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Abstract

Structural behavior of a biphenylcyclohexane-based liquid crystal (BCH5H) and its derivatives was examined by a coarse-grained model and the configurational-bias Monte Carlo (CBMC) simulation. Size and chain length effects on the structural behavior were investigated in the study. The structural behavior was investigated by inspecting the nonbonded potential energy, the order parameter, the moment of inertia, and the equilibrium conformation of the molecular system. It was noticed that the intermolecular attraction grows as the system size (i.e., the number of molecules) increases. With the increasing attraction, the equilibrium conformation of the molecular system changes 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 closed to a pipe as the length of the tail alkyl chain of the derivatives extended. The order parameter of the long-chain system rises because of the increasing attraction between the intertwining tail chains.
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摘要

本研究以粗粒簡化模型及CBMC模擬法來探討BCH5H液晶分子及其衍生物之結構行為。研究中探討了尺寸效應與鏈長效應對於該液晶分子結構行為的影響。文中係藉由檢視系統之非鍵結位能、慣性矩、平衡形態等，來探討系統之尺寸效應與鏈長效應對於其結構行為之影響。由研究之結果可知，當系統尺寸（即分子數目）增大時， 由於其間交互作用的增加，BCH5H液晶分子之平衡形態呈現由似管狀結構（對於小系統而言）逐漸轉變成似球狀之團簇結構。而系統之秩序參數亦隨著系統尺寸之增大，而隨之減小。在鏈長效應方面，當BCH5H分子之衍生物的尾鏈（烷鏈）長度愈長時，此似管狀結構（對於小系統而言）將更接近於管狀，並且由於其尾鏈纏繞的現象愈趨明顯，其秩序參數亦有隨之增加得趨勢。
關鍵字：粗粒簡化模型、鏈結向量、CBMC模擬法、秩序參數、慣性矩、平衡形態
1. 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 experiments. Holstein et al. [6] investigated the diffusion coefficient in nematic liquid crystals by the PFG-NMR, which is complicated by strong dipolar interactions. The results showed that the director orientation can be changed by an external electric field. Gwag et al. [7] studied the polar anchoring energy between LC molecules and polyimide films. As the SE-3140 is used as the lower layer and the ICBD-polyimide is as the upper layer, the pre-tilt angle of the liquid crystals increases with an increase in the thickness of the upper layer. However, when the SE-3140 is used as the upper layer and the ICBD-polyimide is as the lower layer, the pre-tilt angle decreases with an increase in the thickness of the upper layer. Somma et al. [8] explored the orientation molecular dynamics in oligofluorenes (OFs) by depolarized dynamic light scattering (DLS) and the dynamic NMR spectroscopy. Upon cooling, the OFs changed from an isotropic liquid phase to a liquid crystalline phase. With further cooling, they transferred to a glassy state. The results also revealed that the two transitions of the trimer almost overlap and the molecular orientation coincides with the α-relaxation associated with the glass transition. By NMR measurements, it was confirmed that the time scale of the dynamics is entirely governed by the glass process. Filpo et al. [9] examined the electro-optical and the morphological properties of reverse-mode polymer-dispersed liquid crystal (PDLC) films, which were obtained via rough substrates and cured with different UV light powers. It was observed that the PDLC films in lower UV powers exhibited “polymer-ball” morphology and an electro-optical response due to the LC director reorientation. However, the PDLC films in higher UV powers showed “Swiss-cheese” morphology and an electro-optical response by dynamic scattering. Yilmaz et al. [10] investigated the optical anisotropy and phase transition of a nematic liquid crystalline with different temperatures at a wavelength interval of 380-780 nm. Their results revealed that the transmitted intensity violently increases at certain onset temperatures, which correspond to phase transitions. Jaradat et al. [11] studied the four-layer and three-layer intermediate phases of liquid crystals by applying an external electric field. They demonstrated that the four-layer intermediate phase is transformed into the three-layer phase when the external electric field grew to 0.62 V/μm. Moreover, as the filed is raised to 1.07 V/μm, the three-layer phase disappeared and the ferroelectric switching was observed. Although the steady-state of liquid crystals can be observed by experiments, there are some difficulties in the experimental methods. For example, the detailed dynamic behavior of liquid crystals is hard to be inspected because of resolution limitations of the experimental equipments. The computer simulation methods could be used to retrieve the information beyond the experimental limitations and provide dynamic behavior of liquid crystals at an atomic level. 

Molecular dynamics (MD) simulation is a powerful tool facilitating the investigation of detailed molecular behavior. McDonald and Hanna [12] used the MD simulations to investigate the terrace of a liquid crystal fluid wetting on a surface. For a weaker fluid-surface interaction case, the surface was found to be only partially wetted, and the liquid crystal droplet was motionless. However, for a stronger fluid-surface interaction case, the surface was fully wetted by liquid crystal droplet. In addition, the orientational order parameter of liquid crystals decreased with an increase in temperature. Capar and Cebe [13] examined the properties of liquid crystals for different alkyl chain lengths. They demonstrated that, for each isolated molecule, the angle between the terminal C-C bond of the alkyl chain and the long principal axis is high for the even members and is low for the odd members. Peláez and Wilson [14] performed MD simulations for a 2,5-bis-(p-hydroxyphenyl)-1,3,4-oxadiazole mesogen (ODBP-Ph-C7) at various temperatures. They found that the nematic phase of the mesogen is biaxial but the degree of bi-axiality is small. In the nematic phase, the molecular short axis was noticed to align with the oxadiazole dipoles and parallel to each other. They also discovered the slow growth of a meso-phase direct from the isotropic fluid over a period of about 50 ns. Mirantsev and Virga [15] studied a nanoscopic nematic twist cell confined between two bounding substrates. The torque transmitted through the cell was found to drop evidently when the cell thickness is below a certain critical value. Peláez and Wilson [16] also conducted MD simulations to examine the orientational and dipole order of a liquid crystal mixture, E7, which is composed of cyano-based liquid crystals. The four components in E7 are 4-cyano-4’-n-penythl-biphenyl (5CB), 4-cyano-4’-n-heptyl-biphenyl (7CB), 4-cyano-4’-n-octyloxy-biphenyl (80CB), and 4-cyano-4’-n-penyl-p-terphenyl (5CT). Their results demonstrated that the 5CT is the most ordered form of the four components, and the parallel and the anti-parallel dipole correlations both occur in E7. However, the strong anti-parallel dipole correlation is localized to particular arrangements of the molecules.

Although the MD simulation is a powerful tool for the investigation of detailed behavior of molecular systems, it is not efficient to perform over a long period of time to allow relaxation of the liquid crystals. Many simplified methods have been developed to overcome the difficulty of the MD simulation. 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 proposed, such as the structure based model [17], the liquid crystal model [18], the rod-like molecular model [19], and the Gay-Berne (GB) model [20-23]. Peter et al. [17] used the structure-based model to simulate liquid crystals having different densities. Their results showed that the order parameter of the liquid crystals depends on the density of the system. Cifelli et al. [18] examined the order parameter and the diffusion coefficient of liquid crystals using the elementary liquid crystal model. They found that the order parameter decreases and the diffusion coefficient increases with the rise of the temperature. Lin et al. [19] employed the rod-like molecular model to investigate the order parameter and phase behavior of lyotropic liquid crystal solution. According to their results, the solution transited from isotropic to a binary phase and then to an anisotropic phase as the rod-like molecule volume fraction increased. Furthermore, the phase transition tended to take place at lower concentration with increasing chain length or decreasing temperature. The GB model [20] is a coarse-grained model commonly used to study liquid crystals. Bates and Luckhurst [21] investigated the phase behavior of liquid crystals with different densities. For the low density liquid crystals, the order parameter showed that they form an isotropic phase. However, the phase transformed from isotropic to nematic as the density increased and the order parameter grew continuously with increasing density. Bates [22] also adopted the bond fluctuation model to find the relation between the phase behavior and the stiffness of large flexible liquid crystals. It was noticed that the transition temperature of the liquid crystals from nematic to isotropic increases with increasing stiffness of the liquid crystals. Moreno-Razo et al. [23] studied the phase behavior of binary GB liquid crystal mixtures consisting of elongated particles with different lengths (LA>LB) and equal diameters. It was noted that the phase behavior of the mixture is related to the length ratio (LB/LA) and the temperature.

In our previous research, we utilized the dissipative particle dynamics (DPD) to examine the chain length and volume fraction effects on the structural properties of the immiscible PE/PLLA polymer in a polymer blend and in a system with their diblock copolymer [24]. It was observed that the immiscibility property of PE and PLLA polymers induces the phase separation and exhibits different architectures at different volume fraction. The chain length effect on the degree of stretching or extension of polymers was also studied in the research.

In this paper, we extended our research to examine the size and chain length effects on structural behavior of a biphenylcyclohexane-based liquid crystal and its derivatives. The biphenylcyclohexane-based liquid crystal investigated in the present study is selected as a compound of the 4,4’-disubstituted biphenylcyclohexane series (BCHRR’) with R = C5H11 and R’ = H (i.e., BCH5H with a molecular formula of H-C6H4-C6H4-C6H10-C5H11). Liquid crystal properties of bulk BCH5H were examined by several experimental methods. A recent work of Muller and Haase [25] is an example. In the present study, we used a computer simulation method－a coarse- grained model to investigate the molecular behavior of BCH5H and its derivatives. A linked-vector model similar to that adopted by Clancy [26] was chosen as the coarse-grained model. The configurational-bias Monte Carlo simulation (CBMC) algorithm [27] was employed for the molecular simulations. Structural behavior of the molecules was investigated by inspecting the potential energy, the order parameter, the moment of inertia, and the equilibrium conformation of the molecules. To explore the size effect on the structural behavior, various molecular systems each consisting of the same molecule but with a different number of molecules (i.e., coarse-grained chains) were considered. The chain length effect was examined by varying the number of carbon atoms in the R group of the biphenylcyclohexane series BCHRR’, namely, by considering the derivatives of the BCH5H molecule.
2. Simulation method
A coarse-grained linked-vector model and the configurational-bias Monte Carlo simulation were employed in the present research. The following is a brief description of the present simulation method.
2.1 A coarse-grained model: the linked-vector model

For ease of discussion, the coarse-grained linked-vector model of a BCH5H liquid crystal is shown in Figure 1. The liquid crystal is 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 liquid crystal molecule is thus simplified as a coarse-grained chain. A bead is placed at the midpoint of each linked vector and is used as the site for calculation of nonbonded 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 bonded intramolecular interaction between two successive CG units is determined by probability distributions of the lengths and angles of the linked vectors. These probability distributions are obtained from the fully atomistic MD simulation of the liquid crystal with the aid of the ENCAD force field [28] and are applied to the configurational-bias Monte Carlo simulation.
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Figure 1  The linked-vector model of a BCH5H molecule.
Calculation of the nonbonded interaction energy is important for coarse-grained modeling. In the present study, a continuous spherically symmetric effective potential energy, Ueff, is employed to calculate the nonbonded interaction energy, which can be written as [26]
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where r is the between two beads of the linked-vector model, T the system temperature, kB the Boltzmann constant, U’ the potential energy, and = 1/( kBT). The <…> in Eq. (1) represents the angular average for a fixed a fixed value of r. The potential energy U’ is determined from the nonbonded interaction of the fully atomistic model of CG units by using the ENCAD force field, which can be expressed by
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where Uvdw is the van der Waals energy and Uels is the electrostatic energy. They have the following forms [28]:

Uvdw= 
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where rij indicates the distance between non-bonded 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 (
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), the partial charges (qi and qj), and the truncation shift functions (Svdw and Sels) can be found from the ENCAD force field [28]. In this research, this cutoff distance was selected as 9 Å and the value for Asc was specified as 0.84.

The effective potential energy with respect to the bead distance for the linked-vector model of BCH5H (Figure 1) is shown in Figure 2. For ease of representation, only the potential energy for part of beads is displayed. It is evident from Figure 2(a) that the interaction between bead 1 and bead 3 is apparently stronger than that between bead 1 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 Figure 2(b) where the strongest attraction was observed to occur at a bead distance of about 4.8 Å.
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Figure 2  Effective potential energy for the BCH5H model: (a) energy between bead 1 and each bead; (b) energy between bead 3 and beads 3, 4, and 5.
2.2 The configurational-bias Monte Carlo simulation
The configurational-bias Monte Carlo (CBMC) simulation is a molecular simulation technique to obtain an equilibrium conformation of a polymer. In CBMC simulations, the Rosenbluth weight factor is used to bias the acceptance of the trial conformations generated by the Rosenbluth procedure [27]. 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 [29].

In the present work, the CBMC algorithm was applied on the linked-vector model described above to obtain the equilibrium conformation of the molecular system. The molecules 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, Figure 3 shows the initial conformation for a BCH5H molecular system with 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 [27] until conformations corresponding to an energetically favorable state (i.e., the equilibrium conformations) had been attained.
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Figure 3  Initial conformation for a BCH5H molecular system with number of chains m = 15.
In this work, the system temperature T of all the studied cases was set to be 50 K. To obtain a stable equilibrium conformation of the molecular system, a simulation annealing approach was applied to the CBMC simulation. During the simulation, the molecular system 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 and 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. Conformations from the last 1000 steps were averaged to investigate the structural behavior of the molecular system.
3. Results and discussion
The structural behavior of the BCH5H liquid crystal molecule and its derivatives was investigated in this study. Size and chain length effects on the structural behavior were examined by inspecting the order parameter, the potential energy, the moment of inertia, and the equilibrium conformation of the molecule system.

3.1 The BCH5H molecule

Figure 4 shows the averaged energy and order parameter for BCH5H molecular systems, 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 the structural behavior of the system can be observed from the influence of the number of chains (i.e., the system size). In addition, because the bonded interaction energy of each molecule is the same, only the nonbonded interaction energy was shown in Figure 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.
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Figure 4  The average energy and order
parameter P2 for the BCH5H molecular systems with various numbers of chains.
Since the energy in Figure 4 is negative, the interaction between BCH5H molecules is attraction dominant. This attraction makes the molecules form a clustered equilibrium conformation (as shown in Figure 5). The attraction strength was noticed to increase as the number of chains m of the system size grows. When the number of chains is greater than 75, attraction strength tends to approach a constant value. This indicates that for the molecular system with m larger than 75, the molecules have nearly identical interaction strength－a characteristic approaching buck BCH5H.
The order parameter P2 in Figure 4 was determined by [13]
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where P2 is the second-rank order parameter common used in the analysis of liquid crystals, and the value for cosis written as
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where u is a unit vector representing the long axis direction of a certain molecule in the molecular system 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 molecular system and can be found by diagonalizing a second-rank ordering tensor Q of the system [13]. The angled bracket pair used in Eq. (5) denotes the ensemble and time average. Form definition of the order parameter, Eq. (6), the molecular system tends to isotropic (in a disordered conformation) as P2 approaches zero, whereas behaves like a crystal (in an ordered-arranged conformation) as P2 approaches unity.

From Figure 4, the order parameters of the molecular systems were seen not to have monotonous dependence upon the system size. However, it tends to decrease, on average, with an increase in the number of chains (m). For molecular systems with fewer molecules, the molecules were observed to arrange in a more ordered manner than those with a larger system 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 molecular systems with the number of chains m = 3, 6, 10, and 15. it was noticed that for the systems with fewer molecules (m = 3 and 6), the equilibrium conformations 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 Figure 2. Because the tail alkyl chain (beads 4 and 5) are more flexible than the phenyl group (beads 1 and 2), a large bending angle between beads 3 and 4 is thus formed due to the stronger attraction. The large bending angle causes the molecules more easily to intertwine along the pipe axis.
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(a) m = 3
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(b) m = 6
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(c) m = 10
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(d) m = 15

Figure 5  Equilibrium conformations for
the BCH5H molecular systems 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.
As the system 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 Figure 5(d). The transition from a pipe-like conformation to a ball-like conformation results from the increasing intermolecular attraction when the number of molecules grows, as discussed in Figure 4. This transition also induces a reduction in the arrangement order of the molecules and thus reduces the order parameter of the molecular system (cf. Figure 4).

The transition of the equilibrium conformations can also be demonstrated by inspecting ratios of three quantities, relating to the moment of inertia of the molecular system i.e., g2/g1 and g3/g1 [30]. The quantities g1, g2, and g3 designate the maximum, medium, and minimum eigenvalues, respectively, of a 3×3 matrix G with component G calculated by [30]
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where mi and riare the mass and position of the coarse-grained bead i in the sampled molecule, respectively; rc means the position of the center of mass of the molecular system. 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 molecule. It should be noted that the sum of g1, g2, and g3 is just equal to the mean-square radius of gyration of the molecular system. The ratios g2/g1 and g3/g1 of a molecular system can provide information about the conformation of the system. If both of them approach unity, it means that the molecular system has a spherical or ball-like conformation. If their values are nearly the same value but far from unity, it implies that the molecular system has a rod-like or pipe-like conformation.
Figure 6 shows the ratios g2/g1 and g3/g1 for the BCH5H molecular systems with various system 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 molecular system (with m < 6) exhibits a pipe-like structure. This corresponds to the conformations displayed in Figure 5 (a) and (b). The ratios were also observed to rise rapidly and approach unity with the increase of the system size. This implies for the system with a greater number of molecules the equilibrium conformation of the system tends to a sphere or a ball. Figure 5(c) and (d) shows the transition from the pipe-like conformation to the ball-like conformation.
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Figure 6  Ratios of g2/g1 and g3/g1 for the
BCH5H molecular systems with various numbers of chains.
The ball-like equilibrium conformation is more evident for the system with m = 100, as can be observed from Figure 7. The ratios g2/g1 and g3/g1 for the system are 0.87 and 0.81, respectively, which demonstrates the near spherical conformation of the system. Because the increasing attraction between the molecules (cf. Figure 4), the system tends to form a spherical cluster. The helical behavior in the smaller system (m < 6) does not appear in this case. This makes the molecules of the system arrange in some regular manner (as also shown in the circle area of Figure 7) and thus raise the order parameter of the system, as revealed in Figure 4.
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Figure 7  Equilibrium conformations for the BCH5H molecular systems with m = 100.
3.2 Derivatives of the BCH5H molecule
The chain length effect was investigated by considering the structural behavior of derivatives of the BCH5H molecule. To discuss the chain length effect, the derivatives 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 behavior 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 Figure 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.
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Figure 8  The linked-vector model of derivatives of the BCH5H molecule with n = 4, 6, 8, respectively.

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

The pipe-like structure of the smaller molecular system is of special interest in this study. We examined the effect of tail length on the conformation of the smaller system. Figure 9 shows the equilibrium conformations for the systems with the number of molecules m = 6 and various numbers of linked vectors n. The pipe-like conformations for the smaller systems 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 system with n = 6. This leads to the apparent reduction in the order parameter P2 of the molecular system, as can be seen from Table 1. 
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(a) n = 4
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(b) n = 5
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(c) n = 6
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(d) n = 8
Figure 9 Equilibrium conformations for the systems with m = 6 and various chain lengths (a) n = 4, (b) n = 5, (c) n = 6, and (d) n = 8 (n: number of linked vectors). The left shows the front view and the right shows the side view of the conformations.
Table 1 also lists the ratios g2/g1 and g3/g1 for the molecular systems with various tail lengths. It was noted that for the system with n = 8, the ratios are much lower than those of the other systems. The obvious decrease in the ratios causes the equilibrium conformation of the system more approaching to a pipe structure as compared with that of the other systems, shown in Figure 9(d). The pipe structure also results in the evident rise in the order parameter of the system as can be seen from Table 1. The tendency to form a pipe equilibrium conformation results from the increasing attraction between the tail alkyl chains of the molecules as the length of the tail chain grows. 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 system with a long tail alkyl chain hence has a pipe equilibrium conformation.
Table 1  Properties for the molecular systems 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


4. Conclusions
Structural behavior of the BCH5H liquid crystal and its derivatives has been investigated by a coarse-grained model and the configurational-bias Monte Carlo (CBMC) simulation. Size and chain length effects on structural behavior have been examined in the research. The molecule was model as a series of successive coarse-grained linked vectors along the backbone of the molecule. The ENCAD force field was utilized to calculate the effective potential energy of the coarse-grained model applied to the CBMC simulation. Structural behavior of the molecules was examined by inspecting the nonbonded potential energy, the order parameter, the moment of inertia, and the equilibrium conformation of the molecular system. The size effect on the structural behavior was explored by considering the BCH5H molecular systems with various numbers of molecules in the systems. The chain length effect was examined by extending the tail alkyl chain of the BCH5H molecule, i.e., by analyzing the derivatives of the BCH5H molecule.

From the results of the present study, the intermolecular attraction was noticed to grow with the enlargement of the system size, namely, with the increase of the number of molecules (m) in the system. With the increasing attraction, the equilibrium conformation of the BCH5H molecular system changes from a pipe-like structure (for the smaller systems) to a ball-like cluster (for the larger systems). The order parameter of the system decreases with the transition of the equilibrium conformation. For the system with m = 100, a spherical clustered equilibrium conformation was observed. 
The system size was noted to have similar effects on the structural behavior of the derivatives of the BCH5H molecule. Regarding the chain length effect, the pipe-like equilibrium conformation (for the smaller systems) was found more closed to a pipe as the length of the tail alkyl chain of the derivatives enlarged. Due to the greater attraction existing between the tail chains of the long-chain system, the molecules were observed to intertwine themselves. This intertwining behavior thus results in the increase in the order parameter of the long-chain system.
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