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Monte Carlo simulations for the system composed of Gay-Berne molecules with a longitudinal 
dipole located near the end of the molecule have been undertaken. The system of 256 molecules 
of a prolate ellipsoidal shape with the dipole has been studied using the reaction field method 
for long-range dipolar interactions. It is found by the analysis of the microstructure that the 
molecules with the strong dipole form a tetragonal structure within a layer, while the nonpolar 
system similar to the central longitudinal dipolar system forms a hexagonal structure. The 
analysis of the microstructure in the nematic and isotropic phases has also been performed. 

Keywords: Monte Carlo simulation; Gay-Berm potential; dipole-dipole interaction; longi- 
tudinal dipole 

1. INTRODUCTION 

Computer simulations have provided a useful method to understand char- 
acteristic behaviors of liquid crystals at the molecular level. Monte Carlo 
and molecular dynamics simulations have been performed using several 
models for liquid crystal molecules [l]. The realistic molecular models 
interacting via an atom-atom potential have been available for an analysis 
of structure and dynamics on substituents at the atomic level owing to 
recent progress of computer performance [2-41. An investigation on dy- 
namics and structure for the system composed of antiferroelectric liquid 
crystal molecules has been made using the realistic model [S]. 

A computer simulation using a simple model molecule is considered to be 
suitable for the study on the relationship between intermolecular interaction 
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and the nature of liquid crystals [6-91. I t  is important to determine the 
various conditions about density, temperature or favorable molecular shape 
in the simulations. Such information obtained should provide some insight 
into the question determining whether molecular systems exhibit liquid 
crystal phases or not. Two quite different approaches have been used in 
simulation studies of liquid crystalline systems. The first approach was due 
to a lattice model adopting the weak anisotropic interactions based on the 
Maier-Saupe mean field theory [lo]. This model reproduces a nematic- 
isotropic phase transition, and then applications to interfacial phenomena 
were done [ 1 1 3 .  Another approach employing hard bodies with an aniso- 
tropic shape was based on Onsager’s theory in which the formation of 
liquid crystals arose from the excluded volume effect [ l ,  7, 81. It is especial- 
ly  well known that the Gay-Berne model [12] with anisotropic repulsive 
and attractive terms forms various kinds of liquid crystal phases such as a 
nematic, a smectic A, a smectic B and a crystal phase [12-161. 

The dipole is regarded to be one of the factors for controlling a fascinat- 
ing feature of liquid crystals [17- 191. Therefore, the dipolar interaction in 
liquid crystals has been worthy of remark among a variety of interactions. 
It is necessary to have detailed knowledge of the effect of dipole on thermo- 
dynamical and structural properties in liquid crystals. Several theoretical 
studies and computer simulations have paid attention to the dipolar inter- 
action in the formation of liquid crystals [20-24). 

Monte Carlo simulations using the Gay-Berne model with a central 
longitudinal dipole have been reported in a previous paper [25]. In addi- 
tion, the preliminary results of the system composed of molecules with the 
longitudinal dipole located at the terminal position in a molecule have been 
published about transition behavior and structure, mainly in a smectic 
phase [26]. In this paper we report the results of the terminal longitudinal 
dipolar system on the analysis of the microstructure within a layer in the 
smectic and crystal phases and of the microstructure of the nematic and 
isotropic phases in detail. Furthermore, the results are discussed in com- 
parison with those of the central dipolar system. 

2. METHOD 

The total pair potential used can be expressed in the form 
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where U,,  is the Gay-Berne potential [12], 

00 

r - a(Q, Qj, i) + go, 
U,, (a, Gj,  r) = 4~ (ai, Qj, i) x 

i‘l - { r - o(iii, iij, i) + a. 
0 0  

where di stands for the axial vector of particle i, f is the unit vector of 
interparticle vector r = ri - rj, and r = Iri - rjl is the particle separation in 
which ri and rj are the positional vectors of the centers of particles i and j, 
respectively. The strength parameter &(hi, Gj,  i) and the range parameter 
B (ai, Q, i) are given by the Berne-Pechukas-Kushick function [27, 281 

( i . G i + i . Q j ) 2  ( f . Q i - i - e . ) z  lJ 

’ 11 & ( i i , , G ,  i ) = E o ( 1  -x’(Gi.Qj)’i-””l --{ 2 1 + x ’ ( G i .  G j )  + 1 - ~ ’ ( f i i .  Gj) 

where x and x‘ are the shape anisotropy and the anisotropy in the well 
depth parameters, respectively. These parameters are expressed as 

where 0, is the separation when the molecules are positioned end-to-end 
and B, is that when they are positioned side-by-side. In other words, oe and 
a, essentially represent the length and breadth of the particle. The para- 
meters E,  and E, are the potential well depths for end-to-end and side-by- 
side configurations, respectively. We use the parameters of the axial ratio 
ae/crs = 3.0 and the well depth ratio EJE, = 0.2, and the exponent parameters 
(p  = 1, v = 2) introduced by Luckhurst et al. [14]. The results of the simula- 
tion for this model are given in the length and energy units of no and c0. 

The dipole-dipole interaction is expressed as 
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where p is the longitudinal dipole moment located at a distance of 1.00, 
from the center of a particle. The scaled intermolecular separation, 
r*( =r/u0)  is used in this paper. 

Monte Carlo calculations were performed with 256 particles in a tetra- 
gonal cell as the simulation box with the usual periodic boundary condi- 
tions in the standard sampling scheme introduced by Metropolis et af. [29]. 
A series of simulations was performed in the range of 1.0 to 4.0 for the 
reduced temperature, T*( = AT/&,), and in the reduced dipole moment, 
p*(=p/&) of 0.0, 1.0, 1.5 and 2.0, at  a fixed reduced number density, 
p*( N a ; / V )  = 0.3. 

In all calculations, the cutoff radius, rr, beyond which the short-range 
interaction potential was set at equal to zero, was taken as half the shorter 
length in the simulation cell (L,,,/2 z 4.20,). The long-range dipolar inter- 
action was treated by the reaction field method [30, 31) in order to facili- 
tate the programming and to enable a more direct comparison of the results 
of the simulations and theories. 

The additional term in the reaction field is defined as [30, 311 

where E‘ is the dielectric constant of the continuum. In the calculations, we 
set c’ = cc (conducting boundary condition). In order to analyze the orienta- 
tional structure, the first- and second-rank orientational order parameters, 
( P , ) ,  ( P 2 ) ,  were calculated. The second-rank order parameter (P2) is 
defined as the average of the largest eigenvalue of the tensor [32, 331, 

(9) 
1 N 1  

N , , ,  2 Q = - 1 -(3QiaBib -dab) 

where u, is the a-component of the unit vector along the symmetry axis of 
particle i. The director of the system corresponds to the eigenvector. The 
first-rank order parameter is defined as the average of the value, 
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where a is the director corresponding to the eigenvector QaB mentioned 
above. Initial configurations were set to be an isotropic state containing 
randomly oriented particles, and the results of phases formed spontaneously 
by the cooling process were examined. In addition, we have also obtained 
the same results on heating starting from the perfectly aligned smectic state 
with a hexagonal-like structure within the layers in which the dipoles were 
aligned in the alternate direction. 

At each temperature, the system was equilibrated in 5.0 x 10’ to 3.0 x lo6 
moves per particle and then an additional 1.0 x 10’ moves per particle were 
generated. Statistical errors were estimated as standard deviations from the 
average over these runs. The preceding configuration in a series of calcula- 
tions was used for a subsequent calculation by reducing or increasing the 
temperature. 

3. RESULTS AND DISCUSSION 

The first- and second-rank orientational order parameters are shown for the 
system composed of molecules with a longitudinal dipole moment of 
p* = 2.0 located near the end of a molecule on cooling and on heating in 
Figure I .  Because the same temperature dependence is exhibited in both 
processes except the behavior depending on the initial configurations at the 
lower-temperature region, the results obtained from the cooling process are 
reliable. In this paper, the orientational order and structural properties are 
hereinafter investigated in the phases formed spontaneously from an iso- 
tropic phase. 

Simulations for the system established that the dipole near the end of a 
molecule caused a shift in the nematic-isotropic transition toward a higher 
temperature [26]. It is demonstrated in Figure 2 that the dipolar Gay-Berne 
model can qualitatively account for the behavior of the transition tempera- 
ture for real compounds, for example, the phenylpyrimidine series [34, 351. 
In addition, it was apparent from the longitudinal and transverse pair 
correlation functions that the dipole near the end of a molecule had a 
tendency to disturb the layer formation [26]. 

3.1. Isotropic and Nematic Phases 

For an inspection of the dependence of the dipolar position on a short- 
range orientational order, Figures 3 and 4 show the dipole-dipole correla- 
tions as a function of intermolecular distance taken to be the separation 
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FIGURE I Temperature dependence of the orientational order parameters for the terminal 
dipolar systems for p* = 2.0 on cooling and heating. Closed symbols denote ( P , )  values. Open 
symbols denote ( P 2 )  values. Triangles, on cooling; reverse triangles. on heating. 

between the centers of mass, or between the point dipoles in the isotropic 
and nematic phases which were assigned in the previous [25,  261. The 
correlation function is defined as 

where Oij is the angle between the axes of two particles separated by r .  
Negative and positive peaks imply correlations of antiparallel and parallel 
pairs. respectively. 

In  the isotropic phase (Fig. 3). no sign of a local order is observed for the 
central dipolar systems independent of the strength of the dipole moment 
(a), (b). However, the correlation as a function of the distance between the 
point dipoles for the system with a terminal dipole moment of 1.0 exhibits a 
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FlGURE 2 The nematic-isotropic transition temperatures for the phenylpyrimidine series as 
a function of the number of skeleton atoms, N in the side chains or substituent. 0, cyano 
substituent; 0, alkyl or alkoxy chains. 

weak negative peak at a distance of ca.0.75 (c), and this peak for the same 
system with p* = 2.0 (d) can be seen clearly. Even in the isotropic phase, 
there is likely to be an indication of a weak dimerization or antiparallel 
pair, or an orientational ordering in the short range owing to the terminal 
dipole for the strong polar system. 

In the nematic phase (Fig. 4) exhibiting (P2) of ca.0.6, this peak is hardly 
seen even for the central polar system with p* = 1.0 (a), although the peak is 
noticed at cu.l.0 for the system with p* = 2.0 (b). On the other hand, the 
correlations for the terminal dipolar systems (c), (d) become intenser in 
comparison with those in the isotropic phase. 

In order to indicate more clearly the relation between the positional and 
orientational orders in the isotropic and nematic phases, the center-of-mass 
radial distributions are shown in Figure 5. No difference was found in the 
distributions of all systems in the both phases. Therefore, in the case of the 
terminal dipole moment the short-range orientational order was found not 
only in the nematic phase but also in the isotropic phase;although the 
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FIGURE 3 The dipole-dipole correlations as a function of intermolecular distance in the 
isotropic phase. Solid lines denote 3(cosU(r)) as a function of the separation between the 
centers-of-mass and dotted lines denote i t  as a function of the separation between the point 
dipoles. (a), (b) central dipolar systems; (c). (d) terminal dipolar systems. 

terminal dipole has no influence on the positional order in the isotropic and 
nematic phases. Regardless the strength of dipole the system was not found 
to form a ferroelectric nematic phase as reported in a literature [21]. 

3.2. Smectic and Crystalline Phases 

The longitudinal and transverse pair correlations for the terminal dipolar 
system are shown in Figure6. The phase is assigned clearly to be the 
smectic phase because the periodic nature of the density wave shows a layer 
structure in a longitudinal correlation and the periodicity in a transverse 
correlation is absent. The phase assignments for the central dipolar system 
were already done in a previous [25]. Figure7 shows the dipole-dipole 
correlation functions in the smectic phase in the case of almost the same 
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(a) T*=2.2 . 

1 I A 
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FIGURE 4 The dipole-dipole correlations as a function of intermolecular distance in the 
nematic phase at (P2) r; 0.6. Solid lines denote them as a function of separation between the 
centers-of-mass and dotted lines as a function of separation between the point dipoles. (a), (b) 
central dipolar systems; (c). (d) terminal dipolar systems. ' 

(P2) for each p* value. For the terminal case (c), (d), the negative peak of 
the curve as a function of the separation between the point dipoles (dotted 
line) is positioned at ca.0.7 owing to the ellipsoidal shape. The peak indi- 
cates the formation of antiparallel dimers between layers. On the other 
hand, the first positive peak at ca.l.1 of the curve as a function of the 
center-of-mass (solid line) for the system with p* = 2.0 (d) indicates the 
parallel dimers in a layer, although the peak does not appear for the ter- 
minal dipolar system with p* = 1.0 (c). The positive peak at ca. 1.2 of the 
curves (c), (d) as a function of the separation between the point dipoles 
(dotted line) certainly represents a parallel dimer in a layer, and the negative 
peak at ca.1.9 indicates a sign of an antiparallel pair of the molecule in 
different layers. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 2
2:

02
 2

0 
A

ug
us

t 2
01

2 



I52 

--- p*=2.0 (c) 
I-- p*=1.0 (t) 
.I- p*=2.0 (t) 

K. SATOH eral. 

2 

n 

a0 

* 
I L 1  

0 

n 
L 
a0 

* 
W 

- 1 . 1 - 1 - 1 -  
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FIGURE 5 The center-of-mass radial distribution functions in the isotropic (a) and nematic 
(b) phase at (P,) = 0.6. The symbols ' I '  and 'c' represent the terminal and the central dipolar 
system, respectively. 

Figure 8 shows the correlation functions for the central and the terminal 
dipolar systems in the crystalline phase whose assignment was done in the 
same manner as the smectic phase. The peaks are further enhanced in 
comparison with those in the smetic phase. The positive broad peak at 
ca.1.8-2.1 for the central dipolar system (a), (b) corresponds to parallel pairs 
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FIGURE 6 The longitudinal and transverse pair correlations as a function of intermolecular 
distance in the smectic phase for terminal dipolar systems with p* = 1.0 (a), (b), 2.0 (c), (d). 

in the second nearest neighbor in a layer. In the terminal system with 
p* = 2.0 (d), the positive peak at ca.1.5 of the curve as a function of the 
separation between the center-of-mass (solid line) may indicate the forma- 
tion of parallel arrangements in the interdigitated layers, and also the posi- 
tive peak at  ca.2.3 indicates parallel arrangements in the second nearest 
neighbor in a layer. However there is little correlation in this region for the 
system with p* = 1.0 (c). Consequently, the layer structures and the dipolar 
correlation for the terminal dipolar systems are found to depend on the 
strength of the dipole. 
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r* r* 
FIGURE 7 The dipole-dipole correlations as  a function of intermolecular distance in the 
smectic phase with (P2) of c.a.0.91 (a), (c) for p* = 1.0 and ca.0.88 (b), (d) for p* = 2.0. Solid lines 
denote them as a function of the separation between the centers-of-mass and dotted lines as 
a function of the separation between the point dipoles. (a), (b) central dipolar systems; (c), (d) 
terminal dipolar systems. 

From considering the above results, the positional analysis within a layer 
is desired. Dipole direction, i.e. ‘up’ or ‘down’, within a layer must be tested 
to provide an essential feature for ferroelectric behavior. This will be con- 
firmed by visualizing the distributions of the center-of-mass and also dipo- 
lar pointing, ‘up’ or ‘down’, for each particle. Figures9 and 10 show the 
snapshots in the smectic and crystal phases confirmed by using the longi- 
tudinal and transverse pair correlations, respectively. In the smectic phase, 
the unpolanzed phase is formed independent of the strength of the dipole. 
The picture shows the expected random arrangement of the particles, and 
also reveals that almost the same number of particles are in the opposite 
direction. This is quite natural behavior from the standpoint of energy. 
There is neither a positional order nor an order of dipole direction within a 
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FIGURE 8 The dipole-dipolecorrelations a s a  function ofintermolecular distancein thecrystal 
phase with ( P z )  of cu.0.97 (a), (c) for p* = 1.0 and ( ~ 0 . 9 6  (b), (d) for p* = 2.0. Solid lines denote 
them as a function of the separation between the centers-of-mass and dotted lines as a function of 
the separation between the point dipoles. (a), (b) central dipolar systems; (c), (d) terminal dipolar 
systems. 

layer. Therefore, these phases shown in Figure9 can be identified as the 
smectic A phase. In the crystal phase, the structure in a layer for the systems 
with p* = 0.0 and 1.0 has undoubtedly a hexagonal symmetry though not 
quite perfect. O n  the other hand, the strong polar system with p* = 1.5 or 
2.0 forms not a hexagonal structure which is stable energetically but a 
tetragonal structure. The difference in structures formed accounts for the 
reason why the strong dipolar systems resist crystallization. Inspection of 
the snapshots shows that no polarization is observed within a layer as well 
as in the smectic phase on the whole [26 ] .  Although dipole direction for the 
system with p* = 1.0 is shown to be random, small clusters made up of 
molecules having the same direction of dipole are formed for the system 
with p* = 1.5. It is found for the system with p* = 2.0 that the larger clusters 
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(b) p*=1.0 (d) p*=2.0 

FIGURE 9 Snapshots of typical configurations within a layer in the smectic phase at ( P 2 )  of 
ca.0.88 for the systems with various p* values. (a) p* = 0.0, (b) p* = 1.0, (c) p* = 1.5, 
(d) p* = 2.0. The direction of dipole of 'up' or 'down' is distinguished by different colors. 

____-- 

(a) p*=O.O 0 0  

0 0 0  0 0 0 0  0 0 0  
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0 0  0 0 0  

~ ~ ~ 0 0 0 0  

FIGURE 10 Snapshots of typical configurations within a layer in the crystal phase at (P2) 
of ca.0.97 for the systems with various p* values. (a) j c *  = 0.0, (b) p* = 1.0, (c) p* = 1.5, 
(d) p* = 2.0. The direction of dipole of 'up' or 'down' is distinguished by different colors. 
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are formed and the adjacent clusters are in the opposite direction, and also 
that clusters in the upper and lower layers are in the opposite direction 
alternately. Therefore, the clusters with various sizes depending on the dipo- 
lar strength forms in the system with the dipole located near the end of a 
molecule, and the dipoles are aligned parallel in a cluster. This result with- 
out any detectable formation of a ferro- or antiferroelectric smectic phase is 
reasonable on the analogy of the results in a system of dipolar hard sphero- 
cylinders [24]. 

In Figure 11, the density modulation which is the projection of the 
center-of-mass on a plane parallel to the director shows clearly the layer 
formation for the terminal dipolar system, together with the non-polar 
system as a reference. The number of the periodicity wave depends on the 
structure spontaneously formed from the initial isotropic configurations. 
Modulations as both functions of the center-of-mass and the point dipoles 
show similar behavior in the case of p* = 1.0 regardless of the different (P2) 
value. In the case of p* = 2.0, no difference are found in the modulations in 
the smectic phase (T* = 1.7), although there are difference in the modula- 
tions in the crystal phase (T* = 1.2). In order to evaluate the effect of 
dipolar position on layer formation the density modulations are shown for 
the dipolar systems with ( P , )  of ca.0.96 for p* = 0.0 and 2.0 in Figure 12. 
The apparent difference in the sharpness of the density waves can be found 
in the systems. The sharpness in the density modulations for the central 
dipolar system is similar to that in the distribution denoted by the dotted 
line as a function of the separation between the point dipoles for the ter- 
minal system. The positional order of the dipole is higher than that of the 
center-of-mass for the terminal dipolar system. This was also clearly shown 
in the longitudinal pair correlation [26]. Therefore, the position of the 
dipole influences the layer formation. However the positional order is not 
sensitive to the dipolar strength in the smectic phase. 

4. CONCLUSIONS 

Monte Carlo simulations of the Gay-Berne molecules with the dipole 
located near the end of a molecule have been performed using the reaction 
field in a treatment of long-range dipolar interaction. The temperature 
dependence of the orientational and positional order in various phases has 
been studied at a fixed number density. 

It is found that a short-range orientational order appears from the forma- 
tion of antiparallel pairs not only in the nematic phase but also even in the 
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FIGURE 11 The density modulation with < P l )  oT(.u.O.Y4 (a), (b), (c) and cn.0.97 (d), (e), (f). 
(a), (d) non-polar systems (b), (e) central dipolar systems; (c),  (I) terminal dipolar systems. Solid 
curve denotes the modulation as a function of the separation between the centers-of-mass and 
dotted curve denotes the modulations as a lunction of the separation between the point 
dipoles. 

isotropic phase. In the smectic phase, the distributions as a function of the 
separation between the point dipoles are sharper than those of the centers- 
of-mass as the dipole moment is increased. Interdigitated layers are found 
to be formed in which the molecules are mainly aligned in antiparallel 
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a) T*=0.8 
p *=o.o 

4 

2 

0 
8 . . l . . l . . l . . l .  

(b) T*=0.8 
p *=2.0- 

.r( - 

- 

8 

6 

4 

2 

0 
0 3 6 9 1 2  

FIGURE 12 The density modulations with (P2) of cn.0.96. (a) non-polar systems; (b) central 
dipolar systems; (c)  terminal dipolar systems. Solid curve denotes the modulation as a function of 
the separation between the centers-of-mass and dotted curve denotes the modulation as a function 
of the separation between the point dipoles. 
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relationship. From the analysis in a layer, the systems without polar and 
with p* = 1.0 are found to form a hexagonal structure, and the strong polar 
systems with p* = 1.5 and 2.0 form a tctragonal structure. Therefore, the 
strong dipole located near the end of a molecule disturbs the hexagonal 
structure which is energetically favorable. Furthermore, the strong dipolar 
molecules are found to form the clusters in which the molecules are aligned 
parallel in the crystal phase, and then the terminal dipoles contribute to 
decreasing layer spacing as the dipole is increased. 

The simulations using the dipolar Gay-Berne model are capable of ex- 
plaining the realistic behavior of a liquid crystal molecule containing a 
polar group such as cyano or nitro substituents, suggesting that this model 
is likely to be a useful tool for analyzing conventional polar liquid crystals. 
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