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ABSTRACT: Molecular dynamics simulations of a model main-chain liquid crystalline polymer (LCP)
and of a low molecular weight analogue have been carried out using an efficient parallel algorithm. A
main-chain LCP is formed with the help of Gay—Berne mesogenic units connected to each other through
flexible methylene spacers. We have studied the effect of varying the spacer length, and have examined
the region of the isotropic-liquid crystalline transition. Our preliminary results indicate that liquid
crystalline ordering may occur spontaneously on lowering the temperature, and that odd—even
dependences of thermodynamic properties on spacer length occur, in agreement with existing experiments.
Local orientational time correlation functions, as well as local translational mobility, have been studied
both for the mesogenic elements and the bonds in the flexible spacer. The anisotropy of both orientational
and translational local dynamical properties have been compared with theoretical predictions and with
Brownian dynamics results for a freely jointed chain in a liquid crystalline orienting field.

I. Introduction

Theoretical and experimental studies of liquid crys-
talline (LC) polymers have been a popular field of
investigation for the last two decades. Considerable
progress has already been made in understanding the
behavior of these systems, though many effects have yet
to be explained. Recently, advanced simulation tech-
niques have been applied to the study of the LC state
of matter by making use of molecular dynamics (MD)
and Monte Carlo (MC) methods. At present these
investigations have mainly been devoted to low molec-
ular weight compounds.!=8 However, recently some
progress has been made in extending these simulations
to polymer liquid crystal systems. Computer simula-
tions of main-chain LC polymers by the method of
Brownian dynamics (BD) on the basis of a rather
simplified model have been performed.>° In these
works it is supposed that the dynamics of chain ele-
ments in a nematic LC polymer can be considered as
the motion of a single chain in a viscous medium under
the influence of an anisotropic LC field!112

U(#) = —U, cos® 0 1)

where 6 is the angle between the long axis of a
mesogenic element and the direction of the external LC
field, and Uy is the magnitude of the potential barrier.
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This barrier separates two stable states corresponding
to0=0and 6 =x. Inref 10, BD simulation of a freely
jointed chain with rigid bonds and without excluded-
volume or hydrodynamical interactions was carried out.
The LC field of eq 1 was taken to affect each bond,
modeling the situation in a linear polymer LC with
mesogenic groups in the main chain. The simulation
algorithm involved the solution of Langevin's equations
in the large friction case for the chain junctions in the
presence of the external field of eq 1. It has to be
emphasized that, in this model, mesogenic elements are
directly connected to each other: no flexible spacers
were considered explicitly.

The main results of ref 10 could be summarized as
follows: the presence of the LC field leads to anisotropy
of (i) the conformational properties and (ii) the orien-
tational mobility of the polymer chain. As a measure
of the first effect, the projection of the mean-square end-
to-end distance on the direction of the field . in-
creases, while the perpendicular projection EHIZDD de-
creases, with increasing magnitude of the field Up and,
correspondingly, with increasing order parameter of
chain links S = 3/,[d0s? 6 — /30

To investigate the orientational mobility of mesogenic
elements, the autocorrelation functions

[dos 6(0) cos O(t)
[Gos® O]
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were calculated. Here 6 and y are the angles made by
the long axis of the mesogenic element with the field
direction, and with a perpendicular direction, respec-
tively. The decay of each of these functions is charac-

terized by a corresponding relaxation time, rl(ll) and r(Dl),
respectively. Inthe LC state, there is anisotropy of local
orientational mobility of the mesogenic elements, namely,
7" increases while 75 decreases with increase of or-
dering. As suggested in ref 10, this anisotropy is due
to two main mechanisms of orientational motion of the
mesogenic elements, both dependent on the LC field:
(a) motions within the potential well and (b) transitions
over the potential barrier U,.

The first mechanism is responsible for the relaxation

of the function PY(t). The dependence of 77 on S
obtained for mesogenic units included in a chain was
found to be similar to that for a single dumbbell (two
centers of viscous friction connected by a rigid rod) in
the same nematic field and was consistent with the
analytical formulal3

@m_A-=9)_ 4
1y =———=D 3
where Dy is the rotational diffusion coefficient for a rigid
dumbbell in the absence of an ordering field.

The second mechanism is responsible for the relax-

ation of the function P((t). It is possible to estimate
analytically the transition time 7 over the potential
barrier Uy for a single dumbbell, using the approach
suggested by Lyulin et al.,’* and this expression also

describes the behavior of 7 effectively:
o1 =7, = CD; " (Uy/kgT) ¥ exp(Uy/ksT)  (4)

(C is a numerical constant). The same expression
should apply to any rigid mesogenic group not included
in the polymer chain. This dependence of relaxation
time on the external field (and order parameter) is
weaker than predicted by the well-known Kramers
theory®®

T|(|l) =L = CDrﬁl(UO/kBT)il exp(Uy/kgT) (5)

As shown in ref 14, this difference arises because of the
spatial character of orientational diffusion in contrast
to the planar case considered by Kramers. In ref 14,
the conclusion is drawn that the relaxation of the

function Pﬁl)(t) is actually determined by the transi-
tions over the barrier Uy.

In the present paper, MD simulation of a many-
particle heterogenic model of main-chain LC polymers
has been carried out. In our model, rigid elongated
mesogenic units, interacting with each other through
an anisotropic pair potential'® are connected by flexible
methylene spacers; we examine several different spacer
lengths. Both conformational and local dynamical
properties of the elements of the polymer chain (me-
sogenic units and bonds in the spacer) have been
investigated in the region of the isotropic liquid crystal-
line transition. The goal of this work is the study of
conformational and dynamical mobility and anisotropy
of the system in possible LC phases, and the comparison
of results with theoretical predictions and BD simula-
tion results for the simplified models described above.
The advantage of the current approach is that no
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Table 1. Transition Temperature to the Mesomorphic
State T, and Isotropization Temperature T;, Both in
degrees Celsius, for Members of the Series PE1/n

n Tm T;
5 178 310
6 238 347
7 180 312
9 180 282

10 224 288

assumptions need be made regarding the behavior of
single chains in an effective potential such as eq 1:
interchain correlations giving rise to the effects modeled
in this approximate way are all included exactly. In
addition, the effects of spacer mobility are properly
included in the simulation, which also allows us to look
at the effects of liquid crystalline ordering on confor-
mational and dynamical properties of the spacer bonds.

I1. Model and Algorithm

Our molecular model is intended to mimic, roughly,
the structure of the LC main-chain polyester PE1/n. The
monomeric unit of these polymers is

... =CO0—C4H,~CO0—C4H,~COO—C4H,~COO—
(CH,),— ...

and typically 5 < n =< 10. The synthesis of these
polymers is described elsewhere.” The series exhibits
odd—even effects in the dependence on n of the transi-
tion temperature to the mesomorphic state T, as well
as the isotropization temperature T;, as indicated in
Table 1. X-ray investigations of these polymers18-20
reveal that the polymers of the even series form smec-
tic-A phases (molecular axes normal to the smectic
layers) while the polymers of the odd series form
smectic-C phases (molecular axes inclined with respect
to the layer normals).

We represent a single polymer chain as a sequence
of elongated mesogenic elements connected to each other
by flexible spacers. Each such element is taken to be a
Gay—Berne (GB) ellipsoid!® with geometrical param-
eters and mass close to that for the mesogenic element
in PE1l/n. The interaction energy between a pair of
mesogenic elements in our model is given by the Gay—
Berne potential

V(e e, Iy) = 4e(e;, €, ?ij){p_lz -0 %} (6)
where

_h— o(e;, e, ) + 0o

p= 7% @)

The distance function o depends on the relative orienta-
tions of the elements and the unit vector ?j; = rij/rj
between particles i and j

(e Fy + Py’
1+ yeye

ole;, e, Py) = 00{ 1- %

(e — ej'f'ij)2 o )
where y = (¥ — 1)/(x* + 1) is the shape anisotropy
parameter k = 0el0ss, 0ss = 0p IS the side-by-side
diameter, and o is the end-to-end diameter of the Gay—
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Figure 1. Gay—Berne potential for three different orienta-
tions: side-by-side (ss), end-to-end (ee) and side-to-end (se).
The axes are labeled in “reduced units” based on the param-
eters 0y, €0, and in real units based on our chosen values for
these parameters.

Berne ellipsoid. The strength of the interactions ¢ also

depends on the relative orientations of the two me-
sogenic elements and takes the form

e(e;, &, i) = ole' (e, &, Pl x [€”(e;, €)]"

o o2
(e, e f..)zl_lw
(L L ||

2| 1+ )ere
(C T ej°fij)2
1 - X'ei'ej
€'(e;, &) =[1 - (ere) 1 €)

where y' = ('Y — 1)/(k'Vt 4 1) and k' = €ss/€ee. €ss iS the
minimum of the potential for a pair of parallel units
placed side-by-side, and ¢ee is the minimum for a pair
of parallel units placed end-to-end. The parameters u
and v were fixed to the values y =2 and v = 1 as in the
original paper.16 We took oy = 4.721 A, ¢, = 3.38 kJ/
mol, x = 3, and ' = 5. The potential for different
orientations of the two Gay—Berne particles is il-
lustrated in Figure 1.

We represent a spacer connecting two Gay—Berne
units as a sequence of united atoms, each modelling a
methylene group, and interacting with each other
through the usual Lennard-Jones potential with pa-
rameters ¢ = 0.6 kJ/mol and ¢ = 3.923 A. The form
used for the united atom/Gay—Berne interaction is
taken from the work of Cleaver et al.,? who derive a
generalized potential for two unlike Gay—Berne par-
ticles. In eq 37 of ref 21, we use a value for ¢ = 1.42
kJ/mol for the minimum well depth of the united atom/
Gay—Berne interaction, which is the geometric mean
of the Lennard-Jones and Gay—Berne well depths. The
separation at which the interaction energy is zero oy
(eq 20 of ref 21) is given a value of 4.117 A.

Valence bond lengths in the methylene spacer are
constrained to I; = 1.53 A (for methylene-methylene
bonds) and |, = 6.37 A (for methylene—GB bonds, this
being measured to the center of the GB unit). Valence
angles are specified with the help of a simple harmonic
bending potential
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U, = EK((I — o) (10)

Here K =520.37 kd/mol, and a© is the equilibrium bond
angle. We take a® = 124°58' for the angle at the end
of the spacer, o® = 109°28' for the angle inside the
spacer, and a© = 0 to specify the harmonic potential
between the GB unit and the first rigid bond in the
spacer. This last term prevents large distortions of the
mesogenic element from the configuration in which it
is directed along the valence bond. Torsional interac-
tions for dihedral angles in the spacer are described
through the Ryckaert—Bellemans potential.??

In this paper we consider systems of 64 polymer
chains of degree of polymerization M = 10 (which is a
typical chain length for the polymers synthesized in ref
17). We consider various lengths of flexible spacer: m
= 5-8. In all cases, the temperature was varied from
500 K down to 350 K. We started each series of
simulations from an initial low-density lattice configu-
ration. Then, a combination of constant-temperature
MD and constant-pressure (P = 0) MC was carried out
to equilibrate the system at the highest temperature.
Equations of motion were solved using a leap-frog
algorithm described in detail in ref 23. The time step
was 2 fs in all cases. Translational and rotational
ordering were rapidly lost, but a substantial period was
allowed to ensure configurational equilibrium to be
achieved. Each successive run was equilibrated from
the final configuration at the next highest temperature.
It should be emphasized that, to do this, in all cases
considered here, equilibration took 6—16 ns, depending
on temperature and size of system. These runs are long
by the normal standards of molecular simulation.
Equilibration was controlled by monitoring fluctuations
of the total energy, the total kinetic energy, and the
translational temperature. After equilibration, stan-
dard constant-NVE MD was performed. The length of
production runs varied from 500 ps to 1 ns for each state
point. All production runs, and most of the equilibration
runs, were performed on an IBM SP2 supercomputer
using a parallel algorithm specially developed for this
problem. The algorithm used was based on a replicated
data technique for a collection of anisotropic particles.?*
Following accumulation of our initial results, further
runs were carried out at selected state points to check
equilibration, using both IBM SP2 and Cray T3E
supercomputers (see next section).

To check the code, and to have a reference point, MD
simulations of a liquid of 512 unconnected GB molecules
were also carried out at zero pressure and different
temperatures in the vicinity of the transition between
isotropic and liquid crystalline phases. This is a well-
studied model of small-molecule liquid crystals.®” The
orientational order in the fluid was quantified by
diagonalizing the order tensor, defined as

N1
Qus = NZ E(Suiauiﬁ ~ Ogp) (11)

i=1

where uj, is the a component (o = X, y, z) of the unit
vector along the long axis of a Gay—Berne unit i, or a
bond in a flexible spacer, and N is the corresponding
number of such units; d4 is the Kronecker delta. The
order parameter S was defined separately for GB units
and spacer bonds, as the ensemble average of the largest
eigenvalue of the order tensor, and the director n (the
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Figure 2. Snap-shots of the liquid of unconnected GB
ellipsoids in the transition region: (8) T=170K, (b) T = 165
K, () T=162K, (d) T = 160 K.
average direction of alignment) as its corresponding
eigenvector.
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Figure 3. Liquid—vapor coexistence curve for the GB fluid
in the temperature—density (volume fraction) plane. Open
symbols with error bars represent vapor and liquid densities
as obtained in ref 3 by using the Gibbs ensemble Monte Carlo
technique. The line is a cubic fit to guide the eye. Filled
symbols with error bars correspond to the liquid densities at
zero pressure from the current work. The lowest two temper-
atures correspond to the smectic phase and the higher tem-
peratures to isotropic liquid.

I11. Statistical and Structural Properties

Decreasing the temperature leads to spontaneous
orientational ordering in both the low molecular weight
system and the polymer melts. Typical snapshots for
the low molecular weight LC (unconnected GB el-
lipsoids) in the region of the isotropic to liquid crystal-
line phase transition are presented in Figure 2. In ref
3 this system was studied by Gibbs ensemble Monte
Carlo. According to ref 3, for this system, a spontaneous
phase transition to the smectic-B phase has been
established.

In Figure 3, the liquid branch of the liquid—vapor
coexistence curve obtained in ref 3 is well reproduced
in our zero-pressure simulations.

The high-density data shown in Figure 3 corresponds
to the smectic-B phase. It should be noted that liquid—
vapor coexistence occurs at quite low pressures for the
temperatures studied here, so we would expect this to
be a reasonable comparison.

Two snapshots of the polymer melt with spacer length
m = 6 in the isotropic and LC states are shown in Figure
4. Visual inspection, and spatial correlation functions
to be described shortly, suggest that the LC phase seen
for the polymers is nematic; no indication of a smectic
phase has been found at the temperatures studied. The
orientational order parameters, for mesogenic GB units
in both low molecular weight and polymeric systems,
are reported in Figure 5. S is higher for polymers with
an even number of bonds in the spacer than that for
systems with an odd number of bonds at the same
temperature. The maximum value of the order param-
eter, S = 0.48, has been obtained for the polymer with
spacer length m = 6 at T = 350 K. It should be
emphasized that considerable time was allowed to grow
this anisotropic system from the isotropic melt: more
than 14 ns (7 x 10° steps) to equilibrate the T = 370 K
system from T = 400 K and a further 14 ns to cool this
system to the next temperature down, T =350 K. Itis
essential to approach the ordered phase by cooling in
this way: to have confidence in its thermodynamic
stability relative to the isotropic phase. Moreover, the
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Figure 4. Snapshots of a polymer system with spacer length
m = 6: (a) in the isotropic state, T = 500 K; (b) in the LC state,
T =350 K.

equilibrium orientational order parameter seems to
change over a wide range of temperature (several tens
of Kelvin). By contrast, for the low molecular weight
GB system, the transition to the smectic phase is rather
sharp and occurs within a temperature range of a few
Kelvin (see Figure 5).

To check equilibration of the system, the runs for m
=5at T = 350, 370 and 400 K and the run for m = 6
at T = 400 K, were all extended by a further 8 ns: the
changes in the orientational order parameter in each
case were very small. For m = 7, extending the runs
at T = 350, 400 and 500 K by 1.2 ns also showed no
changes, in that the system remained disordered.

The radial pair distribution function g(r) and the
second-rank orientational correlation function g,(r)

g(r) = [Py(cos y;4(r))0 (12)

have been measured for GB units in the polymer and
low molecular weight systems (see Figure 6). Here
yij(r) denotes the angle between the long axes of a pair
of units i and j lying in a narrow shell of center-of-mass
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Figure 5. Orientational order parameter as a function of
temperature. We show results for small-molecule Gay—Berne
system determined by Gibbs ensemble Monte Carlo simula-
tion® (open symbols) and in this work (filled symbols). We show
order parameters of the Gay—Berne units in the polymers with
spacer lengths: m = 5 (circles), m = 6 (squares), m = 7 (up
triangles), m = 8 (down triangles). Odd—even effects are
highlighted by using filled symbols for even m and open
symbols for odd m.
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Figure 6. Pair distribution function g(r) and second-rank
orientational distribution function gx(r), for small-molecule GB
system and for polymer with m = 6, at various temperatures
in the isotropic and LC phases. For the GB system we show
results for T = 160 K (solid line), 162 K (dashed line), 165 K
(dot—dash line); the curves for T = 170 K are very similar to
T = 165 K. For the polymer with m = 6 we show results for T
= 350 K (solid line), 400 K (dashed line), 500 K (dot—dash
line); the curves for T = 370 K are very similar to T = 350 K.

separations rj; ~ r. For the low molecular weight system
in the isotropic phase, g»(r) decays monotonically to a
value of zero for sufficiently large separations. In the
LC phase, this limit is nonzero and equal to the square
of the order parameter, S2. Strong oscillations in g(r)
at the lower temperatures reflect the formation of a
smectic phase. The principal peak in g(r) for the small-
molecule system at T = 160 K is g(r) ~ 7 (off scale in
the figure). In the polymer system, the asymptotic
large-r value of gy(r) is again equal to S2. In contrast
with the GB system, in the liquid crystal phase, there
is no sign of long-range positional order (i.e., the system
appears to have formed a nematic, not a smectic, phase).
g2(r) varies more smoothly at shorter distances (see
Figure 6). The principal peak (and at the lowest
temperature a secondary shoulder at r/oy ~ 2) reflects
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Figure 7. Torsional distribution functions (arbitrary units)
for different dihedral angles in the spacer, for system m = 6:
first angle (dotted line), second angle (dashed line), third angle
(dot—dash line). For comparison, we also show (solid line) the
theoretical distribution function from the Ryckaert—Bellemans
torsional potential.

Table 2. Percentage of trans and gauche Conformers for
Different Dihedral Angles along Flexible Spacer?

$1 2 ¢3
% % % % % %
T gauche trans gauche trans gauche trans
350 16.2 67.8 16.2 67.9 9 82
370 16.7 66.8 16.7 66.7 10.1 80

400 19.7 60.7 17.9 64.2 12.2 72.6
500 22.9 54.2 20.2 59.7 143 71.5

a ¢ (nearest to mesogenic unit), ¢, (next-nearest) and ¢s
(furthest), at different temperatures for the system m = 6.

some short-range side-by-side ordering. A small maxi-
mum at r/lop ~ 4 reflects the strong intramolecular
correlations. The g(r) results for all the other spacer
lengths m are similar to the case m = 6: there is no
indication of long-range positional order at the temper-
atures studied here. Also, the degree of orientational
order is quite low, except for m = 6 as outlined above,
and for m = 8 at the lowest temperature studied.

We have investigated the distribution of different
conformers as a function of bond position along the
spacer. Increasing the distance along the spacer from
the GB unit, the proportion of trans conformers in-
creases and the proportion of gauche conformers de-
creases, for all the systems studied here. In Figure 7
we plot the torsional distribution functions for the
system with spacer lengthm =6 inthe LC stateat T =
350 K. Increasing the temperature leads to an increas-
ing percentage of gauche conformers and a correspond-
ing decrease in the fraction of trans conformers, for all
bonds of the spacer (see Table 2). This is because trans
conformations of spacer bonds favor parallel orientation
of neighboring mesogenic elements. The rather small
proportion of gauche conformers in the middle of the
spacer reflects the highly disfavored crossed conforma-
tion of two neighboring mesogenic elements.

Ordering of the GB units induces some ordering in
the spacers, as also observed in ref 25. We see an odd—
even effect within the spacers for all the polymer LC
systems: the order parameter for “even” (i.e., second,
fourth, etc.) bonds is much higher than that for “odd”
bonds (see Figure 8). This fact can be explained by
simple geometry: in the LC state, when the elongated
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Figure 8. Temperature dependence of order parameter S in
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Figure 9. Equilibrium density (volume fraction) as a function
of spacer length at different temperatures: T = 350 K
(squares), T = 370 K (circles), T = 400 K (up triangles), T =
500 K (down triangles).

trans conformation is favored, “even” bonds in the spacer
are arranged mostly parallel to the nearest GB unit in
the chain, and so the order parameter for these bonds
is higher than for “odd” bonds.

There is further evidence of an odd-even effect in the
equation of state. The equilibrium density at given T
and P = 0 is higher for even m, and lower for odd m,
than would be expected on the basis of a smooth trend
(see Figure 9). This reflects the fact that even-m chains
pack together more efficiently. Also, changing the
temperature for the polymer system is accompanied by
a large change in the density. Because the transition
to the ordered phase seems to occur over a wide range
of temperature, the accompanying density change is also
quite large. For the m = 6 system, lowering T from 500
to 400 K changes the order parameter from S ~ 0.1 to
S ~ 0.2, while the density increases by ~50%. A further
reduction to 370 K increases the order to S ~ 0.45, and
the density increases by ~2%; a further density rise of
~7% occurs as the order risesto S = 0.48 at T = 350 K.
By comparison, for the low molecular weight system, a
similar change of order parameter occurs over a much
smaller temperature range and is accompanied by a
much smaller density increase (less than 10%). This
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Figure 10. Orientational parallel and perpendicular correla-
tion functions for small-molecule Gay—Berne system and
mesogenic GB elements in polymer chain, spacer length m =
6. Results for both isotropic (I) and LC smectic (S) or nematic
(N) phases are shown.

difference leads (as will be discussed) to pronounced
differences in orientational mobility for low-molecular
weight and polymer LC compounds.

IV. Orientational and Translational Mobility

To study orientational mobility we have calculated the

orientational correlation functions, P,®(t) and PY(t)
defined in egs 2, for Gay—Berne particles and bonds in
the spacer (see Figure 10). These are the same func-
tions investigated in ref 10. For the small-molecule
system of unconnected GB units, these correlation
functions decay exponentially over a rather wide time
range. In the polymer systems, both for mesogenic
elements in the polymer chain and for the spacer bonds,
these functions are clearly nonexponential. This fact
reflects the existence of a spectrum of relaxation times
for the polymer chain.?® To fit these dependencies, we
use stretched exponentials exp{—(t/z)’} where 7 is a
characteristic relaxation time, and f is characteristic
of the breadth of the relaxation spectrum. In the LC
state, anisotropy of orientational mobility leads to two
characteristic times 7, and 7o, For unconnected GB
molecules, we observe values of 3 close to unity at all
the temperatures studied in this work, corresponding
to simple exponential decay. For the polymer systems,
increased orientational ordering leads to a decrease in
the value of  (and hence an increase in the breadth of
the spectrum of relaxation times associated with ori-
entational relaxation) both for the GB units and the
spacer bonds: for GB units g falls from ~0.6 to ~0.4
while for the spacer bonds lower values are seen, falling
from ~0.3 to ~0.2. These observations hold for all
spacer lengths m studied in this paper.

For the low molecular weight model, parallel relax-
ation times 7 increase with increasing order parameter
S, while perpendicular relaxation times 7 decrease (see
Figure 11). The dependence of perpendicular relaxation
times is well described by eq 3 over a broad range of
values of S. The analytical formulae, eqs 4 and 5,
predict a much stronger variation of parallel relaxation
time with S, especially in a well-ordered LC phase.
Nevertheless, at intermediate values of order parameter
(up to S = 0.7), relaxation times obtained in these MD
experiments are in better agreement with eq 4, and, as
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Figure 11. Anisotropy of orientational mobility for low-
molecular weight Gay—Berne system and for mesogenic GB
elements in polymer systems with different spacer lengths (m
= 5 and m = 6). Filled symbols, z;; open symbols, 7. For the
GB model, we show the predictions of the analytical formulas
3 and 4 (solid lines) and Kramers expression (formula 5) for
parallel orientational relaxation of planar rotator (dashed line).

a result, with the BD computer simulations of refs 10
and 14. The conclusion about the two main mechanisms
of orientational motion made in ref 10 remains valid
for this many-body system.

For the polymer model, orientational relaxation is
much more complicated. Both parallel and perpendicu-
lar orientational relaxation times increase with ordering
(see Figure 11). The difference in orientational relax-
ation between the low molecular weight GB system and
the polymer can be explained by the pronounced in-
crease in density (and decrease in free volume) of the
polymer systems with ordering as compared to the
liquid of unconnected GB molecules. This decrease of
free volume strongly impedes both parallel and perpen-
dicular orientational motions. For the low molecular
weight GB system, the influence of ordering on density
is rather small, and the resultant effect on the parallel
and perpendicular relaxation times is similar to the
motion of a single rigid dumbbell in an external quad-
rupole field.

The view, that the main effect on orientational
mobility for the polymer LC is the decrease in free
volume, is supported by comparing the orientational
mobility of the mesogenic elements at the ends of the
polymer chain with that in the middle. In spite of much
more orientational mobility of the GB units at the ends,
their parallel and perpendicular relaxation times both
increase with increasing order. Ordering also leads to
anisotropy of orientational mobility for the bonds in the
flexible spacers. However, because of the small degree
of orientational order, this anisotropy is less pronounced
than that of the mesogenic elements.

It should be noted that the parallel orientational
relaxation times for the polymer model become ex-
tremely long in the orientationally ordered phase, and
our estimates of 7 at the highest order parameters can
only be approximate. This is not unexpected for highly
elongated molecules: complete decay of P,(I(t) to zero
will only happen on the timescale of complete molecular
end-over-end rotation. This does not mean that other
relevant properties of the ordered phase (for example,
second-rank order parameters, stresses, etc.) are poorly
equilibrated. Similar considerations apply, for instance,
in the simulation of molecular solids.
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symbols) translational diffusion coefficients for Gay—Berne
liquid and for polymer systems with m =5 and m = 6.

To study the local translational mobility of GB units
in isotropic and LC states, we have calculated their
mean-square translational displacements along the
director mrﬁ(t)D and in the perpendicular direction
mré(t)lj From the asymptotic slope of these depend-
ences, the parallel and perpendicular translational
diffusion coefficients D, and Dg have been calculated.

For the Gay—Berne system, both D, and D decrease
with decreasing temperature and formation of the
smectic phase. The difference of slope in their temper-
ature dependence reflects the phase transition (see
Figure 12). Interestingly, there is very little difference
between D, and Dg, even in the smectic phase.

For the polymer systems, translational mobility also
decreases with ordering, both for parallel and perpen-
dicular motion, but with different rates (and hence
activation energies). The mean-square parallel dis-
placement is higher than the perpendicular one (see
Figure 12).

V. Conclusions

In this paper we have reported the first results from
extensive simulation studies of a family of main-chain
polymer liquid crystal models. For a system of Gay—
Berne units separated by flexible methylene spacer
chains of various lengths m, we see the expected odd—
even effects in the dependence of thermodynamic prop-
erties on m, and some evidence of such effects on the
isotropic-liquid crystal transition temperature. Over the
temperature range studied, the m = 6 system shows
clear evidence of formation of a nematic phase below T
= 350 K, and the m = 8 system has started to show
orientational order. Nonetheless, the time scales for the
ordering process are extremely long by comparison with
those required for small-molecule systems, and the
temperature range over which order develops is quite
wide. For real LC polymers, the ordering temperatures
are much more well-defined, and we have no explana-
tion for this difference at present. Possibly, poor
equilibration of our system is to blame, but we have
allowed considerable periods of time for this (~14 ns)
and tested the system over further longer periods (~8
ns) at the most important state points, without observ-
ing significant changes in the order parameter.

The density of the system (at the chosen pressure P
= 0) changes significantly over the range T = 350—500
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K studied here. This makes it difficult to specify the
value of the density change at the nematic-isotropic
transition: the density alters by 50—60% while the
order parameter is changing from S ~ 0.1 to S ~ 0.5,
but if we consider only the change from S ~ 0.2 to S ~
0.45, the corresponding density increase is just a few
percent. Experimentally, small changes of a few percent
are observed.

The dynamical properties of the polymer chains are
also qualitatively different from those of the analogous
small-molecule system. While the pure Gay—Berne
model shows roughly exponential decay of parallel and
perpendicular first-rank orientational time correlation
functions, which conform well to previously proposed
theories for Brownian rotation in an external potential
and the results of Brownian dynamics simulation, the
analogous quantities for the mesogenic units in the
polymer systems are well fitted by a stretched exponen-
tial form, the exponent of which is significantly different
from unity. Both parallel and perpendicular relaxation
times increase with increasing order parameter (and
density) for the polymer systems; by contrast, in the
small-molecule systems, the perpendicular relaxation
time decreases with increasing order. In drawing
comparisons between the different systems, we should
not forget that the small-molecule Gay—Berne model
orders to give a smectic-B phase (i.e., something close
to a crystal) while the polymer models appear to be
forming a much less structured nematic phase. Also,
the polymer models order at a much higher tempera-
ture. Clearly, the connectivity in the polymer has a
large effect on GB unit reorientation, so we should not
expect the same theories to apply.

The translational motion of the polymers is also quite
different in character from that of the small-molecule
system. For GB molecules, a sharp change in activation
energy occurs on passing through the isotropic—smectic
transition. For this system, it happens that the parallel
and perpendicular diffusion coefficients are similar to
each other; naturally diffusion in the smectic phase is
very slow. For the polymer systems, diffusion along the
director (which means also substantially along the
contour of the polymer chain) occurs much more readily
than diffusion in the transverse direction. The effective
activation energy for both processes varies continually
with temperature; once more we should recall that
substantial changes in density are occurring over the
range studied here, and this undoubtedly affects the
observed diffusion coefficients.

Direct comparison of our results with the real-life
polymer liquid crystal series PE1/n, which was used to
fix the molecular parameters, is not especially revealing.
The experimental systems form smectic phases, while
we have so far only observed a nematic phase in our
simulations. This is not surprising, since we have made
no attempt to construct a completely faithful model: our
representation of the rigid core, for instance, completely
neglects electrostatic forces and polarizability, and
assumes axial symmetry. Our results should be taken
as indicating the behavior of a simple, representative,
system of rigid and flexible units: additional interaction
terms may be added in a controlled way, and their effect
on phase stability investigated, in the future. UIti-
mately, it should be possible to make direct, quantitative
comparisons with specific systems, given sufficient
investment of computer time.
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In our work we have found it essential to use a
parallel MD simulation algorithm running on massively
parallel computers, in order to carry out runs of suf-
ficient length to equilibrate and study these systems.
Simulation timescales of the order of 10 ns seem to be
essential. Our first results are only preliminary: they
indicate that the model is capable of reproducing trends
in experimentally observed behavior over a suitable
range of temperature, and that further studies will be
worthwhile. The results of such studies will be the
subject of future publications.
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