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Molecular Dynamics Study of the 
Nematic Liquid Crystals 
A. L. TSYKALO and A. D. BAGMET 
Odessa Techno logical institute of Refrigeration, USSR 

(Rrceiccvl Ocroher 18, 1976; in find form Augrrsr 20, 1977) 

Since nematic liquid crystals have found a wide use for solving a number of 
practical problems, the theoretical prediction of thermodynamic and trans- 
port properties of liquid crystal systems, as well as an explanation of the 
structure and dynamic characteristics on the basis of reasonable molecular 
models have become a point of great importance. The modern molecular- 
statistical theories, e.g. Maier-Saupe theory and its modifications, use 
rough approximations (mean field approximations for example) and therefore 
may lead to wrong conclusions. 

To solve the problem “machine experiments” seem to be quite promising 
since they enable the statistical problem of determining the properties of 
systems consisting of a large number of particles to be solved accurately, 
Unfortunately, in the first investigations of the systems of hard sphero- 
cylinders, with the use of the Monte-Carlo method1V2 there have been serious 
difficulties and the opposite conclusions have been obtained. Kushick and 

have examined the nematic stability and the diffusion in the nematic 
liquid crystal model by the molecular dynamics method, but only one state 
was investigated for a three dimensional system. 

Our work on the molecular dynamics method, which enables one to 
calculate static and dynamic properties of model systems from a solution of 
Newton’s equations of motion, is used for exploring models of the nematic 
liquids. The computer model consists of a basic box with periodical boundary 
conditions containing 168 or 108 ellipsoidal particles. 

The interaction potential is taken to be of the pair-wise additive Lennard- 
Jones form with a strength parameter E and a range parameter c depen- 
dent upon the major to minor ellipsoidal axis ratio o,,/ul and the relative 
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112 A. L. TSYKALO AND A. D. BAGMET 

position and orientation of the two particles’ (Figure 1): 

E(Ui,  Uj) = [I - f ’ ( U i .  uj)2]- ”2, 

( i . U i  + i . U j ) 2  ( i .  ui - P . U j ) 2  

1 + f (Uj  . U j )  1 - f ( U i  .Uj)  11 ’ 
+ 

a; - a: 
f=-- .if + a:’ 

where ui and uj are the unit vectors parallel to the molecule’s major axis, r 
is a vector joining the centers of the two ellipsoids, and e0 and aI are scaling 
parameters. The potential # takes into account the main contributions into 
the liquid crystal molecular interaction energy : anisotropic, short-range 
repulsion and long-range dispersion attraction.6 To determine the relative 
contributions made by the attractive and repulsive forces some “machine 
experiments” are performed on the basis of the repulsive potential # J ~  which 
is the first addent of the right-hand part of Eq. (1). The range of the potential 
4 was r/aI < 2.5a and the range of the potential & was r/al < 2ll6a. 

Some molecular dynamics simulations were performed with the modified 
form of the potential ( 1 ) :  

# 
4i = 0 2 ( U i ,  uj, i)’ 

The well depth of the potential (1) depends upon the relative orientation of 
the interacting molecules comparatively slightly (the orientation significantly 
effects only the maximum attraction distance). For the potential (2) the 
orientation of the molecules has a great influence on both the potential 
well depth and the maximum attraction distance which conforms to the 
results of the Lifshiz-Mc-Lahlan theory’ (Figure I). 

Simulating has been carried out with 3 translational and 2 rotational 
degrees of freedom taken into account. The Hamiltonian of the system is 

where Pi, P o , ,  Pb, are the impulses corresponding to the translational and 
rotational degrees of freedom; Oi and di are the polar angles defining the 
orientation of the vector u i ;  m, 9 are the mass and inertia moment of the 
ellipsoid respectively, N is a number of molecules in the system. 
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NEMATIC LIQUID CRYSTALS I13 

I 

I 
I 
I 
I 
I 
1 

3 <  

- 
I 
I 
I 
I 
I 
I 
I 
I 

74 

-2.0 I I I I I 

0 2.0 
FIGURE 1 The reduced potential energy of two ellipsoidal particles (a,,/aL = 2.5) for some 
specific orientations. Solid lines correspond to the nonspherical potential 4, ; dashed lines cor- 
respond to the potential 4 , .  The potentials (I, and 0, are the same for orientations 1 and 2. 

The calculations proceeded from a perfect crystal state with order para- 
meter 

being equal to 1, where n is the direction of preferential alignment (the 
director). Transition from the initial nonequilibrium state to equilibrium 
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1 I4 A. L. TSYKALO AND A. D. BAGMET 

one continued for several throusands time steps. The distributions obtained 
from previous simulations were taken as initial distributions for every next 
experiments. All simulations were carried out with a reduced time increment 
of At* = 0.005 and were continued for 1000 time steps after equilibrium. 
At the parameters of potential 41 were Eo/k = 525 K ;  oI = 5.36 A and 
m = 428.9 x g (for para-azoxyanisole) the time step was 

At 3 dl(E,,/m)-1/2At* z 2 .  10-l4s. 

The calculations were carried out for the major to minor axis ratios 
all/ai equal to 2.0; 2.5; 3.0; 3.5; packing fractions q equal to 0.500; 0.530: 
0.550 ( q  = p K , ,  where p is a number density and V,,, is an ellipsoidal volume) 
and for the reduced temperatures T* in the range of 0.7 to 0.9 (see Table I). 

TABLE I 

Molecular dynaniic siinulotions of the nematic liquid crystals 
All quantities are given in reduced units: T = (c0/k)T*;  D = U ~ ( E ~ / ~ ) ' ~ ~ D *  

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
I 1  
12 

3.5 0.53 0.76 0.81 
3.0 0.53 0.77 0.44 
3.0 0.55 0.76 0.52 
3.0 0.55 0.77 0.54 
2.0 0.50 0.84 0.05 
2.5 0.55 0.78 0.48 
2.5 0.55 0.76 0.52 

2.5 0.55 0.71 0.63 
2.5 0.55 0.78 0.52 
2.5 0.55 0.83 0.40 
2.5 0.55 0.89 0.04 

2.0 0.55 0.80 

0. I30 
0.067 
0.042 
0.038 
0.057 
0.041 
0.026 
0.029 
0.059 
0.057 
0.053 
0.049 

0.019 6.8 
0.022 3.0 
0.016 2.6 
0.013 2.9 
0.051 1.1 
0.021 2.0 
0.012 2.2 
0.026 I . I  
0.026 2.3 
0.030 1.9 
0.034 1.6 
0.049 1.0 

For each of these molecular dynamic simulations the orientational order 
parameter S ,  and 

s, = - 5 "-'[j1(u;.nr] - 4' 1 
4 

the equilibrium distribution functions, the autocorrelation functions (ACF) 
of linear velocities parallel (t,bII) and perpendicular ($J to the director, the 
angular velocity ACF ($<J were determined. The reorientational ACF 

$,lt) = (P,CU(O). u(t)I>, 
where P, is a Legendre polynomial, i = I ,  2 and the components of the self- 
diffusion tensor Dll  , D, obtained by integrating t,hiI(t) and $l(t) respectively 
were also determined. 
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NEMATIC LIQUID CRYSTALS I15 

It was found that at sufficiently high densities and suitable temperature 
values these systems formed orientational ordered P uids corresponding to 
nematic liquid crystals. The time dependence of the linear velocity ACF 
rl/,,(t) and t+bi(t) has a great difference: $ii(r) decays more slowly than i,bl(r). 
This indicates that the particle movements perpendicular to the nematic 
order direction are more hindered than those along this direction (Figure 2). 
At sufficiently high density and low temperature the velocity ACF $ll(t) and 

0.6 

0.2 

0 

- 0.2 

I 1  t o t ;  

0.4 0.8 t"  
FIGURE 2 The normalized linear velocity autocorrelation functions +:((I = ( ~ ( 0 )  . u ( r ) ) /  
( ~ ( 0 )  . ~ ( 0 ) )  parallel and perpendicular to the direction of preferential alignment n. Solid lines 
correspond to state number 1 (see Table I); u, , /aL ~~23;s; dashed lines correspond to state 
number 6 ,  a,,/oi = 2.5. t = ~ ~ ( e ~ / n t ) ~ ' ~ ~ t *  = 4 .  10- t s. 
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116 A. L. TSYKALO AND A. D. BAGMET 

*Ii5 t 
0.10 

0.05 

/ 
/ 

/ 

/ 
/ 

0 0.5 1.0 1.5 tn 
FIGURE 3 The mean-square displacements of the ellipsoidal particles vs time parallel and 
perpendicular to the director n. Solid lines correspond to the potential 4 (state number 7); 
dashed lines correspond to the potential dR (state number 6 ) .  

$l(r) have a negative region; the angular velocity ACF $, (Figure 4) has a 
pronounced negative region in all simulations. This indicates that a fluid 
particle’s angular velocity is on the average reversed by a collision with the 
“cage” of neighbouring molecules. 

The reorientational ACF $ , ( t )  and $2( t )  decay very slowly (Figure 4). 
This shows the fact that the rotational motion in the anisotropic liquid is 
strongly hindered. For reduced times t* > 1.0 both ACF decay exponen- 
tially. For the simulation number 6 (see Table I) the relaxation times 
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NEMATIC LIQUID CRYSTALS 1 I7 

a4 4.2 t" 

- -  
0.8 

0.4 

0 

- 0.4 t 

0.2 0.6 
FIGURE 4 The normalized angular velocity autocorrelation functions 

430 = <om . O(f)) /<O(O) ' o(0)) 

and the reorientational autocorrelation functions !+!I, = (P,[u(O) . u(r)]) for the states shown 
in Figure 3. 
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I I8 A. L. TSYKALO AND A. D. BAGMET 

r? = Jg t),dt* are T: z 21 and r; 2: 7. The ratio for all “experiments” 
was about 3. These results suggest that for our models of nematic liquids 
the rotational motion is diffusive.’ It should be noted that ratio all/al had a 
great influence on the shape of ACF. 

The qualitative form of ACF for the potentials 4 and 4R is quite identical; 
the values of the order parameters are close to each other. The main qualita- 
tive regularities in behavior of nematic liquid crystal systems are thought 
to be predicted on the basis of investigations of the repulsive particle models, 
since the anisotropic repulsive forces play the leading role in the nematic 
order setting. However, to predict the main properties quantitatively, the 
attractive forces should be taken into account as well. 

By varying the form and parameters of the interaction potential a good 
agreement for the temperature dependence of the order parameter between 
the calculated : ail/ol = 2.5; q = 0.55; oI = 5.36 A;  Eo/k = 525 K )  and 
experimental data of para-azoxyanisole was obtained (Figure 5). The ex- 
periments carried out with 108 and 168 particles in the basic box correlate 
well with each other. A special experiment performed at higher temperature 
T* = 0.89 showed that the system was transferred into the isotropic state, 
however the transition process was very long. 

S 

0.6 

0.4 

0.2 I I I I I 

370 390 440 430 K 
FIGURE 5 The orientational order parameters S, and S, vs temperature a t  the constant 
volume (221 cin3/mole): A and A correspond to the molecular dynamics results for 108 and 
168 particles respectively (potential 4, : all/aL = 2.5; 9 = 0.55; o1 = 5.36 A; q , / k  = 525 K); 
0 corresponds to  the experimental data.6 Curves represent theoretical value. l o  
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NEMATIC LIQUID CRYSTALS I19 

The values of the self-diffusion tensor components Dll and D, calculated 
for potential 4, exceed the experimental datag nearly two times. Never- 
theless the temperature dependence character and ratio D ll/D1 are similar 
to the experimental results. The values of Dll and D, calculated for the 
potential 4 are considerably lower than for the potential since the re- 
pulsive branch of the potential 4 is rather steep and are in good agreement 
with the experimental data.g 

We have compared our results of the “machine experiments” with those 
of Kushick and B e r ~ ~ e , ~ . ~  who explored one state of the system composed 
of ellipsoids of rotation. The agreement has been found to be rather good 
(within the tolerance limits for the computed values), in spite of the difference 
in the number of particles in the basic box. 

In conclusion it should be noted that a rather simple nematic liquid model 
used in this work gives a proper character of the order-parameter tem- 
perature-dependence in the nematic phase and shows transition of the 
system into the isotropic state as the temperature rises. The self-diffusion 
tensor components of the model are also in reasonable agreement with the 
experimental data. The molecular dynamics method is, undoubtedly, pro- 
mising for the investigation of anisotropic systems though there is some 
difficulty in comparison with isotropic liquids which also takes place in 
actual experiment, i.e. too slow transition of the system to equilibrium. 
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