively. 

derived from such comparisons with experimental data, 
one has to consider a three-dimensional model and account 
for the macroscopic orienting potential in the mesophase. 

5. Conclusions 
In conclusion, we can summarize by saying that the 

experimental method developed in this work, i.e. 
modification of differential Raman spectroscopy to the 
case of liquid crystals, has enhanced the performance of 
the spectroscopic methods. The precision of the determi- 
nation of the relative broadening and splitting of the 
polarized components of Raman bands in liquid crystals 

can be substantially increased. With the help of the new 
technique and on the basis of a more general treatment of 
rotational broadening of Raman bands, some typical liquid 
crystal materials have been studied. It is shown that for a 
particular shape of intramolecular vibration, it is possible 
to determine all independent autocorrelation functions 
without applying model considerations of the rotational 
motion. The results of these studies have proved the 
importance of non-diffusional behaviour of orientational 
autocorrelation functions in the short-time limit. To 
understand its origin and to build up an adequate model of 
molecular rotation in the mesophase, one must take 
account of realistic dynamics of the intermolecular 
potential and probability of molecular flexibility. 

This work was performed within the framework of the 
co-operation between the Belorussian State University in 
Minsk and the Ruhr University in Bochum. 

Appendix A 
Following the derivation of (7) and differentiating 

formulae (3), one can obtain 

2a2(7 + lO(P2) + 18(P4) - 35(P2)2) 
X 

35 + 702/(2)a(P2) , 

+ 2a2(7 + lO(P2) + 18(P4)) 

Orientational relaxation times determined from the band- 
width measurements with formulae (A 1) are depicted in 
figure 5. From these relations, for example, for SPCH at 
14T = 1 1.7 K we have 

One can conclude that by taking into account the 
non-vanishing value of transverse components of 
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458 Non-diffusional molecular rotation 

the transition polarizability, the accuracy of determination 
of z20 is even worse than when neglecting it. 
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