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Methods of computer experiments which were successfully used to 
study isotropic liquids are rather promising for the investigation of 
properties of different liquid crystals. This paper discussed the main 
results of studying anisotropic systems by methods of computer ex- 
periments (the molecular dynamics method and that of Monte Carlo). 
It gives the description of the molecular dynamic model and the 
technique of molecular dynamic modeling liquid crystals of different 
types (nematic, smectic, cholesteric, as well as films of liquid crystals). 
Special attention is paid to the choice of the pair potential of inter- 
action which takes into account anisotropic of the dispersion attrac- 
tion and form peculiarities of molecules as well as specific contri- 
butions to the interaction energy (which result in the formation of 
twisted cholesteric structures, smectic layers, etc.) The model of “a 
molecule in a molecule’’ is suggested to describe the smectic state. 

According to the results of computer experiments some values were 
calculated such as structure characteristics of different liquid crystals 
and films of liquid crystals (order parameters, orientational and trans- 
lational distribution functions, coordination numbers), characteristics 
of dynamic behaviour of particles (mean square displacements, time 
correlation function, time of correlation and that of relaxation), as 
well as physical and chemical properties (pressure, energy, heat ca- 
pacity, sound velocity, coefficients of compressibility, coefficients of 
selfdiffusion). 
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410 A. L. TSYKALO 

FIGURE 1 Comparison of potentials 4, y = 2 .5 ,  n = 0 (solid lines) and N = 2 
(dashed lines) for characteristic mutual orientations of molecules with results of cal- 
culations performed by the Lifshitz-McLakhlan theory9 for the five-centred model of 
p-azoxyanisole (PAA) (figures): 1-11; ]]-I-; 111-1.; 1V-- - -. 

The data obtained by molecular dynamic modelling were compared 
with experimental ones. The results of this comparison were discussed 
and a good agreement between calculated and experimental data was 
found. 

Peculiarities of structure thermodynamic and transport properties 
of liquid crystals, their wide application in practice and their role in 
biological systems resulted in thorough studies of these substances 

*during recent years. However theoretical methods of investigation 
are not fully developed and their use is impossible without approx- 
imations and assumptions lowering the reliability of results. Data on 
dynamics of particles of liquid crystals systems are very scarce. 

To study a variety of properties of different kinds of liquid crystals 
it is reasonable to use the molecular dynamics method which was 
successfully applied for investigating isotropic liquids. This method 
is based on  numerical integration of equation systems for the motion 
of particles composing the substance, and it allows strictly in principle 
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MOLECULAR DYNAMICS OF LIQUID CRYSTALS 

TABLE I 

411 

The pressures ( P ) .  configuration internal energy (U). thermal coefficients of 
pressure (y,.) of PAA obtained with molecular dynamics method and comparison 

with experiment 

y.. b a r .  K-' 
P p ,  U, 

T ,  K g/cm' bars 10' J/Mole MD method experiment 

371 1.169 142 -24.3 10.0 13 [ 14) 
394 1.169 372 -23.9 10.5 13 [15]' 
414 1.169 581 -23.4 

~ 

a For 1.282 g/cm3 

to solve the statistic problem of the system of a great number of 
interacting particles. As a result one can get rather complete infor- 
mation about properties of a system which helps determine charac- 
teristics of particles dynamic behaviour (time correlation functions of 
linear and angular velocities, reorientational functions; etc.), struc- 
ture (orientational and translational ordering parameters, distribution 
functions), thermodynamic properties (pressure, energy, heat capac- 
ity, thermodynamic velocity of sound, coefficients of compressibility, 
etc.), transport properties (selfdiffusion, viscosity, thermal conduc- 
tivity, etc.). 

In this paper liquid crystals of three types-nematic (NLC), smectic 
(SLC), cholesteric (CLC) were studied by the molecular dynamics 
method. Special attention was paid to the pair potential of interaction. 

FIGURE 2 Schematic representation of the typical smectic molecular model (ethyl 
ether ofp-azoxybenzoic acid): 1-inner (smaller) ellipsoid, 2 -0uter  (larger) ellipsoid, 
h e n t r a l  part of molecule, &nd-"chains." The rotation axis of an ellipsoid mol- 
ecule is horizontal and lies in the plane of the drawing. 
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412 A. L. TSYKALO 

We tried to use a simple molecular model, when it was possible, 
which reflect the main kinds of molecular interactions and resulted 
in the qualitative description of the most important properties of the 
above types of liquid crystals. The applied general form of the in- 
termolecular potential of interaction for ellipsoid molecules was as 
follows: 

(?) ’ - ~ E @ ( u ,  x uj r)(ui, u,) 

where r is the distance between centres of particle masses, u, and u, 
are unit vectors, directed along the long axes of ellipsoids, r is the 
unit vector directed along the line connecting molecules centres, E is 
the energy parameter of the  potential, uL is the length of the ellipsoid 
short axis. Functions ~ ( u , ,  u,) and ~ ( u , ,  u,, r) have the form suggested 
by B. J .  Berne and P. Pechukas.’ 

The first two addenda of the potential take into account interaction 
forces: anisotropic forces of repulsion and dispersive attraction. The 
account of these addenda is enough for modeling NLC and SLC. 
Thus, in  case of u, = u2 and = e2 this potential corresponds to 

TABLE 11 

The adiabatic compressibility (ps) and thermodynamic velocity of sound (MI) of 
PAA and MBBA obtained with molecular dynamics method and comparison with 

experiment 

ps, cm . clg w ,  lo5 cm/c 
P, 

Substance T, K g/cm3 MD method Experiment MD method Experiment 

PAA 400 1.194 37.1 54.3 1161” 1.50 1.26 [ 16)” 
407 1.173 42.1 65.3 [16] 1.42 1.15 [16] 

MBBA 308 1.044 56.8 42.4 [ 17Ib 7.30 1.55 [ 17Ib 
314 1.026 64.6 49.2 [ 17)‘ 1.23 1.44 117)’ 

For 399 K 
For 309 K 
For 312 K 
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MOLECULAR DYNAMICS OF LIQUID CRYSTALS 413 

I I 1 1  I 

I 

A 

V 

4- n. 

FIGURE 3 Temperature dependences of (P.) and (P,) at constant density: A, ‘I are 
modeling, (PJ at 1.169 g/cm’ for N = 108 and 168 respectively (N-number of particles 
in the based box), n = 2, y = 2.5, u0 = 5.36 A, calk = 535 K; A and V are the same 
for (P4); are the same for (P2) at 1.116 glcm’; o is experimental data (NMR) for 
PAA at 1.169 gl~rn’.’~ The solid line corresponds to the Chandrasekhar-Madhusudana 
theory.” 

the one previously used by us for studying NLC2 (Figure 1) .  Sup- 
posing that uL # u2 and # e2 i t  is possible to successfully simulate 
SLC. In the latter case the model of a “molecule in a molecule” is 
used.3 A smaller ellipsoid is located in every large elongated ellipsoid. 
Large ellipsoids interact with one another according to the law of 
power repulsion (the first addendum of the potential takes into ac- 
count relatively “soft” repulsion of endchains of smectics molecules 
and more “rigid” repulsion of central parts of these molecules). Smaller 
ellipsoids attract each other (the second addendum of the potential 
takes into account dispersive attraction of benzene ring of molecules 
central parts) (Figure 2). The last member of the potential describes 
dipole-quadrupole interaction, with parameter rn characterizing the 
relative value of this interaction and being connected with the dis- 
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FIGURE 4 Time correlation functions (TCF) of linear velocities $,and square-mean 
displacements JI, of NLC. found by the method of modeling (y = 3.0. p* = 0.350, n 
= 0, 7' = 0.77). 

tribution of electronic density of molecules. According to Goossens 
theory4 which is widely used in recent years, i t  is the contribution of 
dipole-quadrupole interactions that determines peculiar features of 
CLC in the first place. 

The statistical problem was solved by numerical integrating the 
system of motion equations for 108, 168 or 256 ellipsoidal particles 
(each of which had five powers of freedom) placed into the basic 
sample which had the form of a cube or a rectangular parallelepiped. 
Periodical boundary conditions were imposed on the planes of the 
basic sample, which presented the possibility to simulate an infinitely 
large system with translational periodicity. In modeling liquid crystals 
films the basic sample from the side of two opposing planes was 
limited by energetically homogeneous flat walls, with molecules in- 
teracting with these walls according to anisotropic potential Mi 
(9-3). 
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MOLECULAR DYNAMICS OF LIQUID CRYSTALS 415 

0.0 6 

0.0 5 
* 
F7 

0.04 

0.0 3 

FIGURE 5 

* n 

J 

n* A A 
c 

0.75 0,80 0,85 
T “  

Temperature dependences of the self-diffusion coefficients (DH, D, and 
0,) of the molecular dynamic model in the range of existing of NLC and IL (y = 2.5, 
n = 2, p* = 0.420): a-NLC, N = 108; v is the same, N = 168; V-IL, O-D,. 
Dashed lines correspond to approximate relationships.’2 

During each molecular-dynamic “experiment” the transition from 
initial state (nonequilibrium for given conditions) to equilibrium one 
characteristic of nematic, smectic, cholesteric mesophases or an is- 
otropic liquid took place (depending on the character and parameters 
of a potential of molecular interactions as well as on the system 
temperature and density). 

Figure 3 shows the temperature dependences of order parameters 
(coefficients of series expansion in Legendre’s polynomials for ori- 
entational distribution function) (Pz)  and (P4) for the most thoroughly 
studied NLC of p-azoxyanisole. The agreement with experimental 
data in ( P J  is very good, but experimental data in (P4> are up to now 
scarce and contradictory. The molecular dynamics method enables 
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416 A.  L. TSYKALO 

us to find not only any order parameters ( ( P J ,  (P6) ,  etc.) but to 
determine complete orientational distribution function, as well as to 
estimate how many expansion terms are necessary to describe it re- 
liably depending on temperature, pressure, external field, etc. We 
found that for states of high ordering knowledge of (P2)  was required 
as well as (P4) and (P6).  

Time correlation functions of linear velocities in directions parallel 
and perpendicular to the director (Figure 4) show the considerably 
easier movement of NLC molecules in the former direction. In this 
connection the ratio of the selfdiffusion tensor components D,,lD, 
for NLC calculated applying the molecular dynamics method is more 
than unit according to experimental data. Temperature dependences 
D,, and D ,  for NLC are also in reasonable agreement with experi- 

3.0 

2.5 

0 

..1- 2.0 
0 

m -  

0 
GI 

1.5 

1.0 

0.5 

P 9 
B - 

L 6 T 
Q 

h 

385 390 395  400 4 0 5  4 
T. K 

0 

FIGURE 6 Temperature dependences of D,,, D, and Do for PAA: W, and A are 
the results of modeling (y = 3.0, q = 0, uo = 5.01 A, q,/k = 520 K), 0, 0, A are 
experimental data o n  the neutron diffraction.” 
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MOLECULAR DYNAMICS OF LIQUID CRYSTALS 

TABLE 111 

Reduced values of some properties and structure characteristics of SLC and NLC 
obtained with molecular dynamics method 

417 

NN I 2 3 4 5 6 

Properticsa.h SLC SLC SLC SLC N LC SLC 

0.234 0.236 0.245 0.245 0.245 0.255 
r 0.38 0.36 0.42 0.46 0.57 0.44 
P* 

0.81 0.93 
0.75 0.76 
0.55 0.57 
0.12 0.14 
0.50 0.55 

0.029 
0.037 
0.78 

0.87 
0.63 
0.73 
0.29 
0.64 
0.013 
0.026 
0.0050 
0.0055 
0.0110 
0.50 
0.0042 

0.85 
0.58 
0.48 
0.05 
0.47 
0.015 
0.027 
0.0071 

0.0081 

0.77 
0.45 
0.12 
0.00 
0.10 
0.0281 
0.044 
0.0137 
0.110 
0.025 
4.4 
0.0156 

0.91 
0.72 
0.76 
0.33 
0.69 
0.0072 
0.018 

0.021 
0.009 
2.3 

a p* = p Nu;; T* = Tl2;  r* = t l ( ~ o l m ) ~ ' ~ b o ;  D' = D/uo(c,,lm)l'~; 
k 

q., 7, and u are orientational, transitional and mixed order parameters respectively 
and expansion coefficients of partition function f ( x ) :  

mental data (Figure 6). Time correlation functions of angular veloc- 
ities and reorientational function found by the molecular-dynamic 
method give the possibility to calculate rotational diffusion coeffi- 
cients for NLC and corresponding correlation time steps. The results 
of molecular dynamics simulation show that the most adequate model 
out of idealized ones suggested for describing rotational motion is 
the generalized theory of gas-like r ~ t a t i o n . ~  

The character of distribution function 'p(x/uo) for the density of 
molecules mass centres along the director (given in Figure 7) shows 
the presence of molecule layers typical for SLC (the presence of 
distinct periodical maxima). 

In the case of SLC the value $! in the point of the first minimum 
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0 3 6 9 
X P  

FIGURE 7 Distribution function of particle mass centres for SLC along the axis 
parallel to the director, according to data of modeling: 1 and 2-for SLC, S f o r  NLC. 

is approximately three times as large as the similar value +,+ (Figure 
8), which is the evidence of availability of ordered oscillations in the 
direction perpendicular to smectic layers and of difficulty of molecules 
motion in this direction as compared to the motion in the plane of a 
smectic layer. Thus, according to molecular dynamic data for SLC 
DdD, < 1 which corresponds to experimental data for the larger 
part of the range where SLC exist (small parts adjoining the phase 
transition lines can serve as exceptions). 

Peculiarities of molecules locations in smectic layers can be de- 
scribed by the binary distribution functions g(r/u,,). Their forms give 
the possibility to distinguish SLC A (the comparatively smaller first 
maxima and attenuation of oscillations at large distances) from SLC 
B (the higher first maximum and availability of long-range ordering 
which shows itself in the existence of oscillation even at large dis- 
tances). The molecular dynamics method for SLC was used to de- 
termine not only orientational order parameters, but also transla- 
tional and mixed order parameters.6 

In case of CLC one can observe spontaneous twisting of condi- 
tionally chosen molecular layers so that the directors for such layers 
composed a typical cholesteric spiral. Figure 9 illustrates it. With 
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MOLECULAR DYNAMICS OF LIQUID CRYSTALS 419 

1.0 

0.8 

0.6 

0.4 
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0 

2 

- a,2 

-4 
. 2  
A 3  

1 1 1 

FIGUR,E 8 TCF of linear velocities of SLC molecules according to modeling data: 
1 is parallel to x-axis (to the director), 2 is parallel to y-axis, 3 is parallel to Z-axis. 

increasing the temperature the spiral pitch decreased as was the case 
with the majority of experimentally studied cholesteric liquid crystals 
that are cholesterine derivatives.’ Obtained temperature depend- 
ences for orientational molecule order parameters in conditionally 
chosen CLC layers correspond qualitatively to experimental data 
available.* 
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I I I I 
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FIGURE 9 Angle dependences of director projections for CLC model layers on the 
plane x-y with the axis x on the layer numbers in equilibrium states according to 
modeling data: 1--T* = 0.39, 2-T* = 0.75. 

The results of performed research are the evidence of great pos- 
sibilities exhibited by the molecular dynamics method in studying 
liquid crystals. In this case information on molecular characteristics 
of substances is only used (molecular sizes and form, intermolecular 
interaction, etc.) which permits to establish the relation between 
structure, macro- and microscopic properties as well as to obtain 
information on the molecular level (for example, data on the char- 
acter of separate molecules motion), which is impossible to do ex- 
perimentally or is connected with great difficulties. The development 
of electronic digital computers and determination of interaction ener- 
gies for complicated molecules present the basis for a wider appli- 
cation of the molecular dynamic method. 
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