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Abstract Size and chain length effects on structural
behaviors of liquid crystal nanoclusters were examined by
a coarse-grained model and the configurational-bias Monte
Carlo (CBMC) simulation. The nanoclusters investigated in
this study are composed of the biphenylcyclohexane-based
BCH5H liquid crystal molecule and its derivatives. Results
of the study show that the average energy decreases (i.e.,
more negative) as the cluster size (i.e., the number of
molecules) increases. With the increasing cluster size, the
equilibrium conformation of the nanocluster changes
gradually from a pipe-like structure (for the smaller
systems) to a ball-like cluster (for the larger systems). The
order parameter of the system reduces with the transition of
the equilibrium conformation. Regarding the chain length
effect, the pipe-like equilibrium conformation (for the
smaller systems) was observed more close to a pipe as the
length of the tail alkyl chain of the derivatives extended.
However, due to the flexibility of the tail alkyl chain, the
pipe conformation of the system deflects slightly about its
cyclohexyl group as the tail extends further.

Keywords Effective potential energy . Equilibrium
conformations .Moment of inertia . Order parameter

Introduction

Liquid crystals (LC) have been extensively applied in
microdisplays [1] and focusing system [2]. For these
applications, the main objective is to increase their optical
efficiency. With recent advances in bio-technology, liquid
crystals can also be used to reproduce the effects of
naturally occurring lens systems [3–5]. The focal length
of the lens is tuned by means of an electric field. As the
voltage decreases, the liquid crystal lens has a shorter focal
length. This application of liquid crystals could also lead to
innovations in contact-lens materials.

To realize the possible applications of liquid crystals, the
physical properties of liquid crystals have been extensively
studied by experimental methods. For example, Holstein et
al. [6] investigated the diffusion coefficient in nematic
liquid crystals by the PFG-NMR. Gwag et al. [7] studied
the polar anchoring energy between LC molecules and
polyimide films and found the dependence of the pre-tilt
angle of the liquid crystals on the orientation and thickness
of the polyimide films. Somma et al. [8] explored the
orientation molecular dynamics in oligofluorenes (OFs) by
depolarized dynamic light scattering (DLS) and the dynam-
ic NMR spectroscopy. Filpo et al. [9] examined the electro-
optical and the morphological properties of reverse-mode
polymer-dispersed liquid crystal (PDLC) films.

Although the steady-state of liquid crystals can be
observed by experiments, there are some difficulties in the
experimental methods. For instance, the detailed dynamic
behavior of liquid crystals is hard to be inspected because
of resolution limitations of the experimental equipment.
The computer simulation methods could be used to retrieve
the information beyond the experimental limitations and to
provide dynamic behaviors of liquid crystals at an atomic
level. Molecular dynamics (MD) simulation is a powerful
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tool facilitating the investigation of detailed molecular
behavior. As to this aspect, McDonald and Hanna [10]
used the MD simulations to investigate the terrace of a liquid
crystal fluid wetting on a surface. Capar and Cebe [11]
examined the properties of liquid crystals for different alkyl
chain lengths. Peláez and Wilson [12] performed MD
simulations for a 2,5-bis-(p-hydroxyphenyl)-1,3,4-oxadiazole
mesogen (ODBP-Ph-C7) at various temperatures. Besides,
Mirantsev and Virga [13] studied a nanoscopic nematic twist
cell confined between two bounding substrates.

While the MD simulation is a powerful tool for
investigation of detailed behaviors of liquid crystals, it is
not efficient to perform over a long period of time to obtain
long-period evolution of the liquid crystals. The problem is
more significant for a system containing a large number of
molecules. On this issue, many simplified methods have
thus been developed. The coarse-grained method is one of
the simplified methods commonly used for the analysis of
liquid crystals. Regarding this method, many coarse-
grained models have been utilized [14–17] to investigate
behaviors of liquid crystals. For instance, Bates [14]
adopted the bond fluctuation model to find the relation
between the phase behavior and the stiffness of large
flexible liquid crystals. Cifelli et al. [15] examined the order
parameter and the diffusion coefficient of liquid crystals
using the elementary liquid crystal model. Lin et al. [16]
employed the rod-like molecular model to investigate the
order parameter and phase behavior of lyotropic liquid
crystal solution. In addition, Peter et al. [17] used the
structure-based model to simulate liquid crystals having
different densities. In our previous study [18], a coarse-
grained model and the configurational-bias Monte Carlo
simulation were also employed to obtain the orientational
order parameter, the conformation of MMA-oligomers, and
the substrate/MMA-oligomer interaction to realize effects
of the interaction strength on the arrangement of MMA-
oligomers. Results of the study demonstrated that the
simulation method can be used successfully to obtain the
structural behaviors of molecules.

In this study we extended the aforementioned method to
investigate the structural behaviors of liquid crystal nano-
clusters. Size and chain length effects on structural
behaviors of liquid crystal nanoclusters were examined to
understand variations in the equilibrium conformation of
liquid crystal nanoclusters for various clusters sizes and
chain lengths. The study could give some insights into the
cluster size and chain length effects on structural behaviors
of liquid crystal nanoclusters. This information is helpful
for the design and applications of liquid crystal materials.
This issue is of particular significance for investigating
behaviors of mixtures consisting of different liquid crystal
molecules. Mixing of two or more different compounds is a
common procedure in liquid crystal science to tailor the

material properties for attaining a specific phase or
achieving materials with great anisotropy and low viscosity,
which are important to many applications of the liquid
crystal materials. This topic has arrested much attention in
recent years. For example, Hong et al. [19] investigated the
nature of molecular clustering in binary mixtures of bent-
core (BC) and rod-shaped (RS) molecules and examined
the influences of the concentration of RS compounds on the
nanostructure of the binary mixtures. The nature of the
tilted smectic clusters and related aspects of the nano-
structure of the mixtures were also discussed in their
research. Another application on mixing of liquid crystals
is the method of doping commonly used in the liquid
crystal science. For example, Wen et al. [20] utilized a non-
polar liquid crystal compound as the dopant to liquid
crystal mixtures for enhancing vertical alignment of the
host liquid crystal mixtures. High-contrast vertical align-
ment of high birefringence liquid crystal mixtures were
attained by their doping method.

Molecules of the liquid crystal nanoclusters investigated
in this study are the biphenylcyclohexane-based (abbrevi-
ated as BCH) molecule and its derivatives. The reason that
BCH molecules were examined in the study is owing to
their many excellent features for applications in the liquid
crystal display (LCD) devices. The BCH molecules have
low viscosity and a high response speed. Because the
terminal groups of BCH molecules are all alkyls, the
dielectric anisotropy of the molecules is near zero. The non-
polar BCH molecules can be used as a dopant to liquid
crystal mixtures to enhance their vertical alignment. As a
result, high-contrast vertical alignment of high birefrin-
gence liquid crystals can be obtained [20]. The application
of the BCH dopant is very useful for developing high-
contrast LCD devices such as large screen liquid crystal
televisions. However, to the best of the authors’ knowledge,
there are not many related research works on structural
behaviors of the BCH molecules. To attain some informa-
tion on structural behaviors of these materials for their
potential applications, the BCH molecules were analyzed in
this paper.

The BCH molecules investigated in this study were
selected as a compound of the 4,4′-disubstituted biphenyl-
cyclohexane series (BCHRR’) with R=C5H11 and R’=H,
namely, the compound BCH5H. It has a molecular formula
of H-C6H4-C6H4-C6H10-C5H11. Liquid crystal properties
of bulk BCH5H have been examined by several experi-
mental methods. A recent work of Muller and Haase [21] is
an example. A coarse-grained model was employed to
investigate cluster size and chain length effects on structural
behaviors of liquid crystal nanoclusters composed of the
BCH5H molecule and its derivatives. Potential energy, the
order parameter, the moment of inertia, and equilibrium
conformations of the nanoclusters were all examined in the
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study. To explore the size effect on the structural behaviors,
various nanoclusters (each consisting of the same molecule
but with a different number of molecules) were considered.
The chain length effect was examined by varying the
number of carbon atoms in the R group of the biphenylcy-
clohexane series BCHRR’, namely, by considering the
derivatives of the BCH5H molecule.

Simulation methods

A coarse-grained model and the Monte Carlo simulation
were employed in this research. A linked-vector model
similar to that adopted by Clancy [22] was chosen as the
coarse-grained model. The configurational-bias Monte
Carlo simulation (CBMC) algorithm [23] was employed
for the molecular simulations. The following is a brief
description of the simulation method.

A coarse-grained model: the linked-vector model

For ease of discussion, the coarse-grained linked-vector
model of a BCH5H molecule was shown in Fig. 1. The
molecule was simplified by dividing it into five coarse-
grained (CG) units along its backbone and modeled as a
series of vectors linked at the terminals of the CG units.
The molecule was thus simplified as a coarse-grained chain.
A bead was placed at the midpoint of each linked vector
and was used as the site for calculating the nonbonding
interaction energy between two non-successive beads in the
same chain and between beads on different chains. As
shown in the figure, beads 1 and 2 represent the two phenyl
groups of the molecule, bead 3 means the cyclohexyl
group, and beads 4 and 5 stand for the tail alkyl chain. The
bonding intramolecular interaction between two successive
CG units was determined by probability distributions of the
lengths and angles of the linked vectors. These probability

distributions were obtained from the fully atomistic MD
simulation of the molecule with the aid of the ENCAD
force field [24] and were applied to the configurational-bias
Monte Carlo simulation.

Calculation of the nonbonding interaction energy is
important for coarse-grained modeling. In this study, the
continuous spherically-symmetric effective potential ener-
gy, Ueff, was employed to calculate the nonbonding
interaction energy, which can be written as [22]

Ueff r; Tð Þ ¼ �kBT ln e�bU 0
D E

; ð1Þ

where r is the distance between two beads of the linked-
vector model, T the system temperature, kB the Boltzmann
constant, U’ the potential energy, and β=1/( kBT). The
angled bracket pair in Eq. 1 represents the angular average
for a fixed value of r. The potential energy U’ is determined
from the nonbonding interaction of the fully atomistic
model of CG units by using the ENCAD force field, which
can be expressed by

U 0 ¼ Uvdw þ Uels; ð2Þ
where Uvdw is the van der Waals energy and Uels is the
electrostatic energy. They have the following forms [24]

Uvdw ¼
X
i;j

Asc"
ij rij0=rij
� �12 � 2"ij rij0=rij

� �6 � Svdw rij
� �h i

;

ð3Þ

Uels¼
X
i;j

qiq j=rij � Sels rij
� �� �

; ð4Þ

where rij indicates the distance between nonbonding atoms
i and j, Asc is used to compensate for the interaction lost at
small cutoff distances, and qi and qj stand for the partial
charges of atoms i and j, respectively. The energy parameter
("ij), the distance parameter (rij0 ), the partial charges (q

i and
qj ), and the truncation shift functions (Svdw and Sels) can be
found from the ENCAD force field [24]. In this research,
the cutoff distance was selected as 9Å and the value for Asc

was specified as 0.84. It should be noted that the choice of
the parameter Asc is dependent on the cutoff distance
because it is used to reduce the van der Waals repulsion to
compensate for the reduced attraction caused by truncation
(i.e., by the use of the cutoff distance). An optimum value
of 0.84, which was commonly used in investigation of
proteins and nucleic acids system [24], was also employed
in this paper.

The effective potential energy with respect to the bead
distance for the linked-vector model of BCH5H (Fig. 1) is
shown in Fig. 2. For ease of representation, only the
potential energy for part of the beads was displayed. It is
evident from Fig. 2a that the interaction between bead 1
and bead 3 is apparently stronger than that between bead 1Fig. 1 The linked-vector model of a BCH5H molecule

J Mol Model (2012) 18:2321–2331 2323



and other beads. Since bead 3 (representing the cyclohexyl
group in BCH5H) contains the largest number of atoms as
compared to other beads, the interactions including bead 3
are larger than those between other pairs. Thus, the
interaction between bead 3 and bead 3 (from a different
chain) is largest, as can be seen from Fig. 2b where the
strongest attraction was observed to occur at a bead
distance of about 4.8Å.

The configurational-bias Monte Carlo simulation

The configurational-bias Monte Carlo (CBMC) simulation
is a molecular simulation technique commonly used to
obtain an equilibrium conformation of polymers. In CBMC
simulations, the Rosenbluth weight factor is used to bias the
acceptance of the trial conformations generated by the
Rosenbluth procedure [23]. This process guarantees that all
chain conformations are generated with the correct Boltzmann
weight and makes it more efficient than the traditional Monte
Carlo simulation methods for the simulation of long-chain
molecules [25].

In the present study, the CBMC algorithm was applied
on the linked-vector model described above to obtain
equilibrium conformations of the nanoclusters. The mole-
cules studied were placed in a large vacuum space and no
periodic boundary conditions were applied to the system.
Initially, all chains of the simulation system were arranged
in a regular pattern, packed chain by chain with their
molecular long axes aligned. As an example, Fig. 3 shows
the initial conformation for a BCH5H nanocluster with the
number of chains m=15. Each chain was described by the
same colored linked balls, which were used to represent the
end points of the linked vectors. The linked vectors of all
coarse-grained chains were then moved vector by vector via
the CBMC algorithm [23] until the conformation
corresponding to an energetically favorable state (i.e., the
equilibrium conformation) had been attained.

To gain some information about structural behaviors of
the liquid crystal nanoclusters at low temperatures, the
system temperature of each case studied in this paper was
set to be 50 K. Low-temperature behaviors of liquid
crystals are of significance for comprehending the detailed
characteristics of their crystalline state. Up to date, to the
authors’ knowledge, not many related works were found in
the available literature. Recently, Bezrodna et al. [26]
studied photoluminescence spectra of the 4-n-pentyl-4′-
cyanobiphenyl (5CB) liquid crystal at low temperatures
ranging from 4.2 to 200 K. Several crystal modifications of
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5CB, having different 5CB monomer and dimer con-
formers, were observed below 160 K. The simultaneous
co-existence of the different conformers of the 5CB
molecules at the low temperatures is responsible for the
formation of the different types of monomer and dimer
structures. Although at the temperature (50 K) of the
present study, owing to the kinetics of crystal formation at
the low temperature, the BCH5H liquid crystal might
finally approach a crystalline phase in bulk state if the
simulation time is sufficiently long, phase transition
behaviors and bulk properties of the liquid crystal were
not examined in the study. It is an interesting topic worthy
for future studies and needs more efforts to discuss. Besides
this topic, low-temperature structural behaviors of liquid
crystal nanoclusters are also worthy to investigate. Investiga-
tion of low-temperature structural behaviors of nanoclusters
composed of the BCH5H molecule and its derivatives is
helpful for understanding the low-temperature variations in
orientational ordering, molecule morphology, and the cluster
shape with respect to the changes in the cluster size and
molecule chain length. Information from the investigation is
useful for characterization of conformation changes and
molecular alignments for the systems containing the BCH5H
related molecules. This is beneficial to the applications of the
molecules, especially in the mixing and doping methods for
modifications of liquid crystal mixtures containing the
molecules.

To avoid achieving conformations corresponding to local
minimal energy of the simulation system and to assure the
actual equilibrium conformation of the system was
obtained, a simulated annealing method [27] was applied
to the simulation. During the simulation, the nanocluster
was annealed from the room temperature (T=300 K) to the
target temperature (T=50 K) with a decreasing rate of 50 K
per 3×105 CBMC steps. When the system reached the
target temperature, a total number of 2×106 CBMC steps
were continued, which were demonstrated to be sufficient
for the equilibrium conformation of the system. One step in
the CBMC simulation denotes one trial move on all the
linked vectors of the system. The equilibration of the
system was assured if the energy of the nanocluster
converges to a stable value. The total number of simulation
steps (2×106) was noticed to be sufficient for the
equilibration of the studied cases because deviations in the
energy are all less than 2%. Data from the last 1000 steps
were averaged to examine the structural behaviors of the
nanocluster.

Results and discussion

Structural behaviors of liquid crystal nanoclusters com-
posed of the BCH5H molecule and its derivatives were

investigated in this study. Cluster size and chain length
effects on the structural behaviors were examined by
inspecting the order parameter, the potential energy, the
moment of inertia, and equilibrium conformations of the
nanoclusters. Results of the simulations are discussed as
follows.

The BCH5H molecule

Figure 4 shows the average energy and order parameter for
BCH5H nanoclusters, each containing a different number
of BCH5H molecules. Since each molecule of the system
was modeled by a coarse-grained chain, the size effect on
structural behaviors of the nanoclusters can be observed
from the influence of the number of chains (i.e., the cluster
size). To examine the size effect on the interaction between
BCH5H molecules, only the nonbonding interaction energy
was shown in Fig. 4. This energy was calculated from the
contributions of the van der Waals energy and the
electrostatic energy. It corresponds to the interaction
strength between the BCH5H molecules.

Since the energy in Fig. 4 is negative, the interaction
between BCH5H molecules is attraction dominant. The
average energy was noticed to decrease (i.e., more
negative) as the number of chains m of the cluster size
grows. When the number of chains is greater than 75, the
average energy tends to approach a constant value. This
indicates that for the nanocluster with m larger than 75, the
average energy of molecules approaches to that of bulk
BCH5H. This is because in a system with attractive
interactions the interfacial molecules have higher energy
(i.e., less negative) than the inner molecules of the cluster.
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As the cluster size increases, because of the decrease in the
ratio of interfacial molecules to inner molecules, the
average energy decreases (i.e., more negative) and reaches
a constant value corresponding to the bulk value. Similar
behaviors could also be found in the study of size effects on
the molecular behavior of a water nanocluster [28].

The order parameter P2 in Fig. 4 was determined by [11]

P2 ¼
3 cos2q
� �� 1

2
; ð5Þ

where P2 is the second-rank order parameter commonly
used in the analysis of liquid crystals, and the value for
cosθ is written as

cos q ¼ u � n; ð6Þ
where u is a unit vector representing the long axis direction
of a certain molecule in the nanocluster and can be
calculated from the eigenvector corresponding to the
smallest eigenvalue of the moment of the inertia tensor
for the specific molecule. The unit vector n stands for the
director of the nanocluster and can be found by diagonal-
izing a second-rank ordering tensor Q of the system [11].
The angled bracket pair used in Eq. 5 denotes the ensemble
and time average. From definition of the order parameter,
Eq. 6, the molecules form a disordered conformation when
P2 approaches to zero, whereas they align with a common
director (i.e., form a more ordered conformation) as P2

approaches unity.
From Fig. 4, the order parameters of the nanoclusters

were seen not to have monotonous dependence upon the
cluster size. However, it tends to decrease, on average, with
an increase in the number of chains (m). For nanoclusters
with fewer molecules, the molecules were observed to
arrange in a more ordered manner than those with a larger
cluster size. The non-monotonous dependence of the order
parameter, especially for m<15, might be ascribed to the
fewer molecules sampled in the calculation of the average
order parameter.

Figure 5 displays the equilibrium conformations for the
BCH5H nanoclusters with the number of chains m=3, 6,
10, and 15. It was noticed that for the nanoclusters with
fewer molecules (m=3 and 6), the equilibrium conforma-
tions exhibit a pipe-like structure and the molecules seem to
intertwine along the pipe axis. The intertwining of the
molecules is due to the stronger intermolecular attraction
from the cyclohexyl group (bead 3), shown in Fig. 2.
Because the tail alkyl chain (beads 4 and 5) is more flexible
than the phenyl group (beads 1 and 2), a large bending
angle between beads 3 and 4 is thus formed owing to the
stronger attraction. The large bending angle causes the
molecules to more easily intertwine along the pipe axis. It
should be noted that the intertwining-pipe structure is
formed to reduce the surface area of the nanocluster and to

obtain a more stable configuration. This behavior can also
be observed in our previous studies about gold nanowires,
which also exhibit helical structures when the diameters of
the gold nanowires are smaller than 1 nm [29, 30].

As the cluster size increases, the molecules tend to fill
with the hollow space of the pipe and a ball-like
equilibrium conformation is formed gradually, as can be
seen from Fig. 5d. The transition from a pipe-like
conformation to a ball-like conformation, when the number
of molecules grows, results in the decrease in the average
energy as discussed in Fig. 4. This transition also induces a
reduction in the arrangement order of the molecules and
thus reduces the order parameter of the nanocluster (cf.
Fig. 4). The transition of the cluster shape might be
ascribed to the increase in interfacial tension (i.e., surface
tension) of the nanocluster. As the cluster size enlarges, the
interfacial tension makes the nanocluster reduce its surface
area by adopting a spherical shape. This leads to the ball-

m = 3 

m = 6 

m  = 10 

m = 15  

a

b

c

d

Fig. 5 Equilibrium conformations for the BCH5H nanoclusters with
(a) m=3, (b) m=6, (c) m=10, and (d) m=15 (m: number of
molecules). The left shows the front view and the right shows the
side view of the conformations
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like conformation in the large system, as shown in Fig. 5d.
However, when the nanocluster is too small (i.e., consisting
of a few molecules) this shape cannot be adopted without
sacrificing intermolecular contacts. Moreover, the surface
tension decreases largely for the small system and it cannot
support the spherical shape. Therefore the nanocluster does
not form a ball-like shape but rather tries to adjust its shape
to a more stable elongated shape, i.e., the pipe-like
conformation as shown in Fig. 5a. This phenomenon also
exists in size effects on the molecular behaviors of a water
nanocluster [28].

The transition of the equilibrium conformations can also
be demonstrated by inspecting ratios of three quantities,
relating to the moment of inertia of the nanocluster i.e., g2/
g1 and g3/g1 [31]. The quantities g1, g2, and g3 designate
the maximum, medium, and minimum eigenvalues, respec-
tively, of a 3×3 matrix G with component Gαβ calculated
by [31]

Gab ¼
Xn
i¼1

mi ria � rcað Þ rib � rcb
� �* +

a;b¼x;y;z;

ð7Þ
where mi and riα are the mass and position of the coarse-
grained bead i in the sampled molecule, respectively; rcα
means the position of the center of mass of the nanocluster.
The summation is carried out over all coarse-grained beads
of the sampled molecule and n is the number of linked
vectors (coarse-grained beads) of the nanocluster. It should
be noted that the sum of g1, g2, and g3 is just equal to the
mean-square radius of gyration of the nanocluster. The
ratios g2/g1 and g3/g1 of a nanocluster can provide
information about the conformation of the nanocluster. If
both of them approach unity, it means that the nanocluster
has a spherical or ball-like conformation. If their values are
nearly the same value but far from unity, it implies that the
nanocluster has a rod-like or pipe-like conformation.

Figure 6 shows the ratios g2/g1 and g3/g1 for the BCH5H
nanoclusters with various cluster sizes. As can be seen from
the figure, the ratios are nearly the same and far from unity
as the number of chains m is below six. It means that the
equilibrium conformation of the smaller nanocluster (with
m<6) exhibits a pipe-like structure. This corresponds to the
conformations displayed in Fig. 5a and b. The ratios were
also observed to rise rapidly and approach unity with the
increase of the cluster size. This implies, for the nanocluster
with a greater number of molecules, its equilibrium
conformation tends to a sphere or a ball. Figure 5c and d
shows the transition from the pipe-like conformation to the
ball-like conformation.

The ball-like equilibrium conformation is more evident
for the nanocluster with m=100, as can be observed from
Fig. 7. The ratios g2/g1 and g3/g1 for the nanocluster are

0.87 and 0.81, respectively, which demonstrates the near
spherical conformation for the nanocluster. The helical
behavior in the smaller nanocluster (with m<6) does not
appear in this case. Although the variations in the order
parameter and the g2/g1 and g3/g1 ratios are fluctuating and
not monotonous (as can be seen from Figs. 4 and 6), on
average, the tendency of the conformational change from a
pipe-like to a ball-like conformation as the number of
molecules (m) increases can be observed from Fig. 6. The
slightly increasing order parameter for m=80 and 100
(shown in Fig. 4) might be ascribed to the somewhat
regular arrangement of the molecules in the ball-like
conformation (as shown in the circle area of Fig. 7).
Because the order parameter increases only slightly, the

Fig. 6 Ratios of g2/g1 and g3/g1 for the BCH5H nanoclusters with
various numbers of chains

Fig. 7 Equilibrium conformations for the BCH5H nanoclusters with
m=100
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pipe-like conformation existing in small nanoclusters does
not appear in the spherical cluster.

Derivatives of the BCH5H molecule

The chain length effect was investigated by considering
structural behaviors of the BCH5H molecule and its
derivatives. To discuss the chain length effect, the deriva-
tives were selected by varying the number of carbon atoms
in the R group of the biphenylcyclohexane series BCHRR’.
In this work we compared the structural behaviors of
molecules with R=C3H7, C5H11 (i.e., BCH5H), C7H15, and
C11H23, remaining R’ unchanged (i.e., R’=H). Similar to
the coarse-grained modeling for the BCH5H molecule, the
molecules were modeled by linked vectors with various
repeated tail units, as shown in Fig. 8. The number of
linked vectors n used in the models is four, five, six, and
eight for R=C3H7, C5H11, C7H15, and C11H23, respectively.
Since only the number of the repeated linked vectors was
altered, the effective potential energy calculated for the
BCH5H molecule can also be applied to the CBMC
simulation method.

The size effect on the structural behaviors of the
molecules with various tail lengths was observed to be
similar to that on the structural behaviors of the BCH5H
molecules. As the cluster size (i.e., the number of molecules
m) grows, the average energy decreases and the equilibrium
conformation of the nanocluster changes from a pipe-like to
a ball-like structure. As a result, the order parameter P2 of
the nanocluster decreases with the increase of the cluster
size.

The pipe-like structure of the smaller nanocluster is of
special interest in this study. We examined effects of the tail
length on the conformation of the smaller nanocluster.
Figure 9 shows the equilibrium conformations for the
nanoclusters with the number of molecules m=6 and
various numbers of linked vectors n. The pipe-like
conformations for the smaller nanoclusters were noticed
from the figure. The intertwining of the molecules due to

the stronger intermolecular attraction from the cyclohexyl
group (bead 3) was also observed. The intertwining
behavior is more evident for the nanocluster with n=6.
This leads to the apparent reduction in the order parameter
P2 of that nanocluster, as can be seen from Table 1.

Table 1 also lists the ratios of g2/g1 and g3/g1 for the
nanoclusters with various tail lengths. It was noted that the
ratios g2/g1 and g3/g1 for the nanocluster with n=8 are
lower than those of the other nanoclusters. The obvious
decrease in the ratios causes the equilibrium conformation

Fig. 8 The linked-vector model of derivatives of the BCH5H
molecule with n=4, 6, 8, respectively

n = 8 

n = 12 

n = 6 

n = 4 

n = 5 

a

b

c

d

e

Fig. 9 Equilibrium conformations for the nanoclusters with m=6 and
various chain lengths (a) n=4, (b) n=5, (c) n=6, (d) n=8, and (e) n=
12 (n: number of linked vectors). The left shows the front view and
the right shows the side view of the conformations
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of the nanocluster to be closer to a pipe structure as
compared with that of the others, shown in Fig. 9d. The
pipe structure also results in the evident rise in the order
parameter of the nanocluster as can be seen from Table 1.
The tendency to form a more pipe-like equilibrium
conformation is ascribed to the increasing attraction
between the tail alkyl chains of the molecules. When the
attraction between the tail alkyl chains is greater than that
from the cyclohexyl group, the tail alkyl chains tend to
intertwine themselves. The nanocluster hence has a more
pipe-like equilibrium conformation. To demonstrate this
relation, Fig. 10 shows the interaction energy between the
tail alkyl chains and between the cyclohexyl group (bead 3)
and the tail alkyl chain for (a) n=5 and (b) n=8. As shown
in the figure, the attraction between the tail alkyl chains is
much greater than that between the cyclohexyl group and
the tail alkyl chain for n=8 as compared with the case for
n=5. The nanocluster with n=8 thus has a more pipe-like
equilibrium conformation.

It could be observed from Fig. 9e that as the tail alkyl
chain extends further (for n=12), the pipe conformation of
the nanocluster deflects slightly about its cyclohexyl group.
This may be attributed to the flexibility of the tail alkyl
chain as the tail extends further. Owing to this deflection,
the order parameter of the nanocluster reduces as can be
seen from Table 1. The intertwining and deflecting
behaviors of the molecules might be the main reason for
the variations in the order parameter. Sensitive fluctuation
due to small sampling data might be another reason.

Conclusions

Size and chain length effects on structural behaviors of
nanoclusters composed of the BCH5H molecule and its
derivatives have been investigated by a coarse-grained
model and the configurational-bias Monte Carlo (CBMC)
simulation. The molecule was modeled as a series of
successive coarse-grained linked vectors along the back-
bone of the molecule. The ENCAD force field was utilized
to calculate the effective potential energy of the coarse-

grained model which was applied to the CBMC simulation.
Structural behaviors of the nanoclusters were examined by
inspecting the nonbonding potential energy, the order
parameter, the moment of inertia, and equilibrium con-
formations of the nanoclusters. The size effect on the
structural behaviors was explored by considering the
BCH5H nanoclusters consisting of various numbers of
molecules. The chain length effect was examined by
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Fig. 10 Interaction energy between the tail alkyl chains and between
the cyclohexyl group and the tail alkyl chain for (a) n=5 and (b) n=8

Table 1 Properties for the nanoclusters with the number of molecules
m =6 and various tail lengths

Number of linked
vectors (n)

g2/g1 g3/g1 Order parameter (P2)

4 0.40 0.37 0.70

5 0.37 0.35 0.61

6 0.42 0.34 0.46

8 0.20 0.18 0.73

12 0.19 0.30 0.49
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extending the tail alkyl chain of the BCH5H molecule, i.e.,
by analyzing the derivatives of the BCH5H molecule.

From the results of this study, the average energy was
noticed to decrease (i.e., more negative) with the enlarge-
ment of the cluster size, namely, with the increase of the
number of molecules (m) in the nanocluster. With the
increasing cluster size, the equilibrium conformation of the
BCH5H nanocluster changes gradually from a pipe-like
structure (for the smaller systems) to a ball-like structure
(for the larger systems). The order parameter of the
nanocluster decreases with the transition of the equilibrium
conformation. For the nanocluster with m=100, a near
spherical equilibrium conformation was observed.

The cluster size was noted to have similar effects on the
structural behaviors of the derivatives of the BCH5H
molecule. Regarding the chain length effect, the pipe-like
equilibrium conformation (for the smaller systems) was
found more close to a pipe as the length of the tail alkyl
chain of the derivatives enlarged. However, owing to the
flexibility of the tail alkyl chain, the pipe conformation of
the nanocluster deflects slightly about its cyclohexyl group
as the tail extends further (for n=12).
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