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Molecular dynamics calculations have been performed for fluid systems containing ellipsoidal 
particles which interact pair-wise with a modified Lennard-Jones potential. Assuming molecu- 
lar parameters close to those of the CB7 compound, we have calculated both static and 
dynamic properties such as the internal energy, the entropy and specific heat changes at TN,, 
the compressibility factor, the temperature dependence of the orientational order parameters, 
the reorientational angular momentum and velocity time-dependent self-con-elation functions, 
and the diffusion coefficients in both the nematic and isotropic phases. The thermodynamical 
data show a transition between isotropic and nematic phases and the results obtained are in 
qualitative agreement with the experimental data. The influence of a decenterd dipole along 
the molecular axis has been studied and partially bilayered smectic phases have been obtained. 

INTRODUCTION 

By “computer experiments” one can attempt to bridge the gap between the 
microscopic (molecular) and macroscopic (phenomenological) aspects of 
liquid crystal physics.’4 Our aim is to use this method to study the effect 
of molecular structure on the physical properties and on the stability of 
mesophases by testing various kinds of interaction. In this paper, we focus 
attention on uniaxial systems. 

‘Presented at the Ninth International Liquid Crystal Conference, Bangalore, Dec- 
ember 6-10. 1982. 
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NUMERICAL PROCEDURE 

D. DECOSTER, E. CONSTANT and M. CONSTANT 

The molecular dynamics technique consists of studying the movement of 
N particles in a parallelepipedic box (volume V); the particles interact' 
pairwise with a two-body potential Vj. To do this, we solve the coupled 
Euler-Newton equations of motion using an algorithm developed by Verlet6 
and Quentrec' and we deduce, at each step of the calculation, the position, 
orientation, velocity and angular momentum of each particle. Then, 
these values are recorded on a magnetic tape, and the macroscopic quan- 
tities, which define the system involved, are deduced by performing statis- 
tical averages. 

Because of technical limits, which are in fact time-computer limits, the 
number of particles is very small and, in order to reduce the surface effects 
of the box, we employ the common artefact of periodic boundaries.' In the 
same way, since for liquid crystals, the number of atoms in each molecule 
can be higher than 30, the interaction cannot be an atom-atom interaction. 
Consequently, we have chosen a two-body potential which depends only 
upon the relative position and orientation of the particles. Moreover, in a 
first approximation, we have neglected the effect of the rotation of the 
particles around their symmetry axis. As a consequence, V,, has cylindrical 
symmetry, and we perform our calculation with five degrees of freedom 
(three translational and two rotational). 

FIRST APPLICATION OF THE METHOD 

We consider ellipsoidal particles, with major and minor axes ql and a, 
respectively, which interact pairwise with a modified Lennard-Jones poten- 
tial previously proposed by Beme:',' 

, 
1 + x(ui - Uj) 1 - x(ui - u,) D
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COMPUTER SIMULATION OF FLNID DYNAMICS 265 

ui and uj are the orientation vectors of the two particles; rij is a vector 
joining the two centers; it has magnitude re, the distance between two 
centers. In Figure 1, we represent the two-body potential for different 
orientations of the particles. It appears that the interactions are mainly 
governed by steric effects. The parameters of the model are given in 
Table 1; they have been chosen to be close to those for 7CB (4’-n-heptyl- 
4-cyanobiphenyl). At the start of the calculation, the molecules lie along 
the Z axis, which defines the optical axis.4 During the first 30 ps, the 
system runs and reaches its equilibrium state. Then the static and dynamic 
properties can be studied. All the systems obtained obey the conservation 
principles (energy, momentum) and the equipartition theorem. 

Static properties 

For all the temperatures investigated, the translational order parameter 

S, = (cos k * r) (5) 

rltiuKc I IWO w a y  porenriai tor airrerent onentarions or me pan~c~es; ql = 11.r A, 
(TI = 4.5 A. 
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266 D. DECOSTER, E. CONSTANT and M. CONSTANT 

TABLE I 

Parameters of the model; the case of ellipsoidal particles: the mass m is the mass 
of the compound 7CB;9 the transverse inertial moment I is calculated assuming an 
ellipsoid of uniform mass m; qi and a, are deduced from X-ray data;" N / V  is the 

density of the particle of the compound 7CB in the nematic state near the 
nematic-isotrodc transition temwrature:" k. is the Boltzmann constant. 

4.61 lo-'' 17.5 lo-@ 17.9 4.5 53.4 2.16 10'' 27 

where the brackets ( ) denote an ensemble and time average and k is the 
smallest vector of the reciprocal lattice, has been found equal to zero within 
statistical errors (#2%). Consequently the simulated systems can be 
likened to fluids. The variations in the internal energy (kinetic + potential) 
per particle 

1 1 
2 2 

vi = -m(v2) + -I(&) + 
(where v and w are the translational and rotational velocities) plotted 
against temperature are given in Figure 2-1. The two slopes (specific heat) 
and the small step in energy suggest an anisotropic-isotropic fluid transi- 
tion. This is confirmed by the variations in the orientational order parame- 
ters with temperature (Figure 2-2). In the isotropic phase, the value of (P2) 
does not exactly fall to zero, because the edges of the box are lower than 
the coherence length. In Table II, we compare the results obtained from the 
simulation at the nematic-isotropic transition with those obtained from 
experiments. The agreement is rather good, except for the pressure P 
and (P4). 

We have also studied the short range angular correlations using 
the relation: 

where 6, is the angle between the axis of the i"' and j" particles, separated 
by a distance r (in fact, the averages are performed on the surrounding 
particles of an i"' particle contained in an ellipsoidal skin with a minor axis 
2r and major axis 2r (ql/vL) parallel to the optical axis). In the nematic 
state (Figure 3-1), the angular correlations are very strong and remain in the 
isotropic state, according to the Landau-de Gennes theory14 and many 

The center of gravity distribution around one particle is 
given by 
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COMPUTER SIMULATION OF FLUID DYNAMICS 
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I T (  K )  
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I - 2  - 1 

I nematic phase 

0.5 
I 

t - -  I 

Total energy per molecule vs the temperature. For T < TNI, the slope which 
specific heat C, is about 3.5 ke; for T > TNl, the slope is close to 2.5 ke. 
Orientational order parameters vs the temperature: (P2) = 1/2[3(cos2 0) - I]; 

= %[(35 c0s4 0) - 30(cos2 0) + 31. 0 is the angle between the molecular axis and the 
optical axis. 

FIGURE 2- 1 
represents the 
FIGURE 2-2 

where is the number of particles in a small volume AV; r has the 
definition given in the relation in Eq. (7). It shows a liquid-like behavior 
in the isotropic and nematic states (Figure 3-2). 

Dynamic properties 

In Figure 4, we report the reorientational self-correlation functions (sx.  f .)  
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268 D. DECOSTER, E. CONSTANT and M. CONSTANT 

TABLE I1 

Comparison between the results obtained at the nematic-isotropic transition 
temperature TNI from the simulation and from experiments. The entropy change AS 

at TNI is equal to AUJk8. The pressure P is deduced from the virial theorem: 

where f,, and r,, are the force and the distance between tej* and I* particles. 

T = TNi Measurements Simulation 

.4212 
- . 0 6 ' 2  

.24 k8" 

.01 

.48 

.09 

.3 kn 
6.5 

1 X 

1.2 

1 

.e 
5 10 &I 

3 -2 

3 -1 

FIGURE 3-1 Short range angular correlations; (a) isotropic phase T = 392 K; (b) isotropic 
phase T = 326 K, (c) nematic phase T = 240 K. 
FIGURE 3-2 Center of gravity distribution around one particle: (-) anisotropic phase 
T = 240 K; (---) isotropic phase T = 392 K. 

where UII  and uI are the components of a unit vector along the molecular 
axis, parallel and perpendicular to the optical axis. In the nematic state, 
the behavior of c$&) and c$uu,(z) indicates rare end to end reorientations 
and a slow and diffusive motion around the director. In the isotropic phase, 
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COMPUTER SIMULATION OF FLUID DYNAMICS 269 

FIGURE 4 Time behavior of the parallel reorientational s.c.f. (-); the perpendicular 
reorientational s.c.f. (- - -); the angular momentum s.c.f. (m). 

the two s.c.f. A,, and (bu, are quasi-similar. The angular momentum 
S.C.  functions 

given in Figure 4 show a negative region related to the predominance of 
sterk effects.I6 In the isotropic phase, the q and ru relaxation times of 4J(t) 
and # 4 r ) ,  defined from 

TJ = [Q(d  dt 
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210 D. DECOSTER, E. CONSTANT and M. CONSTANT 

and &(t) - e-‘/‘“ respectively are consistent with the Hubbard relation 

1 
2kBT 

Tu ’ TJ = - 

(I: moment of inertia); this means that the particles are characterized by a 
rotational diffusive motion.I6 In Table I11 we compare the critical fre- 
quencies defined as F, = E m u  with those obtained from dielectric relax- 
ation.” The calculated frequencies are higher than the experimental values. 

The center of gravity velocity s.c.f. 

where V I I  and vl are the components of the center of gravity velocity parallel 
and perpendicular to the optical axis are reported in Figure 5 .  The time 
decay of these functions in the nematic phase shows that the translational 
motions along the optical axis are less hindered than those in the perpendi- 
cular direction. The translational diffusion constants have been deduced 
from the correlation time 

7” = [+.(ddt 

of the velocity using 

D = kTrv/m (12) 
Some results are reported in Table IV and compared with experimental 
data. The calculated data are higher than the experimental values. 

Qualitatively, the simulated systems are close to a nematic system. More 
quantitatively, we observe large statistical errors - a system which is too 
fluid and particles which move too easily. However, these results could be 
expected from the technical limits of the method, e.g. the small number of 
particles, the periodic boundaries and the two-body potential which does 
not take into account all of the microscopic mechanisms (dipole moments, 

TABLE I11 

Comparison between the critical frequencies obtained from 
the simulation and from experiments 

T Dielectric relaxation” Simulation 

305.5 K 
Nematic F,,, = 100 MHz F,, = 7500 MHz 
324.5 K F, = 50 MHz F, = 4000 MHz 
Isotropic 

Fci, = 4.5 MHz 
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27 1 COMPUTER SIMULATION OF FLUID DYNAMICS 

1 

a-isotropic phase (T=392K) 

b-nematic phase ( T = 2 4 0 K )  

\ 

FIGURE 5 Time behavior of the center of gravity velocity s.c.f. (-) parallel and (---) 
perpendicular to the optical axis. 

flatness of the core, long flexible tail, intramolecular movements. . .). 
Nevertheless, these first simulations give a rough picture of the physical 
reality and some information about the physical properties and the stability 
of mesophases. They can be considered as a test for the method which can 
be used to study other types of interaction as well. 

Dipole-dipole interaction 

We consider now two types of interaction: (i) the modified Lennard-Jones 
potential used for ellipsoidal particles and defined previously and (ii) a 
decentered dipole moment along the molecular axis (Figure 6), with the 
binary potential 
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212 D. DECOSTER, E. CONSTANT and M. CONSTANT 

TABLE IV 

Comparison between the diffusion constants obtained from 
the simulation and from experiments 

Simulation 5CBI8 PAAI9 TBBA” 

Dll = 18 
I O - ~  cm2 s-l 
T = 3 0 0 K  
D, = 4.5 

T = 3 0 0 K  
cm2 * s-’ 

DIlIDi = 4 
Di, = 10 

cm2 s- ’  
T = 330 K 

DI = 2.2 Dll = 4 
I O - ~  cm2 - s-l 1 lo-’ cm2 * s-l 10- cm2 * s-‘ 

T = 296.5 K T = 391 K T=500K 
D, = 4.1 D ,  = 1.2 D, = 1.2 

lo-’ cm2 * s-’ lo+ cmz * s-’ 
T = 296.5 K T = 391 K T=500K 

Dll = 5.3 

lo-’ cm2 * s-’ 

DiI/D, = 1.29 Dli/Dl = 1.83 DII/D, = 3.33 
Di, = 1.8 

lo-’ cm2 * s-’ 
T = 416 K 

5CB = 4-n-pentyl-4’-cymobiphenyl. 
PAA = p-azoxyanisole. 
TBBA = Terephthalylidene-n-butylaniline. 

FIGURE 6 Dipole-dipole interaction: molecular shape. and the decentered dipole moment. 

The parameters of the model are given in Table V; they are consistent with 
the 7CB compound. At the beginning of the calculation, the head-to-tail 
molecular arrangement is required. 

At T = 300 K, the distribution of the centers of gravity along the optical 
axis given by 
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COMPUTER SIMULATION OF FLUID DYNAMICS 

TABLE V 

Parameters of the model; the case of ellipsoidal particles with a decentered dioole moment 

273 

4.61 17.5 lo-" 17.9 4.5 790 2.23 6.75 2.16 8 

where AN is the number of centers of gravity between the planes z and 
z + Az, presents two sharp peaks with a 13 %, separation (Figure 7a). This 
system clearly presents a partially bilayer structure2' with a 30.9 A layer 
thickness and a pair length to molecular length ratio equal to 1.73. The 
velocity s.c.f. (Figure 8) lead to diffusion constants (Table VI) in rather 
good agreement with the recent experiments of Martin et al." on the 
smectic A phase of 8CB. In this case, the diffusion constants are character- 
ized by lower values along the optical axis than those obtained for the 

FIGURE 7 Center of gravity distribution along the optical axis: (a) (--) with dipole 
moment T = 300 K, (--) without dipole moment T = 280 K; (b) with dipole moment 
T = 380 K; (c) with dipole moment T = 480 K. 
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274 D. DECOSTER, E. CONSTANT and M. CONSTANT 

- o- 

I - b -  

FIGURE 8 Time behavior of the center of gravity velocity s.c.f. parallel and perpendicular 
to the optical axis: (a) with dipole moment T = 300 K ,  (b) without dipole moment 
T = 280 K. 

TABLE VI 

Diffusion constants; influence of the dipoIe-dipole interaction and of temperature 

D I  
(cm’ . s-’)  

Dipole-dipole Dll 
interaction T (cmZ s-I) 

Experiments 8CBZ2 296 K 0.104 lo-’ 0.134 lo-’ 
Simulation Yes 300 K 0.07 lo-’ 0.21 lo-’ 
Simulation Yes 380 K 0.9 lo-’ 1.45 lo-’ 
Simulation Yes 480 K 1.8 lo-’ 0.53 lo-’ 

No 280 K 7.9 lo-’ 0.04 lo-’ Simulation 

perpendicular axis. Without dipole moment, the partially bilayer structure 
disappears (Figure 7a, Figure 8b, and Table VI); the system becomes 
nematic-like. With a dipole moment, at T = 380 K, the bilayer structure 
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COMPUTER SIMULATION OF F L U D  DYNAMICS 275 

remains (Figure 7b and Table VI) but disappears for T = 480 K and the 
system looks like a nematic (Figure 7c and Table VI). Therefore, the influ- 
ence of dipole-dipole interactions and temperature on the bilayer structure 
of the system has been shown. 

CONCLUSION 

Since the method involved consists of studying a small number of particles 
over a short run, it can be compared with a “seed” for the “growth” of a 
liquid crystal. With this meaning, the numerical method can be considered 
as a tool to test the effect of various kinds of interaction, such as dipole 
moments and of disk-like particles and pear-shaped particles, on the local 
structure and the stability of (not only uniaxial) mesophases. 
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