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A Gay-Berne fluid of prolate molecules with length-to-breadth ratio 3 is studied using molecular dynamics 
simulations. This fluid exhibits vapor, isotropic liquid, nematic, and smectic-B mesophases. For the bulk 
fluid we report new results along isochores that further delineate the smectic and nematic regions of the 
phase diagram; the effect of system size is also discussed. These studies lead to a rather complete description 
of the fluid part of the phase diagram. We have also studied the changes that occur when such a fluid is 
confined in a pore with parallel. homeotropic walls. Our molecular dynamics results show that the 
isotropic-nematic transition shifts to higher temperatures, or lower densities, i.e., the liquid crystal phase 
is stabilized relative to the bulk fluid. 

KEY WORDS: Liquid crystal, Gay-Berne fluid, pore 

1 INTRODUCTION 

In this paper we present the results of a series of NVTmolecular dynamics simulations 
on a system of molecules interacting via the Gay-Berne (G-B) potential model; both 
the bulk and the confined fluid are studied. Previous simulations [ 1,2] and theoretical 
studies [3] have shown that if these ellipsoidal molecules are long enough (e.g. K = 3), 
the G-B model exhibits isotropic and nematic liquid crystalline phases. 

In their computer simulations of hard anisotropic molecules, Frenkel et al. [4-101 
have shown that hard prolate and oblate ellipsoids of revolution and spherocylinders 
have a rich phase diagram with nematic, and in some cases smectic and columnar, 
phases depending on the molecular size and shape. In particular, they argue that hard 
ellipsoids of revolution are unlikely to form smectic phases. However the Gay-Berne 
potential, although it possesses an ellipsoidal hard core, can be expected to induce 
smectic phases because of the stabilizing nature of the anisotropic attractive forces. 
This is indeed the case from our results described previously [l 11 and extended here, 
and from some preliminary simulation results reported by Luckhurst et al. using a 
slightly modified version of the G-B potential [12]. 

We have previously [ 131 located the vapor-liquid coexistence curve for the G-B fluid 
with parameters IC = 3 and K' = 5 using the Gibbs ensemble Monte Carlo simulation 
method [ 141. The coexistence points corresponding to the isotropic-nematic transition 
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358 M.K. CHALAM ET A L .  

have also been obtained for two temperatures, T* = 0.95 and 1.25 by calculating the 
free energy of each phase [2]. For smectic phases it is difficult to devise a thermo- 
dynamic integration route, and in this work we therefore adopt an approximate 
method to locate the phase transitions involving isotropic liquid, nematic, and smectic 
phases. This method involves the study of the fluid structure, order parameter, heat 
capacity, and pressure along isochores. These results extend and confirm similar 
results obtained recently along isotherms [ I  I], and provide a rather complete descrip- 
tion of the fluid phase diagram. Using this approximate method, we expect the errors 
in the coexistence densities and temperatures to be 0.005 and 0.1, respectively. We 
note that in using this approximate method, the errors in the coexistence densities are 
not significantly greater than those obtained by the methods of thermodynamic 
integration. 

In addition to these results for the bulk G-B fluid we present a study of the G-B 
fluid confined between parallel homeotropic walls; the fluid-wall forces tend to orient 
the molecules normal to the wall. The effect of confinement is to stabilize the nematic 
phase relative to the bulk fluid. 

General considerations of the M D  simulations are presented in Section 2. Results 
for the bulk fluid are presented in Section 3, together with a summary of existing 
knowledge of the phase diagram for the K = 3 G-B fluid, including vapour, isotropic 
liquid, nematic and smectic phases. The effect of increasing the system size on the 
isotropic-nematic transition is also examined. In Section 4 we study the G-B fluid 
confined between parallel plates. Finally, we present our conclusions in Section 5. 

2 

The G-B potential model is [2, 1 I ]  

MOLECULAR DYNAMICS (MD) SIMULATION METHOD 

where ti, stands for the axial vector of molecule i and i is the unit vector along the 
intermolecular vector r = r2 - r , ,  where r,  and r2 are the centres of mass positions 
of molecules 1 and 2, respectively. Here o(i, 6, , a,) and ~ ( i ,  Q, , a,) stand for the range 
and strength parameters, respectively and are defined explicitly in [15]; CT and E depend 
on the anisotropy parameters K (molecular elongation) and K' (ratio of the potential 
well depths of the side-by-side and end-to-end configurations). 

The molecular anisotropy and the well depth ratio-parameters in the G-B potential 
were chosen to be ti = 3 and ti' = 5, respectively, as in previous studies. The 
potential was cut and shifted at r: = 4 (r* = r/on), and the usual periodic boundary 
conditions were employed. In all simulations the number of molecules, N ,  was greater 
than or equal to 256. The other simulation details are the same as those reported in 
[2]. The following quantities were monitored during the course of the simulation: 
pressure (P*), internal energy per particle ( E * ) ,  order parameter P , ,  and structural 
properties. The director (that is, the direction along which all the molecules align 
themselves) and the equilibrium second rank orientational order parameter, P2, were 
evaluated by diagonalizing the Q tensor [2, 1 1,  151. P,  has the values of zero and unity 
for the isotropic and completely orientationally ordered phases, respectively. The 
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SIMULATION OF A LIQUID CRYSTAL 359 

structural quantities calculated include the orientationally averaged pair distri- 
bution function, g(r) ,  second-rank orientational correlation function, G2(r)  = 
(P,(Q,, a,)) where tii is the unit vector along the axis of molecule i, and the orien- 
tationally averaged pair correlation functions for two molecules whose centers lie on 
a line parallel gll(rl,), or on a line perpendicular gl(rL), to the director. Here 
the distances rl, and rl are measured parallel and perpendicular to the director, 
respectively. 

The procedure used to start each bulk fluid run was as follows. An f.c.c. lattice was 
used to generate the initial configuration (p* = p$ = 0.02) of N molecules. From 
low densities, the system was compressed along an isotherm (T* = kT/e,) in a series 
of steps to the desired density p*. Compression was carried out by decreasing the size 
of the simulation box, followed by equilibration. At the lower densities (up to about 
p* = 0.15) equilibration was relatively rapid, requiring a few thousand time steps; 
at  the higher densities about 10,000 time steps were needed for equilibration. From 
these fixed densities, heating/cooling runs were done to determine the various phase 

0 3 6 
rs 

0 3 6 

rr; 

0 3 6 0 3 6 
r' r; 

Figure 1 Structure of the isotropic phase at p* = 0.32 and T* = 1.9. The figures represent the orien- 
tationally averaged pair correlation function g(r), orientation correlation function G2(r), and the orienta- 
tionally averaged pair distribution functions that are parallel gll(rll) and perpendicular gl(rl) to the 
director. The distances rl, and rl are measured parallel and perpendicular to the director, respectively. 
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Figure 2 
heating runs when the system temperature is increased, and squares for the cooling runs 

MD results for the order parameter for 500G-B molecules at p* = 0 32, circles are for the 

transitions involved. Table 1 gives details of the simulations, together with the various 
phases observed. 

MD simulations were also performed for the G-B fluid confined between parallel 
walls using a wall-fluid (w-f) potential V(z ,  0) composed of an isotropic part and an 
anisotropic part similar to the one proposed by Telo da Gama [16], 

Table 1 Details of the MD simulations for the bulk fluid. 

Run Tvpe of Run N T* P* Phases Observed 

Isotherms Compression 
Expansion 
Compression 
Expansion 
Compression 
Compression 
Compression 

Isochores Cooling 
Cooling 
Heating 
Cooling 
Heating 
Cooling 

256 
256 
500 
500 
256 
500 
864 

500 
256 
256 
500 
500 
500 

0.95 
0.95 
0.95 
0.95 
1 .so 
1.80 
1 .so 
0.25-0.65 
0.3-1.9 
0.3-1.9 
0.3-1.9 
0.3-1.9 
1.2-5.5 

0.020-0.370 
0.290-0.340 
0.020-0.370 
0.2904.370 

0.020-0.380 
0.020-0.380 

0,020-0.380 

0.27 
0.32 
0.32 
0.32 
0.32 
0.38 

I,  N ,  Sm 
1, N 
I ,  N ,  Sm 
1, N 
1, N 
1, N 
1, N 
I ,  Sm 
I, N ,  Sm 
I ,  N, Sm 
I ,  N ,  Sm 
I ,  N ,  Sm 
1. N, Sm 
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SIMULATION OF A LIQUID CRYSTAL 
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Figure 3 MD results for the heat capacity for 500G-B molecules at p* = 0.32; triangles are for the 
smectic-B phase, circles for the nematic and pluses for the isotropic. The dashed and solid lines through 
these points serves as a guide to the eye, and represent heating and cooling runs, respectively. 

where A and B are constants that determine the strength of the isotropic and 
anisotropic parts of the wall-fluid interaction, respectively, and 8 is the angle between 
the molecular axis and the normal to the wall. The isotropic part of the pdtential V(z) ,  
is the (9, 3) wall-fluid potential [ 171, and at a distance z along the normal to the wall, 
is given by the following expression 

V(z)  = En [(?J - (91 
with ow = 0.710, and E,. = (10/3)"27t&,p,o~, where p., is the number density of 
molecules in the solid wall. When A and B are positive, this potential tends to orient 
the fluid molecules normal to the wall (9 = 0, homeotropic alignment). The basic 
simulation box is rectangular with the walls in the z = 0 and z = H planes, z being 
the direction normal to the walls. These walls at z = 0, Hare  defined to be the planes 
where V(z, 8) becomes infinite. Since the pore walls confine the particles in the 
z direction, we employ periodic boundary conditions in only the x and y directions. 
In the simulations, the wall-fluid and the fluid-fluid potentials are of the cut-and- 
shifted-type with a reduced cutoff distance r*' = 4 (r* = r/c0). Typical equilibration/ 
production runs for 256 and 800 molecules are 20,000/10,000 and 10,000/5,000 
timesteps, respectively. The rest of the simulation details are the same as those 
reported in [2]. 
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362 M.K. CHALAM ET AL. 

0 3 6 0 3 6 
r' r;/ 

0 L  0 

cy 

-I 
Q, 

0 

0 3 6 0 3 6 
r' ri 

Figure 4 Structure of the nematic phase at p *  = 0.32 and T* = 1.2 

3 BULK GAY-BERNE FLUID 
3.1 Isochores 

We first consider the isochore p* = 0.32, which exhibits isotropic, nematic and 
smectic mesophases. At T* = 1.9 the fluid is in an isotropic state with values of 
P ,  0.10; this value is not zero because of the presence of size-dependent short range 
angular correlations and statistical errors in the evaluation of Pz. In Figure 1 is shown 
a set of distribution functions which yield information on the structure of an isotropic 
liquid at this temperature. We see that g(r )  is liquid-like and G,(r )  decays to zero 
at large r, so that there are no long range orientational correlations in the fluid. 
The other distribution functions, g , , ( r , , )  and g ,  (Ti), also show no correlations parallel 
and perpendicular to the director, respectively. 

On reducing the temperature along this isochore from T* = 1.9, an orientational 
disorder-order transition occurs for a T* somewhat below I .4; large positive values 
of the order parameter (Figure 2) indicate an orientational phase change. The heat 
capacity (C,* = C, /kB), obtained by numerically differentiating the internal energy, 
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Figure 5 Structure of the smectic-B phase at p* = 0.32 and T* = 0.7. 

also shows a small peak at T* x 1.4 as seen in Figure 3. In Figure 4 the fluid structure 
is shown at a slightly lower temperature, T* = 1.2. The plot of G2(r)  at large r shows 
a significant long-ranged orientational order, while g(r) still remains liquid-like, from 
which we infer that the fluid phase is a nematic. The other distribution functions 
gll(rll) and g, ( r l ) .  show no correlations parallel and perpendicular to the director, 
respectively. 

On further reducing the temperature, there is a transition to a new mesophase as 
seen by a small jump in the order parameter (Figure 2) and a larger peak in the heat 
capacity (Figure 3). The nature of this mesophase can be understood by plotting the 
fluid structure as shown in Figure 5 .  The plot of G2(r) shows more long-ranged 
orientational order than the nematic phase while g(r) exhibits some long-ranged 
translational order. The most significant difference is that the fluid now has a layered 
structure as seen from the periodic oscillations in gll(rll). The spacing between the 
layers is slightly lower than the molecular length of 30,. The correlations in gl(rl) 
indicate that the fluid has short-ranged translational order. The layering of the 
molecules perpendicular to the director is also evident from Figure 6, which shows a 
snapshot of the centers of mass of the molecules arranged in layers, and with the 
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Figure 6 
configuration at p* = 0.32 and T* = 0.7. The director of the liquid crystal is along the z-direction. 

director in the z-direction being orthogonal to the layers. In Figure 7 is shown a plot 
of the center of masses of the molecules within a layer, i.e., the cross-section of the 
molecules lying in the x-y plane. The molecules in the layer have a roughly hexagonal 
arrangement, so we identify the structure to be that of a hexagonal smectic-B phase. 
Snapshots of the cross-sections of different layers show that there appears to be some 
short range correlations between the molecules in different layers, but it is difficult to 
conclusively state from a NVT simulation with this system size whether the corre- 
lations are short ranged as in a smectic-B phase or long ranged as in a crystal-B phase 
[18]. The same difficulty in distinguishing between smectic-B and crystal-B phases was 
reported by Luckhurst et al. [12] in their NVTsimulations of 256 molecules interact- 
ing with a modified G-B potential. Both the I-N and the N-SmB transitions exhibit 
hysteresis in the transition region, as has been reported in simulations of other first 
order systems [19]. Snapshots of the final molecular configurations for several tem- 
peratures along the p *  = 0.32 isochore are shown in Figure 8, and display typical 
isotropic, nematic and smectic-B phases. 

For the low density isochore p* = 0.27 the fluid undergoes an isotropic to smectic-B 
transition without forming an intermediate nematic phase. In Figure 9 the order 

A snapshot showing proJections of the molecular centers onto the 1-2 plane for the final 
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Figure 7 A snapshot of the center of masses of the molecules of the central layer of Figure 6; the 
cross-section of the molecules lies in the x-y plane. 

parameter is displayed as a function of temperature along this isochore. At higher 
temperatures (T* 2 0.60), P, values are approximately zero, corresponding to an 
isotropic liquid phase. At lower temperatures (T* < 0.55), large positive values of P2 
indicate an orientationally ordered phase. The phase transition is also indicated by a 
large peak in the heat capacity plot at  T* = 0.57, shown in Figure 10. The nature of 
the orientationally ordered phase can be deduced from plots of the fluid structure; an 
example is shown for T* = 0.55 in Figure 11. The periodic oscillations in gl,(rII) and 
the short-range correlations in g, (r,) indicate a smectic-B-like phase. This is also 
corroborated from the snapshots of the fluid molecules in the cross-sections in each 
layer, which are similar to those in Figure 7. 

A summary of the approximate transition temperatures of the various mesophases 
obtained from isochores results is shown in Table 2. The transition temperatures are 
estimated from the peaks in the heat capacity plots from the cooling runs (see Figures 
3 and 10). 

3.2 Efect of System Size 
As a test of the system-size effect on the Z-N transition, we performed several runs at  
a higher temperature (T* = 1.80) using N = 256, 500 and 864 molecules. The 
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0.25 0.55 0.41 0.49 r 037 0.65 

Figure 9 MD results for the order parameter for 500G-B molecules along the isochore p* = 0.27 
(cooling). 

pressure versus density results are shown in Figure 12 at T* = 1.8. No appreciable 
system size dependence was found in the equation of state results in the isotropic and 
nematic regions but the transition region seems to be somewhat affected by the system 
size. We show in Figures 13 and 14 simulation results for the pressure and configur- 
ational internal energy per particle close to the I-N transition region. Even though we 
did not calculate the exact location of the transition densities, these results show that 
there is a slight shift in the transition densities and pressures as N increases; this shift 
in density and pressure is very small for N values of 256 and above. An examination 

Table 2 Bulk fluid iswhores: approximate equilibrium temperatures at 
the I-N. N-SmB and I-SmB transitions for a system of Gay-Berne 
molecules with K = 3. 

P' 

0.27 - - 0.57 
0.32 I .2 0.8 - 
0.38 5 .2  1.8 - 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
5
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



I I I I ' *  I 

l 
I 
I 

I 
\ 
I 

t 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
t 
\ 
\ 

1 

371 

01 I 1 I I I I 
0.25 0.33 0.41 0.49 0.57 0.65 r 

Figure 10 
and pluses for the isotropic phase. The dashed line through these points serves as a guide to the eye. 

MD results for the heat capacity for 500G-B molecules at p* = 0.27; triangles are for the smectic-B 
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Figure 11 Structure of the smectic-B phase at p* = 0.27 and T* = 0.55. 
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Figure 12 
circles are for N = 256. triangles for N = 500 ,  and pluses for N = 864. 

MD results at T +  = 1.8 for the equation of state for the G-B system at different systems sizes; 

of structural properties showed that the system was clearly isotropic at p* = 0.340 
and nematic at p* = 0.350. The discontinuity in the internal energy at the transition 
becomes smoother with increasing N ,  showing that the I-N transition becomes more 
weakly first order as N increases. This can also be inferred from the pressure versus 
density plot, where the metastable region (dashed lines in Figures 13 and 14) becomes 
wider for the lowest system size. We did not observe any systematic dependence of the 
isotropic phase results on N .  From the results in Figures 13 and 14, we infer that the 
coexistence pressure P* is about 10.2, and the coexisting densities p* are close to 0.340 
and 0.350 for the isotropic and nematic phases, respectively, at T* = 1.8. 

Hysteresis effects are observed in the I-N transition and pre-transition region, 
though these effects are reduced for larger N values, as seen in Figures 13 and 14. In 
the transition and pre-transition regions, somewhat different P* - p* relations are 
found when the density is successively increased as opposed to decreased. On increas- 
ing the density of the isotropic liquid, we found that only a slight compression of 
this phase past the true transition density was possible before the transition to a 
nematic phase took place. On the other hand, on starting with a dense nematic 
phase, it was possible to expand this phase considerably past the transition point 
before the transition to the isotropic liquid took place. The results at T* = 1.8 shown 
in Figures 13 and 14 were obtained by successively increasing the density. 

We have also studied hysteresis effects for the I-N and SmB transitions along the 
isotherm T* = 0.95 using systems with 256 and 500 molecules (see Figure 15). 
Coexistence densities for T* values of 0.95 and 1.80 are shown in Table 3. It should 
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Figure 13 System-size dependence of the pressure in the I-N transition at T* = 1.80 for 256 (circles), 500 
(triangles), and 864 (crosses) G-B molecules. The solid lines are drawn through the points, and are meant 
as a guide to the eye; the dashed line approximately locates the transition. 

Table 3 Bulk fluid isotherms: approximate coexistence densities at the I-N, N-SmB and I-SmB 
transitions for a system of Gay-Berne molecules with IC = 3. 

T* P: P:: P:: P B S  

0.95 0.308 0.314 0.345 0.350 
I .n 0.340 0.350 - - 

be noted that we did not find a smectic phase upon compression of the nematic phase 
at T* = 1.8. We believe that the system was trapped in a metastable region which 
prevents the onset of the smectic phase. However, simulation along the isochore 
p* = 0.38 does show a stable smectic phase at T* = 1.8 (see Table 2). 

3.3 Phase Diagram 
Based on the coexistence densities reported here (Tables 2 and 3) together with those 
from previous work [2, 1 I ,  131, we can construct an approximate phase diagram for 
the IC = 3 G-B fluid, identifying the vapor, isotropic liquid, nematic and smectic-B 
phases. This is shown in Figures 16 and 17 for the low and high temperature regions, 
respectively. The Gibbs ensemble simulations used for the vapor-liquid region [ 131 
indicated the existence of a vapor-isotropic-smectic-B triple point at T* z 0.4, and 
a vapor-isotropic liquid critical point at  T* = 0.49 and p* = 0.096. From the 
simulation results in the high density region, we also identify an isotropic-nematic- 
smectic-B triple point at T* z 0.8. Previous results along isotherms using the methods 
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Figure 14 The same as in Figure 13, but for the total energy per particle. The solid line is drawn through 
the points for the 864 molecule system. 
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Figure 16 Approximate phase diagram for the G-B fluid with K = 3, K' = 5 for the low temperature 
region, based on Gibbs Ensemble Monte Carlo simulations (solid points) and approximate coexistence 
densities determined from MD isotherms (open circles) [I  I ,  131. The dashed lines serve as extrapolations 
from the given data. V, I, and Sm-B refer to vapour. isotropic liquid and smectic-B phases, respectively. 

described here have suggested the presence of a transition from an orthogonal 
smectic-B to a tilt smectic-B phase. The location of this transition is also shown in 
Figure 17. 

4 GAY-BERNE FLUID CONFINED IN A PORE 

In this section we present preliminary results of NVT molecular dynamics simulations 
of a G-B fluid confined in a slit-like pore. The confinement effects of systems of 
mesogenic molecules have been studied theoretically using Landau-De Gennes type 
continuum models [20-221 and molecular models [16, 23-25]. The cases studied have 
mainly been for homeotropic wall-fluid interactions, i.e., walls that induce perpen- 
dicular alignment of the molecules near them. The homeotropic ordering allows 
a considerable simplification in the theory because the nematic is uniaxial, and 
in addition, breaks the translational symmetry of the bulk phase. These theories 
predict several qualitative effects of great interest, including: a first-order wetting 
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1.80 

I .60 

T'= k T / 6  

I .40 

1.20 
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0.60 

I 

t I 1 I I I 
0.20 0.30 0.40 

d=pd 
Figure 17 Approximate phase diagram for the high temperature region, showing vapour (V), isotropic 
liquid (I), nematic (N). smectic-B (SmB), and tilt smectic-B (SmB(/)) phases. Solid squares are nematic- 
isotropic liquid coexistence points determined from thermodynamic integration [2]; solid circles are from 
Gibbs Ensemble Monte Carlo calculations [ 131; open circles are approximate results along isotherms using 
the methods described here [ I  I ,  this work]; crosses are approximate results along isochores from this work. 

transition (also called a boundary layer transition) at the wall at  a temperature slightly 
above the bulk isotropic-nematic transition TIN; shifts in T/N to higher or lower 
temperatures; and the occurrence of an isotropic-nematic critical point (not present 
in the bulk fluid). 

Previous simulations for systems of confined mesogens appear to have been limited 
to lattice models such as the Lebwohl-Lasher (L-L) model. Luckhurst and coworkers 
[26] have studied the surface properties of a thin liquid crystal film by MC simulations. 
They used a L-L system of 10 x 10 x 10 sites and applied periodic boundary 
conditions in just two dimensions, thus forming two free surfaces orthogonal to the 
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z/q OR r / q  
Figure 18 The wall-fluid potential for perpendicular and parallel orientations of the molecules with the 
wall, for A = B = I in Equation ( I ) .  The Gay-Berne fluid-fluid potential for molecules with their long 
axes parallel to one another is also shown for comparison. 

third dimension. They found a very small downward shift in T,N over the bulk value 
(due to the effect of free surfaces, and perhaps, a smaller system size), and also an 
isotropic phase adsorbed on the surface when there is a bulk nematic phase in 
the center of the pore. In his MC simulations, Allen 1271 studied the same model 
as Luckhurst et al., but at larger system sizes of 32 x 32 x L sites, where L, 
the thickness of the film, vanes from 6-32. He observed a very small decrease in 
TIN over the bulk value. A weak first order I-N transition persists in systems with 
L 2 8 layers, but below this thickness the transition could not be detected. He 
thus tentatively concluded the existence of an I-ZV critical point at L x 8 layers. 
However, recent mean field calculations by Telo Da Gama and Tarazona [24] for 
the L-L model with free surfaces show that, contrary to the critical point suggested 
by the simulations, a first-order I-N transitions persists, even for two dimensional 
systems. 

In this section we report initial results for the liquid crystal states of the confined 
Gay-Berne fluid. For the fluid confined between parallel walls two new variables are 
introduced, namely the wall separation H and the strength and nature of the fluid-wall 
interactions. Such simulations are complicated by long equilibration times and 
possible system size effects, so that the results reported here should be regarded as 
tentative. The conditions studied are shown in Table 4. 

The fluid-wall potential, Equation ( l ) ,  is shown in Figure 18 for the case of 
homeotropic alignment with A = B = 1 and p i  = 0.85; the Gay-Berne fluid-fluid 
potential for the case of parallel molecules side-by-side is also shown for comparison. 
The well depth of the wall-fluid potential for a molecule oriented perpendicular to the 
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Figure 19 M D  results for the density and order parameter profiles for 800 G-B molecules in a pore with 
H* = 30, ( N / V ) *  = 0.080, and 7, = 0.65. 

wall is much lower than the well depth of the fluid-fluid potential. For the isotherms 
the starting configuration was generated by cutting a slab of fluid of the required pore 
size from an f.c.c. lattice of 864 molecules at a density, ( N / V ) *  = 0.02. The system 
was subsequently compressed along the isotherm to higher densities, starting in all 
cases from the final configuration corresponding to the previous run. Since for any 
fluid in general, the effect of the pore is to lower the liquid-vapor critical point (see 
[28] for the case of a L-J fluid), and the corresponding bulk G-B fluid has a L- Vcritical 
point of = 0.49, we expect the isotherms studied here (T* = 0.65 and above) for 
the pore to lie in the supercritical region. The structure of the confined G-B fluid was 
studied by calculating the density and order parameter profiles in the pore. The system 

Table 4 Details of the M D  simulations for the confined fluid. 

Run Type of Run N H* (NjV)' L* 7, P L  Phases 

Isochore Heating 256 14.7 0.41 6.5 1.0-3.5 0.32 I, N, Sm 
Isochore Cooling 256 14.7 0.41 6.5 1.0-3.5 0.32 I, N, Sm 
Isotherm Compression 800 30.0 0.08-0.36 8.6-18.3 0.65 0.06-0.34 I, N, Sm 
Isotherm Compression 800 30.0 0.08-0.36 8.6-18.3 0.95 0.060.34 I 
Isotherm Compression 800 30.0 0.08-0.36 8.6-18.3 1.25 0.06-0.34 I 

L' = L/oo where L is the length of the side of the wall. 1.e. the dimenston of the simulation box in the .r or .v direction 
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Figure 20 MD results for the density and order parameter profiles for 800 G-B molecules in a pore with 
H* = 30, ( N / V ) *  = 0.130, and T+ = 0.65. 

was completely equilibrated by checking the constancy of these profiles. In Figure 19 
are shown results for H* = H/a, = 30 and T* = 0.65 for the density profile, 
p*(z) = p(z)ai, and the order parameter profile, F2(z), when the overall density is 
( N / V ) *  = 0.08; in this case, although there is homeotropic orientation near the 
wall, the liquid phase in the center of the pore is isotropic. The large peak in p*(z) 
indicates a solid-like monolayer adsorbed on the walls, with the molecules oriented 
perpendicular to them (p2(z) is close to unity in this region). In the center of the cell 
P2(z) oscillates about zero, indicating an isotropic phase there. Although the fluid 
shown in Figure 19 has an overall density of ( N / V ) *  = 0.08, the effective density in 
the center of the pore is only p,*,, = 0.06, because of the solid-like monolayer 
adsorbed near the walls. On slowly compressing the system to the density ( N /  V)*  = 
0.130, an orientational disorder-order transition takes place in the fluid in the center 
of the pore. The profiles at this density are shown in Figure 20, where in this case, 
pkre = 0.100. The large positive values of P,(z )  in the center of the pore show that 
the fluid there is a nematic. The corresponding isotherm for the bulk fluid shows 
isotropic and smectic-B phases and an absence of any nematic phase. Thus we find 
that the pore stabilizes the occurrence of a nematic phase in the G-B fluid. On further 
compression, this nematic phase in the center of the pore persists until a density 
( N / V ) *  = 0.350, where a layered structure of the fluid starts to appear. In Figure 21 
are shown the profiles at a density ( N / V ) *  = 0.36; here p,*,, = 0.340. The layered 
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Figure 21 
H* = 30, ( N / V ) *  = 0.36, and T* = 0.65. 

M D  results for the density and order parameter profiles for 800 G-B molecules in a pore with 

structure due to the walls (shown by the unequal peak-heights in p*(z) near the walls) 
persists up to a distance of z = loco into the fluid. However, the fluid in the center 
of the pore shows equal peak-heights in the density profiles, thus indicating a smectic- 
like layered structure. The positions of the centers of masses of the molecules in each 
layer have a hexagonal arrangement (cf. the hexagonal arrangement for the bulk SmB 
phase shown in Figure 7), so we identify the structure to be a hexagonal smectic-B 
phase. A summary of our results along the isotherm T* = 0.65 for H* = 30 is 
shown in Figure 22, together with the bulk fluid results for comparison. Here the 
average order parameter, qporer is the average of P,(z) over a range of z that excludes 
molecules adjacent to the wall. The pore density for the isotropic-nematic transition 
seems to lie between 0.080 and 0.130. The nematic-smectic-B transition occurs for 
pore densities of 0.300 to 0.320; these latter values are approximately the same as 
those found for the isotropic-smectic-B transition for the bulk fluid (0.308 to 0.31 5). 

Two other isotherms at higher temperatures (T* = 0.95, 1.25) were also studied 
for a pore of H* = 30. At these temperatures, compressing the isotropic phase does 
not appear to produce orientationally ordered phases, even at  high densities. The 
reason may be that the system is trapped in a metastable state, and the higher kinetic 
energy of the molecules inhibits the formation of orientationally or translationally 
ordered phases. A similar situation was observed for the bulk fluid a t  T* = 1.25 and 
1.8, where compressing the nematic phase did not result in the formation of layered 
phases. 
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Figure 22 MD results for the order parameter for 800 G-B molecules in a pore with H* = 30 along the 
isotherm T* = 0.65. The abscissa is the density in the center of the pore. Circles represent results for 
a pore of size H* = 30; triangles are for the bulk fluid (H* = 00). Lines are drawn through the points as 
a guide to the eye. 
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Simulations along the isochore (NIP')* = 0.41 have also been carried out for 256 
molecules in a pore of width H* = 14.7, using both heating and cooling runs. The 
density in the pore centre, after excluding the molecules in the solid-like layers near 
each wall, is z 0.32. At T* = 1.0, for example, the values of p2(z)  in the centre 
of the cell are found to be a little below unity, indicating an orientationally ordered 
phase. The density profile near the pore centre shows smectic-like layering of the fluid. 
No such orientational ordering or layering occurs in the bulk fluid at T* = 1 .O and 
p* = 0.32, so that the confinement between homeotropic walls again stabilizes the 
liquid crystal phase. Although the density profile at T* = 1.0 in the pore shows 
layering, and snapshots of the structure in the .ry plane show a hexagonal arrange- 
ment in each layer, the unequal peak heights for p(z) near the pore center suggest that 
the layering is a consequence of the confinement of the fluid by the pore walls. A 
summary of our results for H* = 14.7 is shown in Figure 23, where the average order 
parameter, qporer is shown for both the bulk fluid and the fluid in the pore. Although 
there are strong hysteresis effects, the NI transition temperature seems to lie between 
2.5 and 3.0, significantly above the bulk fluid value (about 1.7). Thus, these results 
confirm that the wall forces tend to stabilize the nematic phase. Snapshots of typical 
configurations are shown in Figure 24 for temperatures in the isotropic liquid and in 
the nematic regions, respectively. 

5 CONCLUSIONS 

Using Gibbs ensemble and M D  techniques, we have constructed an approximate 
phase diagram for the bulk G-B fluid with K = 3, K' = 5.  The system is found to 
exhibit a series of phases as the temperature is lowered or the density is increased. 
These phases have been identified from plots of the fluid structure and snapshots of 
the molecular configurations to be the vapor, isotropic liquid, nematic and smectic-B 
phase. We find evidence of a vapor-isotropic-smectic-R and an isotropic-nematic- 
smectic-B triple point. 

For homeotropic pores, the confined G-B fluid exhibits an isotropic-nematic 
transition that is similar in nature to that of the bulk transition; however the pore fluid 
exhibits a nematic phase at state conditions where no such phase occurs in the 
corresponding bulk fluid. Thus the confined G-B fluid stabilizes the nematic phase at 
conditions below the I-N-SmB triple point in the bulk G-B fluid. The pore also 
appears to induce smectic phases at slightly higher densities than those observed for 
the bulk fluid. 

This rich phase behavior of the Gay-Berne model fluid makes it  a useful system 
with which to enhance our understanding of the static and dynamic properties of real 
liquid crystals. 
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