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Computer simulations were carried out to study the structural properties of the nematogens, nOCB (n=
5—8). The order parameters for the individual C-H bonds in the alkoxyl chain decreased stepwise along the
chain in a manner similar to that determined by NMR techniques. A small difference in the ratio of molecular
length to width for the compounds studied appeared according to the flexibility in the chain. The calculated
densities and anisotropies in the self-diffusion coefficients were found to decrease with increasing number of

carbons in the chain.

Molecular dynamics (MD) or Monte Carlo (MC) sim-
ulations using particles such as the hard-body model are
now employed as an approach to the phase transitions
of liquid crystals.? It was established to a certain ex-
tent that an anisotropy of molecular shape, e.g., the
ratio of molecular length to width, is required for the
appearance of the liquid crystal phase, and the simula-
tion results coincided basically with the theoretical re-
sults. However, it is difficult to evaluate the anisotropy
of molecular shape for actual compound with intricate
structures in mesophase.

4-Alkoxy-4'-cyanobiphenyl (rOCB), which is a typi-
cal liquid crystalline compound with a rod-like shape,
has a cyanobiphenyl part and an alkoxyl chain, in
which n denotes the number of carbons in the alkoxyl
chain. Liquid crystalline characters are dependent on
the length of the chain. Enantiotropic nematic phases
are exhibited for nOCB from n=5 to 9. In the ne-
matic phase, the order parameters of each bond de-
crease along the alkoxyl chain, because the chains have
a flexible structure.? The structural properties in the
nematic phase should be evaluated by considering the
conformation or flexibility of the side chain.

MD simulation based on an atom-atom potential for
actual molecules is expected to evaluate the molecular
structure in the mesophase. But the simulation is fairly
restricted, because the computation takes a very long
time. A few studies were reported about molecular or-
dering in the nematic phase by MD simulation for a
system of 64—128 molecules.>* In our preliminary cal-
culation using a canonical ensemble for 50CB, the MD
simulation is able to obtain the ordering not only of
a whole molecule but also of the side chain attributed
to its flexibility.) Moreover, we recently reported the
ordering of the side chain of a disk-like molecule of
hexakis(pentyloxy)triphenylene (THES5) in the discotic
mesophase.®)

We performed MD simulations using the isobaric and
isothermal ensemble for nOCB (n=>5, 6, 7, and 8) as-
sumed to be in the nematic phase. The calculated or-
der parameters were compared with the experimental
results from 3C NMR.? We also evaluated the confor-
mation and the anisotropy of the molecular shape in the

nematic phase.

Computation

The potential energy used in the MD simulation®
is
E = Egs + Evpw + Erogs.

The Coulomb potential Egg is
Egs = QiQ;/7ij,

where @; and @; are the atomic charges of atoms 7 and j,
respectively, and r;; is the distance between atoms 7 and
j. The atomic charges were calculated using the ab ini-
tio molecular orbital method (STO-3G) for an isolated
molecule. For the van der Waals term (Eypw), the
potential function used in molecular mechanics MM27
was adopted,

Evpw = 2.90 x 10%¢ exp (—12.50r;; /r0) — 2.25¢(r0/74;)°,
€ = \/EiEj and 19 =7; +r;,

where ¢; and r; are the constants for atom i. The
values adopted in this calculation are as follows; 0.23
kJ mol~! and 0.182 nm for nitrogen, 0.18 kJ mol~! and
0.194 nm for carbon, and 0.20 kJmol~! and 0.182 nm
for hydrogen, respectively.” The methylene groups in
the aliphatic chain were approximated as being united
atoms (¢;=0.17 kJ mol~! and r;=0.200 nm).® The tor-
sion term (Erogrs) for the alkoxyl chain was calculated
as follows,

Etors = Vi(1 + cos w) + Va(1 + cos 3w).

The parameters, V;=2.51 kJmol™! and V3=4.81
kJ mol~?! for the O—C bond and V;=2.51 kJmol~! and
V3=4.18 kJmol~! for other bonds, were selected by
considering the results of the mean field approximation
for nOCB.® A value of 0.8 nm* was adopted as the
cut-off radius in the MD. In the MD simulation, all
the lengths and angles of the bonds were fixed to the
standard values defined by MM2.” For the angles of
Car—0-C; and O-C;-Cs, which were important to de-
termine the order parameter of the alkoxyl chain, the
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values used in Ref. 8, i.e., 116° and 120°, were adopted,
respectively.

An isobaric and isothermal (NTP) ensemble®!® un-
der atmospheric pressure was used for the MD sim-
ulation. A periodic boundary condition was adopted
for the rectangular unit cell. The equations of motion
were integrated using a leapfrog scheme.!?) The MD run
took sixty thousand time steps of three femtoseconds
each; during the initial six thousand steps, the calcula-
tion was carried out at a higher temperature so as to
avoid any dependence on the initial geometry.

All calculations were performed on a HITAC M-
880/310 located in the Computer Center of the Uni-
versity of Tokyo.

Results and Discussion

Structure of the Isolated Molecule. The struc-
ture was optimized by standard molecular mechanics
MM27 for the isolated nOCB molecules. All-trans
structures were obtained for the most stable confor-
mation. It is predicted that these extended structures
preferentially exist in the mesophase, because their
molecular structures are linear shapes. To estimate an
anisotropy of the molecular shape, we calculated the ra-
tio of the molecular length () to the molecular width
(d). The value of | was defined as the maximum length
along the principal axis of inertia for the molecule. The
value of d was defined as the diameter of the minimum
cylinder which contains the whole molecule. The ratio
l/d depends on the conformation of the alkoxyl chain
of nOCB. For example, the ratios of the all-trans con-
former and five conformations with a gauche for 60CB
are shown in Fig. 1. But the values of [/d in the nematic
phase should be estimated from the population of the
conformations which exist in the nematic phase.

Calculation of the Dimer. In order to clarify
the intermolecular configuration of the dimer, we next
performed the energy calculation using the same po-
tential as in the MD simulation. Figure 2 shows the
contour map of intermolecular energy as a function of
the intermolecular distance () and rotational angle (6).
The conformation of the side chain is assumed to be all
trans, and the dihedral angle of the two phenyl ring is
fixed to 30°. The two molecules are separated by a dis-
tance of about 0.35 nm with rotational angles of 200°
or 20° in the stable configurations, and the anti paral-
lel arrangement (200°) is slightly more stable than the
parallel arrangement (20°). This is consistent with the
conventional results of calculations for compounds with
cyanobiphenyl.'?

MD Simulation in the Nematic Phase. In lig-
uid crystal phases, molecules are condensed and aligned.
We restricted the number of molecules to 64 due to the
very long computational time. The initial geometries
were estimated from the results of X-ray diffraction!®
for the crystal, and the initial MD runs were performed
at higher temperatures to avoid any dependence on the
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Fig. 1. Six conformers of 60CB and their [/d values.
Conformations are as follows, a: ttttt, b: gtttt, c: tgttt,
d: ttgtt, e: titgt, and f: ttitg.
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Fig. 2. Contour map of relative energy for a pair of
60CB molecules which are arranged with the inter-

molecular distance (r) and the angle of molecular
axes (6).

starting geometry.

We first performed the MD simulation for 60CB at
330, 339, and 359 K, in which the temperatures, 330
and 339 K, correspond experimentally to those in the
nematic phase. Figure 3 shows a snapshot taken at 339
K, and Table 1 lists the simulated results after equi-
librium was reached. The order parameters P, and
P4, which were defined by the axis of the biphenyl,
decreased according to the increment of temperature.
The values of P,=0.55 at 330 K and P>,=0.50 at 339 K
seem reasonable for the order parameter in the nematic
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Table 1. Calculated Density, Order Parameters and Self-Diffusion Coefficients for
60CB at 330, 339, and 359 K

T p P2 P4 D|| D_L D” /DJ_

K 1073 kgm™3 107 m?s™t 10710 m2%s7!

330 0.95 0.55 0.15 2.80 1.13 2.47

339 0.94 0.50 0.10 3.30 1.68 1.96

359 0.91 0.28 —0.05 3.05 2.40 1.27

Fig. 3.

Snapshots of 64 molecules of 60CB at 339 K.
a: Whole molecules, b: molecular axes.

phase. An anisotropy of the self-diffusion coefficient, D,
is usually observed in an anisotropic system such as the
liquid crystal. Especially, the self-diffusion coefficient
along the director, D, is greater than that perpendic-
ular to the director, D), in the nematic phase.'¥ We
calculated D from the slope of the mean square displace-
ment (MSD) in the MD simulation. Figure 4 shows the
result for 60CB at 339 K, which is averaged at inter-
vals of five thousand steps for the final thirty thousand
steps. The anisotropy in the self-diffusion coefficients
(Dy/Dy) calculated from the MSD was clearly shown
(see Table 1). As judged by the results of the order pa-
rameter and the self-diffusion coefficient, the molecular
ordering and motion in the nematic phase were repro-
duced by the MD simulation. The temperature 359
K experimentally corresponds to that in the isotropic
phase. The order parameters and the anisotropy of D
were small compared with those in the nematic phase.

J
0 10000
Steps

20000

Fig. 4. Plots of MSD for parallel (a) and perpendicular
(b) components to the director of 60CB at 339 K.

Although the value of Ps is not equal to 0, these results
are similar to those from our preliminary simulation®
and others.>¥

We next calculates the MD for nOCB in the nematic
phase in order to discuss the dependency of the physi-
cal properties on the length of the alkoxyl chain. Sim-
ulated temperatures 331 K (50CB), 339 K (60CB),
337 K (70CB), and 342K (80CB) correspond to the
Tn1—10 K, where Ty is the experimental transition
temperature between the nematic and isotropic phases.
We selected these temperatures to compare with the
experimental results. Table 2 shows the calculated den-
sity, order parameters, and self-diffusion coeflicients.
It appears that the density decreases with increasing
chain length. These values agreed with the experimen-
tal density observed by one of the authors within errors
of about 10%.!® On the order parameters, calculated
P, were about 0.5, corresponding to the experimental
values in the nematic phase.? A clear consensus on the
magnitude of P, has not been given by experiments,
the values obtained are of the order 0.1 as shown in Ta-
ble 2. The anisotropy of D was also obtained for each
nOCB. As described previously, the molecular ordering
and motion for nOCB in the nematic phase were repro-
duced by MD simulation. It was perceived that P, P4
and Dj/D, decreased with increasing carbon number
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Table 2. Calculated Density, Order Parameters and Self-Diffusion Coefficients for
nOCB
n T P, Py Dy D, Dy/Dy
K 103 kgm—3 107 m?s™! 107 m?s7!
5 331 0.98 0.53 0.12 3.60 1.88 1.91
6 339 0.94 0.50 0.10 3.30 1.68 1.96
7 337 0.94 050 0.11 3.16 1.76 1.80
8 342 0.90 047 0.08 2.82 1.77 1.59

in the alkoxyl chain. But a clear odd—even effect was
not seen in Py, Py and D)/D..

We will now discuss the molecular conformation ow-
ing to the flexibility of the side chain in the nematic
phase. In the simulation, the rates of conformational
change among the trans and two guache were observed,
e.g., 1.6x10'° s~ and 6.5x10%° s~ for the O-C; and
C4—Cs5 bonds in 60CB at 339 K, respectively. For each
nOCB, the rate in the terminal bond was larger than
that in the inner bond. By analyzing the NMR relax-
ation behavior, the g—t transition rates in 5CB were
3.0x10° s~! for the inner bond and 1.6x10'° s~ for
the terminal bond.'® On the other hand, the order pa-
rameters of each C-H bond (P2(CH)) in the alkoxyl
chain were observed in the nematic phase by 3C NMR
studies.? The values of P»(CH) can be calculated from
the conformation of the alkoxyl chain,® even though
the methylene groups are treated as being united atoms
in the MD simulation. Figure 5 shows the calculated
P,(CH) (closed circle) against the bond position. The
value of P>(CH) decreases stepwise along the alkoxyl
chain. Such a decrease in P, is in agreement with that
of the experimental values (open circles),? while the
quantitative agreement is inferior to the results of a
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Fig. 5. Calculated (®) and experimental® (O) order

parameters (P2(CH)) against the bond position.

mean field approximation®'” or of our preliminary sim-
ulation using a canonical ensemble.>® To discuss the
conformation of the alkoxyl chain, the probability of a
trans conformer, which has values from 120° to 240° as
the dihedral angle, against the bond position is shown
in Fig. 6. The closed circles and open squares corre-
spond to the results of the MD assumed in the nematic
phase and of the MC simulation for the isolated nOCB
at the temperatures, respectively. Comparing with the
results of the isolated nOCB, the population of a trans
conformer in the nematic phase is dependent on the
bond position. The relatively large populations for the
odd positions in an alkoxyl chain are instructive. This
tendency is usually observed in liquid crystals, and is
assigned to the effect of the anisotropy in the molecular
shape as a result of the excluded volume effect. Trans
conformations in the odd positions have a large influ-
ence on the linearity of the molecules.

To evaluate the anisotropy of the molecular shape,
the ratio {/d was also calculated in a manner similar
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Fig. 6. Population of the trans conformer for each

bond in the alkoxyl chain of nOCB. @:Nematic, [
Isolated.
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to that given for the structure of the isolated molecule.
Figure 7 shows the population of land dfor 60CB in the
nematic phase (solid lines) and in the isolate (dashed
lines) at 339 K. In each case, d distributes from 0.4 to
1.0 nm, and ! distributes from 1.0 to 1.8 nm. It can be
seen that the distribution curves become narrower, and
the populations at around 0.5 nm in d and at around 1.8
nm in [ become large as the system goes from the iso-
lated to the nematic phase. It indicates the increase of
an anisotropy in the molecular shape due to the molec-
ular ordering in the nematic phase. Figure 8 shows the
population of [/d for nOCB. Solid and dashed lined also
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Fig. 7. Distributions of d and [ of 60CB at 339 K.
—: Nematic, ---: Isolated.
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Fig. 8. Distributions of the ratio i/d of nOCB. —:
Nematic, ---: Isolated.
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correspond to the result in the nematic phase and in the
isolate, respectively. The anisotropy indicated by 1/d is
clearly larger in the nematic phase than in the isolate.
In the nematic phase, the ratios with the most proba-
bility were 3.0 (560OCB), 3.2 (60CB), 3.4 (7TOCB) and
3.4 (80CB), but the averaged values were calculated to
be about 2.9 for each nOCB.

In this MD simulation using realistic molecules, the
molecular ordering and motion in the nematic phase
were reproduced for four compounds from 50CB to
80CB. Moreover, it is clear that the flexibility of the
side chain is an important factor governing the struc-
tural properties of liquid crystals. Although the valid-
ity of the simulating conditions should be further con-
sidered from calculations in various conditions such as
computing method, geometry and potential parameter
etc., the results in this work show that MD simulations
using realistic molecules may allow the study of molec-
ular structures in the nematic mesophase.

The authors thank Professor Masatami Takeda at the
Science University of Tokyo for his helpful discussions.
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