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A molecular-statistical description of orientational ordering is presented, in which account can be 
taken of the effect of singularities of the local symmetry and of the short-range order on the 
macroscopic characteristics of the mesophase. An interpretation of the anomalous thermostabi- 
lity of nematics with noncentrosymmetric molecules is given, and it is also theoretically predicted 
that in such systems the correlation between the rotational-viscosity activation energy and the 
thermal stability should be the inverse of that in the familiar Diogo-Martins model. The latter 
conclusion is experimentally confirmed for mesophases made up of centrosymmetric particles 
(molecules or associates). 

51. INTRODUCTION 

A molecular-statistical theory of nematic liquid crys- 
tals is usually developed by starting with a specification of 
some form of energy E, of the paired intermolecular interac- 
tion. The most general expression for this energy is an expan- 
sion in a complete system of generalized spherical functions 
(Wigner D-functions). 

In the average intermolecular field approximation 
(AIFA),3 the orientational ordering in nematics is described 
by orientational-order parameters 77= defined by a system of 
self-consistency equations 

r ) ~  = (PL(cos 0) ) 

Here V(8) is a model potential (pseudopotential) usually 
written in the form 

where 8 is the angle between the long axis of the molecule 
and the axis of the predominant molecular orientation (di- 
rector). 

In a number of studies, to take into account the features 
of the short-range order, other approximations were also 
used. These include the cluster approximation,4 various var- 
iants of the Bethe-Peierls appr~ximation,~ the traditional 
correlation-function method of the theory of liquids,"* var- 
ious chain  model^,^.'^ and others. These, however, only re- 
fined the quantitative characteristics of the phase transi- 
tions. The qualitative relations between the coefficients of 
the expansion of Eg (or of V )  in Legendre polynomials, on 
the one hand, and the macroscopic properties of the meso- 
phase, on the other, remained similar to those obtained in the 
AIFA. 

In view of the ensuing computational difficulties, E, 
was specified only in a very simple form such as 

with L = 2 or L = 2.4; this is valid only for ri, 2 I (I is the 
molecule length) and does not reflect the qualitative singu- 
larities of the interaction of the neighboring molecules in the 
mesophase. 

The limitations of the available approaches can in our 
opinion be illustrated by the experimental data of Ref. 11. 
When one of the benzene rings of 4-alkylphenyl-4' alkylben- 
zoate is replaced by a cyclohexane or bicyclooctane ring, the 
thermal stability of the mesophase increases, notwithstand- 
ing the definite lowering of the anisotropy of the polarizabili- 
ty and the lack of an increase of the geometric anisometry.I2 
A rise in the temperature Ti of the transition from a nematic 
to an isotropic liquid corresponds in this case to enhance- 
ment of the noncentrosymmetry of the molecules. Quantum- 
mechanical  calculation^^^ show that for molecules of this 
type a most essential role is played in the expression for E, 
by terms with odd Legendre polynomials, of the type 
clPl(cos8). At the same time in Refs. 14 (Bethe-Peierls ap- 
proximation) andI5 (AIFA) it ic concluded that allowance 
for the terms with P,, - , in the absence of long-range trans- 
lational order exerts practically no influence on the orienta- 
tional ordering, thus contradicting the experimental data. l '  

The purpose of the present paper is an attempt, accept- 
ing on the whole as the first-order approximation the AIFA, 
which has given good account of itself,' to ascertain the 
qualitative changes of the macroscopic characteristics 
which can result from additional allowance for the local 
symmetry of the long-range order, and which are connected 
with the singularities of the construction of the molecules in 
specific nematics. 

52. DISTRIBUTION FUNCTION OF ANISOMETRIC MOLECULE 
IN THE MESOPHASE 

We define an n-particle distribution function 
F(,) (X ]...xn ) as 
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where N is the total number of molecules in the ensemble, 
xi ( r ,  ,oi ) is the set of phase variables that describe the posi- 
tion and orientation of the ith molecule, P = l/kT, and 

For a single-particle distribution function in the super- 
position approximation, the solution of the BBGKY equa- 
tions can be represented in the form 

( 1 )  {-p j dxj Eij (xi, xj) F( IJ  (3;) g(')  (xi, xj) F (x i )  = - exp 
Z 

(2.2) 
where 

1 z=- j d  
N 

xi exp {-p j ~ X ~ E ,  (xi, xi) F ( I )  (xj) g12) (xi, xj) }, 
(2.3) 

g ' 2 ' (~ i  J,) is a two-particle correlation function, the deter- 
mination of which calls for solution of the next equation of 
the BBGKY chain with a three-particle correlation func- 
tion. 

Neglecting completely the correlations between the 
molecules, i.e., putting g'2'(xi ,xj ) = 1, we obtain 

This corresponds to the known average molecular field ap- 
proximation in the models of the type of the Maier-Saupe 
t h e ~ r y . ~  At the same time it is possible, retaining the statisti- 
cal independence of the molecules (i.e., remaining in the 
framework of the AIFA for the orientational part of the dis- 
tribution function7) to take into account the correlations of 
the positions of the centroids. To this end we consider the 
correlation function 

g(" (x,, xj) =g( ' )  (ri, oi; rj, oj) 

in the form 
g(" (r,-rj) =g(')  (ri,). 

The presence of cylindrical symmetry in the system allows 
us to express the angular dependence of g'2'(rv) in the form 

where rV and av are polar coordinates of the center of gra- 
vity of the jth molecule in the ith coordinate system. The 
concrete form of the coefficients gf'(r,.) can be obtained by 
numerical calculation in analogy with Ref. 8 and is not our 
present purpose. 

Averaging EV (ri ,oi ;r, ,o, ) over all the values of rv and 
over the orientations of the jth molecule we obtain in the 
particular case of axial-symmetry molecules, with (2.2) (2.5) 
taken into account, an expression for the orientational part 
of the distribution function F"' in the form 

where 

is the pseudopotential of the ith molecule and differs from 
the pseudopotential in the AIFA (1.2) in that it contains 
crossover terms with L # M. 

Note that the pseudopotential (2.7) was first introduced 
in Ref. 6 specifically to take into account the local cylindri- 
cal symmetry of the nematic mesophase within the AIFA 
framework, but neither a detailed proof nor calculations 
with its aid were given. 

The crossover terms in (2.7) have a two-fold meaning. 
On the one hand they permit, as was indeed proposed in Ref. 
16, the taking into account the local symmetry of the nema- 
tic mesophase. On the other hand, the molecule centroid 
correlations connected, e.g., with the short-range transla-. 
tional order, make also their own contribution to gfl(rv), and 
hence to the crossover terms (2.7). It becomes thus possible, 
without complicating the formalism and merely by renor- 
malizing the coefficients v,, , to take into account a number 
of mesophase features connected with the short-range order 
and not describable formally in the AIFA. By way of an 
example illustrating the capabilities of the method, we con- 
sider a nematic made up of noncentrosymmetric molecules. 

93. MODEL CALCULATIONS OF ORIENTATIONAL ORDERING 
IN A MESOPHASE MADE UP OF NONCENTROSYMMETRIC 
MOLECULES 

For the concrete calculations we confine ourselves to 
the terms with P,, P,, and P, in the pseudopotential (2.7). We 
recognize next that in real nematic mesophases ~ , = 0  al- 
ways. Furthermore, we use the fact that in accord with the 
experimental data ~ 4 z a , ~ 2  in first-order appr~ximation'~ 
(in the general case we can assume 77, = a177, + a277: + ...). 
We have ultimately 

V (0) =-vq [P2  (COS 0) f s i p i  (COS 0) +6rP4 (COS 0)] ,  (3.1) 
where 

We note that an expression 

similar in form to (3.1) was introduced by us in Ref. 18 as the 
starting model potential for the description of cholesteric 
mesophases and made possible the description of a number 
qualitative features of the helical twist. 

After substituting (3.1) in (1.1) and numerical calcula- 
tions we obtain v (T)  curves for different values of the param- 
eters 8 ,  and S,, and also the characteristics t i k T i / u  and 
vi=7(Ti) of the transition from a nematic to an isotropic 
liquid, as functions of 6, and 8, (Figs. 1 and 2). 

We note the following qualitative features of the results. 
1. The character of the 7(T/Ti )  dependence for differ- 
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cy toward further "antiparallel" order, and the term with PI 
leads only to additional orientational ordering, acting in an- 
alogy with the term containing P4 for the corresponding 
64 > 0. 

3. We note finally the increase of ti with increasing IS, 1 .  
This means that, other conditions being equal, nematics with 
noncentrosymmetric molecules should have higher isotrop- 
ic-transition temperatures, in agreement with the experi- 
mental data." It is probably possible to interpret similarly 
also the anomalously high values of Ti for substituted cho- 
lesterine b e n ~ o a t e s . ~ ~  

54. EXPERIMENTAL INVESTIGATIONS OF ROTATIONAL 
VISCOSITY IN MODEL SYSTEMS 

FIG. 1. Temperature dependence of the orientational order parameter for In accordance with the known theory of Diogo and 
model systems with the following parameter values: 1 - 6,  = 0, S, = 0; 
2 - 6, = 0, 6, = 0.1; 3 - 6,  = 0, 6, = 0.2; 4 - Sl = 0, 6, = - 0.1;  martin^,^^ the rotational viscosity coefficient y, is deter- 
5 - 6, = 0.6, 6, = 0; 6 - aI = 1.0, 6, = 0; 7 - 6, = 1.0, 6, = - 0.12; mined by the frequency v, of the hopovers of the nematic 
light circles-experimental data for pazoxyani~ole,'~ dark circles--ex- between two equilibrium positions with 6' = 0 and 180": 
perimental data for cholestryl-o-fluorobenzoate.20 

y i=vo-l ( kT /n2V ' ) ,  (4.1) 

ent S4 at 6, = 0, as well as the influence of S, on vi and t i ,  are 
similar to the  result^^.'^ obtained by solving the self-consis- 
tency equations with account taken of v2 and v4 and using 
the pseudopotential (1.5). Comparison with the experimen- 
tal data for dialkyloxyazoxybenzenes,'9 the centrosymme- 
tric shape of whose molecules excludes a possible contribu- 
tion of the term with P I ,  shows that the corresponding model 
dependence (Fig. 1, curve 2), just as in Refs. 3 and 11, de- 
scribes accurately enough the experimental data; the influ- 
ence of 6, on vi and ti is also similar to that in Refs. 3 and 16. 

2. The effect of S, on the orientational order has a qual- 
itatively different character. Thus, with increasing S,, the 
decrease of 7 with temperature becomes all the more 
smoother, i.e., Idv/d (T/Ti ) I decreases. [We note that cho- 
lesterine esters, the noncentrosymmetry of whose molecules 
is obvious, is characterized by just such a variation ofq with 
temperature2' (Fig. 1, curve 7).] 

Next, the change of 7 with increasing 8, is nonmono- 
tonic; at 6,- 1 the function vi (8,) (Fig. 2 )  goes through a 
maximum and then decreases asymptotically to zero (this is 
natural, since a second-order phase transition should take 
place in the system at y)l, Ref. 21). At small 6, the forces 
connected with P I  are thus insufficient to produce a tenden- 

FIG. 2. Dependence of the orientational order parameter and of the rela- 
tive temperature at the isotropic-transition point on 6,  and 6,: 1 - qi (S,), 
2 - t, (a,), 3 - qi(6,), 4 - ti(6,). 

where V * is the molecular volume at temperature T. 
For real nematics, in the absence of pre-transition phe- 

nomena connected with the tendency to translational order- 
ing, and far from T , ,  the activation energy E, of the rota- 
tional viscosity is proportional to the constant v in the 
Maier-Saupe pseudopotential, meaning that a correlation 
should exist between Ea and T i .  On the other hand, for a 
potential of the type (3. I), which has (at 6, > 0) an absolute 
minimum at 6' = 0" and a local minimum at 6' = 18O0, the 
value of v, should increase with increasing 6 ,  (the contribu- 
tion made to .t;l by a molecule with an orientation corre- 
sponding to a local minimum of the pseudopotential is anal- 
ogous to that of a molecule at the absolute minimum; at the 
same time, the probability of hopping over from this poten- 
tial is substantially higher). This means that for noncentro- 
symmetric molecules described by a pseudopotential of type 
(3.1) the correlation between Ea and Ti should be the reverse 
of that of "ordinary" nematogenic molecules described by a 
pseudopotential of the Maier-Saupe type. To verify experi- 
mentally this consequence of the developed model, we inves- 
tigated the rotational viscosity of a number of systems (see 
Table I). 

The coefficient y, was determined from the relaxation 
time t of the Frtedericksz transition (S-effect) in a planarly 
oriented NLC deformed by an electric field,24 using the rela- 
tion 

In (cp01~) =2nZKi1t/L2yi, 

where e, = @ /2r, @ is the phase delay of monochromatic 
linearly polarized light incident perpendicular to the layer, I 
is the thickness of the NLC layer, 

is the initial phase, and U,,, is the threshold voltage of the S 
effect. The elastic constant K , ,  for each temperature was 
determined from the threshold voltage and dielectric anisot- 
ropy, measured under the same conditions. We described the 
experimental procedure in detail earlier in Ref. 24. The NLC 
layer thickness was measured by an interference method and 
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TABLE I. 

I Composition, 
Designation Components mol. fract. 

mol. % FCH-7 

Mixture A 

was about 60 pm. The measurement cell temperature was 
maintained constant with +_ 0.1 "C. The error in the deter- 
mination of y ,  did not exceed 7-10%. The dependences of 
logy, on T -' for mixtures A and B are shown in Fig. 3. They 
are well approximated by straight lines (except for the region 
near T, ), whose slopes were used to determineE, accurate to 
+ 0.010 eV. 

The most important results of the experiments are the 
following. 

1. On going from the mixture A to the mixture B (see 
Table I), i.e., from a system made up of centrosymmetric 
molecules to a system made up principally of noncentrosym- 
metric ones (in each of the mixtures we introduced 9% of n- 

0 
c Hv-L-\)-CY 

'=' \O-<:>-OC~H~ 

0 

C H -  \=/z~\~-/-\  
\=/-OCzHb 

Mixture C 

FIG. 3. Temperature dependences of the rotational-viscosity coefficient 
y ,  for mixtures A and B. 

5 / j  1  

5 / 1 ~  

FIG. 4. Dependence of the macroscopic characteristics of the mixture 
C + FCH-7 mixture on the molar concentration ofthe FCH-7: 1-T, ,2- 
E,. 

0 

c ~ H , - < ~ > - G S - < ~ ) - ~ ~ ~ ~  
/-\ 

CIHI-\-/-N=N--OCOC - - II,* 
0 cyanphenyl ester of n-hexylbenzoic acid to make the anisot- 

ropy of the dielectric constant positive) r. increases from 
47.6 to 73.6 "C; the energy E, decreases in this case from 
0.561 to0.393 eV, and the coefficient y ,  from 2.17 to 1.3.7 P. 

2. Figure 4 shows the concentration depedences of y ,  
(25 "C), Ea , and Ti for a mixture of azoxy compounds (mix- 
ture C, Ref. 25) and 4(4-n-heptyltranscyclohexane) of ben- 
zonitryl (FCH-7). At an approximate FCH-7 molar concen- 
tration 40-45% a maximum deviation of Ti from additivity 
and a minimum of Ea are observed. It is natural to attribute 
this26 to the fact that the particles of each of the components 
are centrosymmetric (the molecules of the azoxy compounds 
and the FCH-7 associates, Refs. 27 and 28); at the same time, 
the associates of the mixed composition produced in the mix- 
ture are undoubtedly noncentrosymmetric. In this case S, in 
(3.1) increases and, as a consequence, an increase of Ti and a 
decrease of Ea are noted compared with the additive behav- 
ior of these parameters. 

'13 

I 1 3  

§5. CONCLUSION 

Thus, the aggregate of the results obtained in $$3 and 4 
shows that the noncentrosymmetry of the mesogenic mole- 
cules (the difference between the "heads" and "tails" of the 
particles making up the mesophase) exert a substantial influ- 
ence on the macroscopic properties of NLC (particularly on 
the thermal stability and rotational viscosity). Allowance for 
the noncentrosymmetry of the molecules (one approach for 
which is proposed in this paper) is, in our opinion, an indis- 
pensable condition for an adequate molecular-statistics de- 
scription of the nematic mesophase. 
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stant interest in the work, to S. A. Pikin and M. A. Osipov for 
a helpful discussion and a number of valuable remarks, and 
to R. U. Safina, M. V. Loseva, and B. M. Bolotin for supply- 
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acids. 

560 Sov. Phys. JETP 59 (3), March 1984 Belyaev eta/. 560 



'J. R. Sweet and W. A. Steele, J. Chem. Phys. 47, 3022 (1967). 
'L. A. Varshalovich, A. N. Moskalev, and V. K. Khersonskii, Quantum 
Theory of Angular Momentum [in Russian], Nauka, 1975. 

3P. J. Wojtowicz, RCA Rev. 35, 118 (1974). 
4R. Van der Haegen, J. Debruyne, R. Luyckx, and H. N. W. Lekkerker, J. 
Chem. Phys. 73,2469 (1980). 

'J. G. J. Ypma and G. Vertogen, J. Phys. 37, 557 (1976). 
6A. Wulf, J. Chem. Phys. 55, 4512 (1971). 
'Y. M. Shih, Y. R. Lin-Liu, andC. W. Woo, Phys. Rev. A14,1895 (1976). 
'M. A. Lee and C. W. Woo, Phys. Rev. A16, 750 (1977). 
9P. Sheng and P. J. Wojtowicz, Phys. Rev. A14, 1883 (1976). 
'OL. Longa, Acta Phys: Pol. A60, 513 (1981). 
"N. Carr, G. W. Gray, and S. M. Kelly, Mol. Crystl. Liq. Cryst. 66, 267 

(1981). 
lZW. H. deJeu, Physical Properties of Liquid Crystalline Substances, Gor- 

don & Breach, N. Y. (1980); [Russ. transl.], Mir, 1982. 
13K. Tokita, K. Fujimara, S. Kondo, and M. Takeda, Mol. Cryst. Liq. 

Cryst. 64, 171 (1981). 
I4J. G. J. Ypma and G. J. Vertogen, J. Phys. 37, 1331 (1976). 
15P. J. Photinos and A. Saupe, Phys. Rev. A13, 1926 (1976). 
I6R. L. Humphries, P. G.  James, and G. R. Luckhurst, J. Chem. Soc. 

Faraday Trans. 11, p. 1031 (1972). 
"E. M. Aver'yanov, A. Vaitkyavichyus, A. Ya. Korets, R. Sirutkaitis, A. 

V. Sorokin, and V. F. Shabanov, Zh. Eksp. Teor. Fiz. 76, 1791 (1979) 

[Sov. Phys. JETP 49, 910 (197911. 
18G. S. Chilaya and L. N. Lisetskii, Usp. Fiz. Nauk 134, 297 (1981) [Sov. 

Phys. Usp. 24,496 (1981)l. 
19E. G. Hanson and Y. R. Shen, Mol. Cryst. Liq. Cryst. 36, 193 (1976). 
'OP. J ,  Collings, T. J. McKee, and J. R. McColl, J. Chem. Phys. 65, 3520 

(1976). 
"S. Chandrasekhar, Liquid Crystals, Camb. Univ. Press, 1977. 
"V. G. Tishchenko and R. M. Cherkashina, in: Cholesteric Liquid Crys- 

tals [in Russian], Novosibirsk, Inst. Teor. Appl. Math. Sib. Div. USSR 
Acad. Sci., 1976, p. 26. 

23A. C. Diogo and A. F. Martins, Mol. Cryst. Liq. Cryst. 66, 133 (1981). 
24V. G. Chigrinov and M. F. Grebenkin, Kristallografiya 20, 1240 (1975) 

[Sov. Phys. Crystallogr. 20, 747 (1975)l. 
"M. I. Barnik, S. V. Belyaev, M. F. Grebenkin, et al.,  ibid. 23, 805 (1978) 

[23, 460 (1978)l. 
26Yu. A. Fialkov, A. N. Zhitomirskii, and Yu. A. Tarasenko, Physical 

Chemistry of Non-aqueous Solutions [in Russian], Khimiya, 1973. 
"H. Schad and M. A. Osman, J. Chem. Phys. 75, 880 (1981). 
"A. J. Leadbetter and A. I. Metra, J. Mol. Cryst. Liq. Cryst. Lett. 72, 51 

(1981). 

Translated by J. G. Adashko 

561 Sov. Phys. JETP 59 (3), March 1984 Belyaev et a/. 561 


