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molecules and polymer surfaces

III. Use of pseudopotentials to represent the surface

D. R. BINGER and S. HANNA*

H. H. Wills Physics Laboratory, University of Bristol, Tyndall Avenue,
Bristol BS8 1TL, UK

(Received 30 November 2000; in final form 16 February 2001; accepted 26 February 2001)

Results are presented from atomistic computer simulations of single molecules of the liquid
crystals 4-n-octyl-4'-cyanobiphenyl and 4-n-heptyl-2-fluorophenyl 4-octyloxybiphenyl-4'-
carboxylate in contact with crystalline polymeric surfaces. The simulations were performed
as part of a study of the nature of the alignment interactions in liquid crystal displays and
other devices. In contrast to previous atomistic simulations of this type, the crystalline
polymer surface was represented by a pseudopotential effectively replacing the parallel array
of polymer chains with a periodic corrugation. The use of a pseudopotential has two main
advantages. Firstly, it allows an exploration of the general principles behind liquid crystal
alignment on crystalline surfaces, free from the obscuring effect of specific chemical interactions.
Secondly, it permits a significant saving in computer time compared with using a surface
constructed from explicit atom-pair potentials. In the present work, the aligning capabilities
of two simple sinusoidal pseudopotential functions were tested. In each case the wavelength
and amplitude of the surface corrugations were varied. It was found that the degree of
orientational order of liquid crystal molecules in contact with the surfaces increased with
increasing amplitude and decreasing wavelength of the corrugations. Aspects of the two
potentials were then combined to produce a pseudopotential designed to represent specific
polymeric crystal surfaces. In this case, the (100) and (1 10) faces of polyethylene were
modelled. Comparisons with earlier simulations employing atomistic surfaces indicate a good
agreement between the orientation functions produced by the two methods. However, the
pseudopotential approach uses significantly less computer time, allowing a more reliable
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determination of orientation within a given timescale.

1. Introduction

The successful operation of liquid crystal display devices
is dependent on the correct functioning of an align-
ment layer, which is usually made of polymer and which
ensures that the liquid crystal molecules are uniformly
oriented in the vicinity of the cell surface. The molecular
organization at the interface is not clearly understood
in either the liquid crystal or the polymer film, because
most experimental structural techniques are only able
to probe the bulk of the material. Even surface sensitive
techniques such as second harmonic generation, while
giving the average orientation of the liquid crystal mono-
layer closest to the cell surface [1,2], give no direct
information about the molecular organization or pack-
ing within that monolayer. Also, studies of liquid crystal
monolayers, using the scanning tunnelling microscope,
have only been able to elucidate the molecular packing

*Author for correspondence e-mail: s.hanna@bristol.ac.uk

which is specific to graphite surfaces, rather than poly-
meric alignment layers [ 3-67]. However, it is now generally
accepted that one possible alignment mechanism is that
the polymer chains in the surface layer of the polymer
become oriented due to friction during the fabrication
process, and that the liquid crystal molecules align
through local, molecular level, interactions with the
polymer chains [2, 7, 8].

Although there has been a large body of research
on the simulation of bulk liquid crystal phases [9], to
date there have been relatively few computer simulation
studies of liquid crystals interacting with alignment
layers. Recently, several groups have reported the use of
Gay—Berne models to simulate the behaviour of liquid
crystals in the vicinity of different types of wall [10-16].
Such simulations are extremely valuable for demon-
strating molecular ordering at interfaces and the possible
origins of molecular pretilt. Rather fewer atomistic simu-
lations of liquid crystal interfaces have been published,
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and the computational expense of such simulations means
that, in general, only very small systems of molecules
have been studied. For example, Cleaver et al. [17, 18]
and Yoneya and Iwakabe [19] have considered the
interactions between 4-n-octyl-4’-cyanobiphenyl (8CB)
and a graphite substrate, while Yoneya and Iwakabe
have also looked at interactions of 8CB with close
packed layers of polyimide and polyamide molecules
[20,217. In the latter case, it was found that the liquid
crystal molecules preferentially aligned parallel to the axes
of the polymer molecules and that the mean orientational
order parameter, P,, decreased if the number density of
polymer molecules in the alignment layer was reduced.

More recently, Doerr and Taylor [22,23] have per-
formed simulations of 4-n-pentyl-4’-cyanobiphenyl (5CB)
at an amorphous polyethylene surface. Although the
size and time scale of the simulations were limited, they
showed a clear tendency towards homeotropic align-
ment. Similarly, Patnaik and Pachter [247] have shown
that amorphous or homeotropic configurations of SCB
are energetically favoured over planar configurations at
amorphous polyacrylate surfaces.

In a number of previous publications [25-27], we have
used computer simulations to examine the behaviour of two
liquid crystal molecules, 8CB and MBF (see figure 1), in
contact with a variety of crystalline polymeric surfaces.
Our studies were restricted to crystalline surfaces for
several reasons. Firstly, it is known that chain orientation
and extension, which would occur during the rubbing
process, promote polymer crystallization [ 28]. Secondly,
it is generally observed that semi-crystalline polymers
align liquid crystals more effectively than glassy poly-
mers [ 7, 29]. Finally, a technical point is that crystalline
surfaces are more easily specified than amorphous
surfaces. The present paper continues the study of
crystalline surfaces, although work is in hand to extend
the methods to amorphous materials.

8CB:

w0

MBF:

Figure 1. The structures of the liquid crystal molecules
4-n-octyl-4'-cyanobiphenyl (§CB) and 4-n-heptyl-2-fluoro-
phenyl 4-octyloxybiphenyl4'-carboxylate (MBF).

In our previous simulations, only planar configurations
of the liquid crystal molecules were examined on the
polymer substrates. The main finding was that the liquid
crystal alignment depended on the geometry of both the
polymer and the liquid crystal molecule, with the
topography of the polymer surface being of paramount
importance. It was found that polymer crystal faces
with clearly defined molecular level corrugations pro-
duced good alignment, and that the quality of alignment
depended on both the spacing and the depth of those
corrugations. For example, the deep corrugations formed
by the backbones of adjacent polymer chains on the
(100) surface of poly(vinyl alcohol) produced a more
clearly defined alignment than the relatively shallow
corrugations on the (100) or (110) faces of poly-
ethylene. Electrostatic interactions were found to be
only of secondary importance in determining alignment
preferences.

In order to make the aligning effect of the corrugations
more quantifiable, we have replaced the selection of
polymer surfaces used in previous papers with a simple
pseudopotential energy function. The pseudopotential
allows us to look at the influence of generic surfaces on
molecular alignment, without having to consider specific
molecular detail. Using the pseudopotential, we are able
to explore various geometric aspects of polymer surfaces
which are required in order to produce good liquid
crystal alignment. A fortunate biproduct of the use of
the pseudopotential is that the molecular dynamics simu-
lations require less computer time than those involving
explicit surface atoms. This, in turn, means that it is
possible to perform simulations over a longer time scale
than previously, and gather more reliable statistics for
the orientation functions measured.

In this paper, we describe the use of two simple
sinusoidal pseudopotential energy functions to represent
the polymer surface. In each case we examine the trajectory
of a simple rod-like liquid crystal molecule (8CB) in
contact with a range of surfaces with varying corrugation
wavelengths and amplitudes, with a view to quantifying
the orienting power of each surface. We also show how
the pseudopotentials may be combined to represent a
real polymer crystal surface, and comparisons are drawn
with earlier simulation work using atomistic potentials
for both 8CB and MBF. A further paper will demon-
strate the use of the realistic pseudopotential in large
scale atomistic simulations of the interfacial region between
a polymer alignment layer and a bulk liquid crystal
phase [30].

2. Background
The use of pseudopotentials for representing crystal-
line surfaces has been demonstrated previously by Steele
[31], and applied to interactions with gaseous molecules.
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The approach used was to represent the surface potential
by a two-dimensional Fourier series:

u)= 33w, (z,) explig 1) (1)

where t is a translation vector in the plane of the
substrate, g is a reciprocal lattice vector and w,(z,) is
the Fourier coefficient for the ath plane of surface atoms
located at a distance z, from the gas atom. In the case
of the Lennard—Jones 12-6 potential, the analysis gave:

2nE,, 202 oS,
u(r) = —= z{q(Szfo— i)

as Z,

+ > iexp(ig [m,+ t])

g+#0 k=1

X [(;go (%) Ks(gz,) — 200, (%) Kz(gzx)]}
(2)

where q; is the cross-sectional area of the unit cell in the
crystal surface, ¢ is the total number of atoms in the
unit cell, and m, is the position vector of the kth atom
in the unit cell. o, is the equilibrium separation and E,
the potential well depth between a surface atom and a
gas atom. Finally, K, is the nth order modified Bessel
function of the second kind.

The Steele equation provides an accurate representation
of the surface, but for any real application the Fourier
sum needs to be truncated. However, if the substrate
possesses symmetry, the expression may be simplified,
and results in a rapid method for calculating the surface
potential. The Steele equation and variations on it
have been used widely in studies of adsorption of
small molecules on graphite. Particular examples include
adsorption of N, molecules [ 32,337 and adsorption of
the liquid crystal molecule 8CB [13].

In the present application, which involves liquid
crystal molecules on polymeric substrates, our previous
analyses [25-27] suggest that the behaviour of the
liquid crystal will be dominated by short range inter-
actions with a topologically anisotropic substrate. In
such circumstances, it is found that a large number of
terms is required in the Steele equation for an accurate
representation of the polymer surface. This is a particular
problem because of the comparatively large number of
atoms in a typical polymeric unit cell. For example,
there are 12 atoms in the unit cell of polyethylene and
152 in the unit cell of Nylon 6, compared with only four
in graphite. Bearing in mind, also, the fact that the
van der Waals interactions are normally truncated at
c. 8.5 A, the overall result is that there may be little speed
advantage in the use of the Steele equation compared
with a direct summation of the Lennard—Jones potential.

For this reason, we decided that a simpler approach was
required, in which, rather than attempting to reproduce
the polymer surface exactly, only its most important
feature, i.e. the corrugation created by adjacent polymer
chains, would be modelled. The approach is described
below.

3. The cosine pseudopotential

The requirements of the polymer pseudopotential are
that it should act as a barrier to the liquid crystal
molecules, and that it should be modulated in some way
to represent the polymer chain corrugations. In all that
follows we will assume that the surface lies in the xy-plane,
with the polymer chain axis parallel to the y-axis. We
define the corrugation direction as being parallel to the
polymer chain axis. In all of the functions derived, the
potential energy is independent of the y-coordinate.

The barrier part of the pseudopotential was formed
by considering a standard Lennard—Jones 12-6 potential:

o] o

where E is the potential well depth, and ¢ the equilibrium
separation of a probe atom from an atom in the sub-
strate. The surface was considered to contain a uniform
density of atoms, and equation (3) was integrated to
include the interactions between a probe atom at height
z above the surface and all of the atoms in the half space
below the surface, to give:

U_nnEa3 091503 4
an (O RGO N G

In equation (4), n is the number density of atoms in the
substrate. The surface corrugation was then introduced
by modulating either the well depth E or the equilibrium
separation ¢ with the aim of producing surfaces in which
the corrugations were either purely due to variations in
potential well depth, or purely due to topography. The
extent to which this was achieved is shown below.

3.1. E-modulated cosine pseudopotential
In the first method of modulating the surface, the
modulation was obtained by replacing E in equation (4)
with:

AE
E(x)= Eo+ 7[1+ cos(2nx/2)] (3)

where the wavelength of the corrugation is A. The
potential energy is then written as:

neEx)a*[ (o) o\’
U(X,Z)ZT (;) - 15(;) . (6)
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This function is shown as a contour plot in figure 2 (a).
It can be seen that the equation represents a hard wall
adjacent to a periodic array of potential wells. The
potential wells are linear, i.e. they are extended parallel
to the y-axis. The lowest energy parts of the potential
wells are located at a distance ¢/5"° from the wall. The

variation in energy found on traversing the surface at
this height is (2+/5/9)nna> AE.

3.2. o-Modulated cosine pseudopotential
The second method of modulating the surface was to
replace ¢ in equation (4) with:

Ao
g(x)= 0o+ 7[1+ cos(2nx/A)]. (7)
In this case, the resulting potential energy function

represents a variation in the position of the potential
well relative to the surface. The distance of the well from

@ -’
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Height above substrate, z/A

-2 -15 -1 -0.5 0 0.5 1 1.5 2
Substrate co-ordinate, x /L

(b) 7

Height above substrate, z/A

-2 -1.5 -1 -0.5 0 0.5 1
Substrate co-ordinate, x /A

Figure 2. Graph showing potential energy contours calcu-
lated for (a) the E-modulated cosine pseudopotential of
equation (6) and (b) the o-modulated cosine pseudo-
potential of equation (9). In (a) the modulation depth is
AE[E, =3, while in (b) the modulation depth is Ad/a,= 1.
The positions of the potential energy minima are indicated
by shading, and only negative potential energy contours
are shown. The energy contours are shown in steps of 2E,
in (a) and E, in (b); in both cases, E, = 0.83kJ mol™ ' and
go=4.0677 A

the wall varies by Ac/5"°. Although the well depth of
the Lennard—Jones potential given in equation (3) is
independent of g, that of the integrated potential is not,
and is given by:

Ug(x)= — T\/_nnEa(xf. (8)

Unfortunately, this means that the equilibrium potential
energy is lower at the peaks of the corrugations than
at the troughs. This inconsistency is corrected for by
scaling the potential energy function by [ao/a(x)]’, so
that the equilibrium potential energy is independent of the
position across the corrugation at which it is measured.
The final o-modulated potential energy function is given

by:
Ulx, 2) = "”ﬁ‘“[(@) - 15(@) ] (9)

and is shown as a contour plot in figure 2 (b). It is clear
that equation (9) represents a corrugated wall adjacent
to a similarly corrugated potential well.

4. The polyethylene (PE) pseudopotential

The method described above for introducing periodic
variations in the depth or position of the Lennard—Jones
potential well, raises the possibility that more complex
modulations could be introduced. For example, the
variations in £ or ¢ could be represented by a Fourier
series, rather than a single cosine function. However,
it is clear that modulations in both E and ¢ will be
required in order to obtain a good fit to, say, a crystalline
face of polyethylene (PE). An alternative energy expression,
which satisfies this requirement, will now be derived.

The faces of any molecular crystal will not be smooth
on an Angstrom scale, and this will introduce some
uncertainty over the precise location of the wall, relative
to an arbitrary origin. Thus, we rewrite equation (4),
allowing the origin to be offset by # in the z direction:

U _nnEa3 g Y\ 15 d \ 10
=75 [(z—n)_ (z—n)]' (10

The position of minimum potential energy, ¢, will be
given by:

(=54 (11)

at which point, the minimum potential energy, ¢, will
be:

10nnE

==

C=n. (12)
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Equations (11) and (12) are used to eliminate ¢ and E
from equation (10), yielding:

() - )Y L (L) - )Y
Ul 2) = _T[( 1) ) _3( 00 )]
(13)

where now ¢, { and 5 are taken to be functions of x,
which will need to be determined for any particular
crystal surface. No potential energy variation is permitted
in the y-direction, i.e. parallel to the polymer chain axis.

@(x), {(x) and n(x) were obtained by fitting equation (13)
to the results of explicit atom-pair calculations of the
potential energy above slabs of crystalline PE. The
atomic coordinates and unit cell parameters of PE were
taken from the literature [ 34] and the Dreiding 2 force-
field was used with the CH, groups represented by
united atoms [ 35]. A Lennard—Jones 12-6 potential was
used, with £=0.71kJ mol™ ' and ¢ = 4.07 A, which was
obtained by averaging the non-bonded parameters over
all atoms in an 8CB molecule. A cut-off radius of 100 A
was employed in the calculations. The potential energy
was evaluated over a three-dimensional grid of points,
covering one unit mesh of the surface, at a nominal
pitch of 0.1 A, out to a distance of 20 A from the surface.
The potential energies were then averaged along the
y-direction (chain axis) to produce a two-dimensional
potential energy function. The calculation was performed
for the (100) and (1 1 0) faces of PE.

The averaging of the potential energy in the
y-direction is justified by the fact that there is very little
variation in potential energy along the chain axis when
using a united atom model, despite the planar zig-zag
conformation of the PE chain. For example, for the
polyethylene (1 0 0) surface, the position of the potential
well varies by less than 0.1 A while the variation in well
depth is approximately 0.3kJ mol™' along the chain
axis. The use of a single average pair of energy para-
meters in the evaluation of the Lennard—Jones potential
represented a compromise. Ideally, a separate calculation
should have been performed with each pair of atom
types present in the model. This would have added
greatly to the effort required to implement the PE
potential energy function. However, it was felt that
the potential energy function was sufficiently crude that the
differences produced by introducing different atom types
would be negligible compared with the distortions intro-
duced by the fitting procedure (see below). Nevertheless,
we envisage using Lorentz—Berthelot mixing rules [36]
to improve the quality of the PE pseudopotential in
future work.

The complete explicitly calculated and averaged
potential energy function is shown in figures 3(a) and
4 (a) for the (1 0 0) and (1 1 0) surfaces of PE, respectively.

@ 7

Height above substrate, z/A

®

nx)| 48 =
B4 & 5
- | &x) | izl
? =
'L —44 ©
= 3
5 e
b 4

0 2 4 6 8 10 12 14
Substrate co-ordinate, x [ A

Height above substrate, z/A

0 2 4 6 8 10 12 14
Substrate co-ordinate, x/ A

Figure 3. (a) The potential energy above the (1 00) face of a
polyethylene crystal, calculated using pairwise Lennard—
Jones potentials, and averaged along the polymer chain
axis (y-axis). (b) The functions ¢(x), n(x) and {(x), deter-
mined during the fitting of equation (13) to the data
shown in (a). (c) The final pseudopotential energy function
using the Fourier coefficients listed in table 1. In (a) and
(c) the minimum potential energy regions are indicated by
shading, the contour interval is 0.5kJmol™', and only
negative energy contours are shown. The extent of the
x-axis corresponds to three unit cell repeats perpendicular
to the polymer chains in the crystal surface, i.e. the [0 1 0]
direction.

It is a straightforward matter to fit the potential energy
function in equation (13) to the explicit atom calculation.
The position and depth of the well for each value of x,
i.e. {(x) and ¢(x), may be measured directly from the
explicit atom data, and are thus fixed. The offset, #(x), is
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Height above substrate, z/A
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Figure 4. (a) The potential energy above the (1 1 0) face of a
polyethylene crystal, calculated using pairwise Lennard—
Jones potentials, and averaged along the polymer chain
axis (y-axis). (b) The functions ¢(x), n(x) and {(x), deter-
mined during the fitting of equation (13) to the data
shown in (a). (c) The final pseudopotential energy function
using the Fourier coefficients listed in table 2. In (a) and
(c) the minimum potential energy regions are indicated by
shading, the contour interval is 0.5kJmol™ ', and only
negative energy contours are shown. The extent of the
x-axis corresponds to two unit cell repeats, i.e. four
polymer chains, in the [1 1 0] direction.

then obtained using a least squares procedure, separately,
for each value of x. The fitting procedure was restricted
to energies less than a limit, U,,,, in order to ensure
that the function was not dominated by the high energy
repulsive part of the potential at the expense of the
attractive part. A convenient value for U,,,, was found

to be 20kJ mol™'. The functions {(x), #(x) and #(x) that
were determined in this way are shown in figures 3 (b)
and 4 (b), for the (1 0 0) and (1 1 0) surfaces, respectively.

The final stage in the fitting process is to replace {(x),
¢(x) and n(x) with Fourier series:

C(x>=%+ 3 (eos T grin )

$(x) 2 (¢k cOS 2k“x+ $; sin Zkfx) (14)

N|3

Z(nkcos + n; sin ;

The Fourier coefficients in equation (14) are summarized
in table 1 for the (100) surface and table 2 for the
(1 10) surface. In both cases, five terms were found to
be more than sufficient for an accurate representation
of {(x), ¢(x) and n(x). The final potential energy function
represented by equations (13) and (14) is shown in
figures 3(c) and 4(c) for the (1 00) and (1 1 0) surfaces
respectively.

The contours drawn in figures 3 and 4 represent the
attractive parts of the potential energy of the PE crystal
surfaces. It can be seen that there is good agreement
between the explicit calculation and equation (13), with the
shapes of the potential wells being captured accurately.
However, there is a region above each of the wells in
which the contours bend away from the horizontal in
the plots of equation (13), and the fit to the explicit
calculation appears poorest. This failure is a consequence
of the fact that the assumptions made in integrating the
Lennard—Jones potential, i.e. that the surfaces are flat
and of uniform atomic density, are least valid in the
troughs of the molecular corrugations, with the result
that the functional form of equation (13) is not ideal
in these regions. The main effect of this deviation will
be that any aligning influence exerted by the substrate
on the liquid crystal molecules in our simulations will
be longer range than expected. However, the effect is
likely to be small compared with the influence of any
surrounding liquid crystal molecules.

2knx : 2knx)

5. Materials and simulation methods

Molecular dynamics simulations were performed
using single molecules of the liquid crystal 4-n-octyl-4'-
cyanobiphenyl (8CB) (see figure 1) in contact with the
E-modulated and g-modulated cosine pseudopotentials
described above. 8CB was chosen because it is a simple
rod-like liquid crystal, whose behaviour has been well
characterized in the past [37—40].

In all of the cosine pseudopotential simulations,
the value n = 0.0435 A~* was used, which represents the
number density of CH, groups found in the unit cell of
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Table 1. The Fourier coefficients for the (10 0) surface of polyethylene. The wavelength of the surface corrugation is 4.930 A.
These coefficients were determined using an origin at the bottom of the molecular corrugation, corresponding to the point

x=2.7A in figure 3.

k G/A GIA ¢x/kI mol ™! ¢4/kI mol ™! A niA

0 7.2857 — —12.656 — 5.1024 x 1071 —

1 —3.8909 x 1071 —1.2159 x 10~2 —1.3335 —1.0727 x 107! — 72357 x 107! 3.6063 x 1073
2 —8.8383 x 102 2.5899 x 1073 —4.0975x 107! —1.1273 x 10~2 —24044 x 107! 22573 x 1072
3 — 34811 x 10~2 — 68372 x10°* —1.5340 x 107! 1.7077 x 1073 —8.0614 x 10~2 2.5912 x 1072
4 —3.0442 x 1073 3.2170 x 10™# — 58183 x 10~2 3.5860 x 1073 —4.8260 x 102 2.1280 x 1072
5 —1.4022 x 10~2 - 69747 x 10~* —2.6996 x 10> 21831 x 1073 —1.4554 x 10~> 59132 x 1073

Table 2. The Fourier coefficients for the (1 1 0) surface of polyethylene. The wavelength of the surface corrugation is 8.892 A
These coefficients were determined using an origin at the bottom of the first molecular corrugation in figure 4, at the point

x=25A.

k Gl A GilA ¢ /kJ mol™! ¢i/kJ mol ™! mdA nilA

0 7.4022 — —13.244 — 7.9470 x 107! —

1 —179534 x 1072 —1.5873 x 10~* —3.0160 x 10~* —5.7636 x 10~* —1.3018 x 10~* — 84854 x 1072
2 — 28878 x 107! 5.3286 x 102 — 1.0695 1.7709 x 10~ * —4.8548 x 10~* 9.2301 x 102
3 —1.0833 x 1072 —1.9320 x 1072 — 89032 x 1072 —1.3427 x 10! — 24808 x 1072 —1.0652 x 1072
4 —4.6694 x 1072 2.4216 x 1072 —2.5745 x 10~* 1.0677 x 10! —1.5551 x 10" 7.4373 x 102
5 — 84981 x 1073 —32329 x 1073 —4.1806 x 1072 — 41795 x 1072 —20833 x 1073 — 76183 x 1073

polyethylene. The corrugation wavelength of the pseudo-
potential, 4, took the values 4.0, 5.0 and 6.0 A, which was
considered to be in line with the range of periodicities
found in typical polymer crystal surfaces. For the
E-modulated potential, we used AE/E,=0, 1, 2 and 3,
and for the g-modulated potential, Ac/a, = 0.5, 0.75, 1.0
and 1.25. Again, these values were considered to be
consistent with the corrugation amplitudes observed on
real polymer crystal surfaces. The AE/E, = 0 simulation
corresponds, of course, to a surface with no corrugation.
The values used for E, (0.83kJ mol™ ') and ¢, (4.0677 A)
were taken from the Dreiding 2 force field parameters
for interactions between pairs of CH, united atoms [ 35].
The same values of E, and ¢, were used for interactions
of the surface with all of the atoms in the liquid crystal
molecules.

Further simulations were performed using the poly-
ethylene pseudopotential as the basis of the surface. In
this case we made use of the rod-like 8CB molecule, as
well as 4-n-heptyl-2-fluorophenyl 4-octyloxybiphenyl-4'-
carboxylate (MBF), which is known to form a smectic
C* phase when suitably doped. Both molecules have
been the subjects of previous studies involving atomistic
representations of polyethylene surfaces [25-27].

All simulations were performed using the DL_POLY
molecular dynamics package [41] which was modified
to include the surface potentials described above. The
molecular models were constructed using the Cerius2
molecular modelling package [42] which was also used
to visualize the molecular dynamics trajectories. The

Dreiding 2 force field [35] was used to provide the
internal energy terms for the liquid crystal molecules.
United atoms were used to replace all CH, CH, and
CH; groups, and the biphenyl torsional potential was
modified to avoid planarity as described previously [ 25].
Van der Waals interactions employed a cut-off radius of
8.5 A, and electrostatic interactions were not included for
reasons mentioned in the introduction. The Dreiding 2
force field was selected, partly because of its simplicity,
and partly to allow comparisons to be drawn with earlier
work employing the same force field. Since the aim of
the project was to study generic features of the behaviour
of liquid crystal molecules on polymer substrates, the
use of more accurate, and more complex, force fields
was felt to be unnecessary.

Molecular dynamics simulations were performed in
the microcanonical ensemble at a nominal temperature
of 300 K using a 2 fs time step. Each of the simulations
consisted of a 10 ps equilibration period, followed by a
200 ns production run. The simulations were carried out
on a cluster of 400 MHz Pentium II PCs, running the
Linux operating system.

For each of the simulations, orientation distribution
functions (ODFs) were calculated separately for the rigid
cores and tails of the liquid crystal molecules. The
orientation of each molecular fragment was obtained by
finding the principal axes of its moment of inertia tensor.
The cosine pseudopotential ODFs had mirror symmetry
both parallel and perpendicular to the corrugations, and
were mapped onto the range 0° to 90°. However, for
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the PE pseudopotential simulations, the ODFs are pre-
sented for the range —90° to + 90°, since only a two-fold
rotational symmetry was found.

6. Results
As described above, a series of molecular dynamics simu-
lations was performed consisting of a single liquid crystal
molecule in contact with a range of pseudopotential
surfaces.

6.1. 8CB on E-modulated pseudopotential surfaces

Figure 5 shows the ODF's obtained for the molecular
cores and alkyl tails of an 8CB molecule in contact with
a series of E-modulated surfaces. It appears that the
principal effect of the E-modulated potential is to induce
alignment of both the cores and tails of the 8CB molecule
parallel to the corrugation direction, defined here as 0°.
The degree of alignment increases as the potential wells
of the corrugations become deeper, and decreases as
the corrugation wavelength increases, as can be seen
more clearly by examining the peak widths for the distri-
butions (figure 6). It can also be seen that the tails are
less well oriented than the cores, with broader peaks in
each case. We choose to show peak widths rather than
P, values in figure 6, because the presence of off-axis
features (see below) renders the P, values misleading.

As expected, for AE[E, =0, there is no preferred
orientation. For AE/E, = 1, the molecule still explores
all possible orientations, but has a preference for the sub-
strate chain axis. The tendency to take up orientations
away from the chain axis diminishes further for AE/E,=2
and 3. In fact, examination of the simulation trajectories
shows that, for AE/E, = 2 and 3, the motion of the 8CB
molecule consists of significant periods during which the
molecule is aligned parallel to the potential corrugations,
punctuated by 180° rotational jumps. This is illustrated
by figure 7, which shows the angle of the 8CB core versus
time, for simulations with A= 50A and AE[E,=1, 2
and 3. The number of 180° jumps observed diminishes
as the corrugations become deeper and wider; in fact,
for 1= 6.0A and AE/E, =3 (not shown here) no jumps
were observed during the entire 200 ns simulation.

For the simulations with 2 =4.0A, a second peak is
observed in the core ODFs, at an angle of approximatel y
28° to the chain axis. The exact angle of the peak varies
slightly with corrugation depth. There is also a shallow
peak centred around 41° in the tail ODFs. The origin of
these peaks may be elucidated by a careful examination
of the simulation trajectories. In all simulations, the
liquid crystal molecules spend the majority of their time
with their cores lying parallel to the corrugations, and
localized to the region of one of the potential wells, see
figure 8 (a). In this arrangement, both the rigid core and
the flexible tail are able to sample the lowest energy

states of the system. Occasionally, however, the molecule
rotates so that the core effectively straddles a corrugation,
see figure 8(b). In this configuration, groups of atoms
at both sides of the biphenyl core fall conveniently over
adjacent potential wells, as indicated by the boxes in
figure 8 (b). In fact, the geometry of the biphenyl core is
ideal for this configuration to occur, with the width of
the molecules being approximately 42 A when tilted by
30°, see figure §(c). When the corrugation wavelength
is significantly different from 4A, such a fortuitous
juxtaposition of the biphenyl atoms with the surface
corrugations cannot occur, and the off-axial orientation is
not favoured. However, this is not a complete explanation,
because it fails to account for the off-axial orientation
which is found on PE surfaces (see below) in which 4 is
close to 5A. It appears, therefore, that the shapes of the
corrugations must be important, as well as their period.
The broad off-axial peak in the tail ODFs may also be
explained in terms of different parts of the alkyl tail
lying in adjacent potential wells.

6.2. 8CB on g-modulated pseudopotential surfaces

The behaviour of the 8CB molecules in contact
with the o-modulated pseudopotential is superficially the
same as that with the £E-modulated pseudopotential. The
ODFs for the cores and tails of the molecules in con-
tact with a range of surfaces are shown in figure 9. As
previously, there is a marked tendency for the cores to
align parallel to the corrugations. However, the align-
ment is less pronounced than in the E-modulated case,
the distributions being both broader and flatter. The
peak widths for the cores are shown in figure 10. In
general, the alignment improves both as the corrugation
wavelength decreases and as the corrugation depth
increases, just as for the E-modulated case. However,
there are some discrepancies that will be discussed below.
In addition, for 2 =4.0 A, there is evidence of a slight
tendency to align perpendicular to the corrugations.
The behaviour of the tails is somewhat different, in that
there is only a slight preference for them to align with
the corrugations. The peak widths for the tails are not
shown in figure 10 because they are too indistinct to
measure accurately.

An explanation for the broadness of the peaks in the
g-modulated ODFs compared with the E-modulated cases
may be found by examining the trajectory of the 8CB
molecule during the simulation. As with the E-modulated
simulations, the trajectories consist of periods in which
the molecule explores configurations roughly parallel to
the corrugations, punctuated with 180° rotational jumps
about an axis perpendicular to the surface. However,
the intervals between jumps are less well defined than
in the E-modulated case. Figure 11 shows 10 consecutive
configurations of the 8CB molecule taken at 2 ps intervals



18: 02 25 January 2011

Downl oaded At :

Relative Frequency

(c)

Relative Frequency

(e)

Relative Frequency

Figure 5.

o
-

o
=}
a

0.15

54
o

e
=
a

0.15

g
i

o
(=
(5]

Simulations of LC—surface interactions

T T T

--------- A=4.0A, AEE=0
..... 1=4.04, ABE=1
- — - A=4.0A, AFE =2
—— J=4.0A, ABE=3

o
el e e e o e o — — —
30 45 60 75 90
Angle/°
T T T T
--------- 4=5.0A, ABE=0
----- 1=5.04, ABE=1
— — - A=5.04, ABE=2
—— A=5.04, ABE=3
i G it Tainlednlbdet y ity | ity
30 45 60 75 90
Angle/°
T T T T
----- 2=6.04, ABE=1
— — - A=6.0A, ABE=2
—— A=6.0A, ABE=3
R
Mt dteiatuteie jull intatinlinindeied i il { elnfininlindutio
30 45 60 75 90
Angle/°

(b)

Relative Frequency

Relative Frequency

Relative Frequency

0.15

o

(=1
(=3
wn

0.1

e
©
I3

(=]
o
(&)

1223

— —-A=4.04, ABE=2
— A=4.04, ABE=3

30 45 60 75

4=5.04, AEE=0
----- 1=5.0A, ABE=1
— — - 1=5.0A4, ABE=2
—— 4=5.04, ABE=3

AEE“=0
AEEU= 1
— — - 1=6.0A, ABE =2
—— 1=6.0A, ABE=3

- ————r - — -4
45 60 75
Angle[°

90

ODFs for the cores and tails of isolated 8CB molecules in contact with a wall represented by the E-modulated
pseudopotential of equation (6), with AE/E, = 0, 1, 2 and 3, and corrugation wavelengths of 4.0, 5.0 and 6.0 A. In these ODFs,
0° corresponds to a direction_parallel to the corrugations, i.e. the substrate chain axis, and 90° is perpendicular to them.
(@) 2=4.0A, cores; (b) L= 4.0A, tails; (c) A= 5.0A, cores; (d) 1= 5.0A, tails; (¢) 1= 6.0 A, cores; (f) A= 6.0 A, tails.
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Figure 6. Graph showing values of the half-width at half-
height of the main ODF peaks for (a) the molecular cores
and (b) the alkyl tails of an 8CB molecule in contact with
various E-modulated pseudopotential surfaces.

from a simulation with A=4.0A and Aclo,=1.0. In
figure 11 (a), the molecules are seen from above, and it
is clear that they tend to sit above the peaks of the
corrugations, rather than between them, which had
been the expectation when the potential was originally
developed. In figure 11 (b), the molecules are viewed end-
on, and superimposed on a contour plot of the potential
energy profile. It is clear from this view that some parts of
the molecules penetrate the troughs of the corrugations,
contributing to the breadth of the ODF peaks, but in
general it is found that the centres of mass of the
molecules favour the tops of the corrugations.

6.3. 8CBon (100) and (110) PE surfaces
The simulations of 8CB molecules on parameterized
PE surfaces yielded rather different results from those
observed using cosine pseudopotentials. The ODFs are
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Figure 7. The angle of the 8CB core versus time, for simulations

with 1=5.0A. (a) AE[E,=1; (b) AE/Ey=2; (¢) AE/E,=3.

The punctuated nature of the motion is clear for the

deeper corrugations. The angles have been ‘unwrapped’
so that each full rotation increases the angle by 2m.

shown in figure 12 for both the (100) and (110)
surfaces. Rather than a single peak at 0°, the core ODF's
in both cases display several large peaks corresponding
to preferred orientations that are not parallel to the
corrugations. The ODFs appear qualitatively similar,
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(a) (b) (c)

Figure 8. (a)and (b): Two conformations of the 8CB molecule,
taken from an E-modulated pseudopotential simulation
with A=4.0 A and AE/E,= 3, superimposed upon a periodic
greyscale which represents the pseudopotential The alkyl
tail is shown in light grey, the biphenyl is medium grey,
and the cyano group is dark grey; the dark fringes
represent the positions of the lowest energy potential wells,
shown shaded in figure 2 (a). The x-axis is horizontal and
the y-axis vertical. In (b), the core atoms that occupy low
energy positions are indicated with boxes. (c) Schematic
diagram showing how a tilt of 30° results in groups of
atoms on both sides of the biphenyl core lining up with
corrugations approximately 4 A apart.

with minor variations in the positions of the peaks that
are probably a consequence of the different spacing
between substrate corrugations in the two cases, i.e.
493 A for the (10 0) surface and 4.45A for the (110)
surface.

On the (100) surface, the main ODF peaks are at
— 11° and + 27°, while on the (1 1 0) surface they are at
—15° and + 30°. The reason for the asymmetry appears
to be mainly that the 8CB molecule does not rotate
about its long axis for the entire duration of each
simulation (200 ns). Such rotations were common in the
cosine pseudopotential simulations, because the cosine
potentials were less attractive than the PE ones. The PE
pseudopotentials themselves possess a near reflection
symmetry about the bottoms of the potential wells, and
so are unlikely to be having a major effect on the
symmetry of the ODFs. The positions of the peaks are
summarized in table 3, together with the results from
previous simulations that used atomistic substrates [ 26].
Within measurement errors, the positions of the peaks
agree well between the two methods, but the longer
simulation time and better sampling statistics in the
present case makes it possible to identify additional
peaks.

The origins of each of the peaks in the core ODFs
may be identified by examining the molecular dynamics

Table 3. The peak positions for the core ODFs taken from
simulations of single 8CB molecules in contact with various
polyethylene surfaces. The atomistic data were taken from
[26] and mapped onto the range —90° to + 90°. The
uncertainties in the pseudopotential peak positions are
+ 1° except where stated otherwise; those of the atomistic
peak positions are + 5°.

Surface Representation Peak positions/®

(100) Pseudopotentia —-34, —11, + 3, + 27
Atomistic [26] - 10, + 30

(110) Pseudopotentia -38 £2, —15, + 3, + 30
Atomistic [26] - 19, + 25

trajectory. Figure 13 shows eight configurations taken
from the simulation of 8CB on the (1 00) PE surface.
The configurations shown were extracted from a 1ns
interval, but are typical of those observed throughout
the 200 ns simulation. The dark bands in the background
represent the low energy corrugation troughs between
the polymer chains in the substrate. Those atoms of the
core that lie above the low energy troughs are indicated
by boxes. For each of the most common configurations,
one or two groups of core atoms coincide with a
corrugation trough.

The most common off-axial alignments are shown in
figures 13 (a) and 13(b), which correspond to the ODF
peak at + 27°, and figures 13(¢) and 13(f), which
correspond to the ODF peak at — 11°. In figure 13 (a),
the 8CB molecule straddles one of the substrate polymer
chains, with parts of the biphenyl core lying in two
adjacent troughs. This behaviour is reminiscent of that
shown for the cosine pseudopotential in figure §(b).
However, the configuration shown in figure 13 (b) appears
equally common. In this configuration, the molecule is
translated by half of a corrugation period to one side,
so that half of the biphenyl atoms occupy low energy
positions. In the configurations shown in figures 13 (e)
and 13(f), on the other hand, low energy is achieved
when the atoms on one side of one benzene ring lie over
a corrugation trough. In addition, in figure 13 (e) the
cyano group assumes a favourable position energetically,
while in figure 13 (f) the first atom of the alkyl tail also
contributes to the lowering of the energy. In both cases,
the rest of the molecular core lies across the peak of the
substrate corrugation.

The configurations shown in figures 13(g) and
13 (h) correspond to the ODF peak at — 34°. They are
analogous to those shown in figures 13(b) and 13(a),
respectively, but with the molecule rotated anticlockwise
rather than clockwise. While it is possible to obtain
orientations with the liquid crystal core approximately
parallel to the corrugations, e.g. figure 13(c) and 13 (d),
this type of configuration results in most of the core
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Figure 9. ODFs for the cores and tails of isolated 8CB molecules in contact with a wall represented by the s-modulated
pseudopotential of equation (9), with Ac/o, = 0.5, 0.75, 1.0 and 1.25, and corrugation wavelengths of 4.0, 5.0 and 6.0 A.
(@) 2=4.0A, cores; (b) L= 4.0A, tails; (c) A= 5.0A, cores; (d) 1= 5.0A, tails; (¢) 1= 6.0 A, cores; (f) A= 6.0 A, tails.
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Figure 10. Graph showing values of the half-width at half-height
of the main ODF peaks for the cores of an 8CB molecule
in contact with various ¢-modulated pseudopotential
surfaces.

atoms occupying high energy positions, and so it is
not particularly common. The above analysis is very
simplistic but accounts for the gross behaviour of the
molecules; the actual orientations assumed by the 8CB
molecule are dependent on many competing energetic
factors. However, a similar pattern of behaviour is
observed on the (110) surface with minor variations
due to the slight differences in corrugation depth and
width compared with the (1 0 0) surface.

The ODFs for the tails show less pronounced
orientations than for the cores. Indeed, in the (1 0 0) case
there is little evidence for any preference in orientation.
P, values were computed from the tail ODFs using
P,=(1/2(3 cos> 0—1)), where 0 is the angle between the
major axis of the molecular fragment and the corrugation
direction. The P, value obtained for the tails in this case
is 0.31, which is not much greater than the value of 0.25
expected for an unoriented two-dimensional system. On
the (1 1 0) surface, the main preference is for orientation
parallel to the surface corrugations, with additional
preferences at =+ 30°. In this case the P, value is still
low, at 0.39. These results are somewhat different from
those obtained using atomistic substrates [26]. In our
previous work, there was a much stronger preference for
the alkyl tails to lie parallel to the molecular corrugations
of the PE surface, in what resembled an epitaxial arrange-
ment. The P, values were correspondingly higher, at
0.49 for the (1 0 0) surface and 0.55 for the (1 1 0) surface.

6.4. MBF on (100) and (11 0) PE surfaces
The ODFs for single MBF molecules on the (10 0)
and (1 10) surfaces of PE are shown in figure 14. In

(a)

(b)  uf

Height above substrate, z/A
o

o N & o

0 1‘ 2I (; 1; 5I 6I 7l B‘ IQ 1‘0 1‘1 12
Substrate co-ordinate, x/ A

Figure 11. Ten conformations taken at 2 ps intervals, from
a simulation using a o-modulated pseudopotential with
i=40A and Adfoo=10. In (a), the molecules are
viewed from above and the pseudopotential is represented
by a periodic greyscale. The topographic peaks of the
corrugations, shown in figure 2(b), are represented by
white, and the troughs by dark grey. In (b), the same
molecules are shown in stick representation, looking along
the axis of the corrugations. In this case, the molecules
are superimposed on the potential energy contours of the
pseudopotential The contour interval is 0.5kJ mol ™" and
only negative energy contours are shown. The position of
the potential well is indicated by shading.

both cases, the cores show several preferred orientations
that are not parallel to the polymer chain axis. As was
the case for 8CB, the asymmetry in the ODFs is ascribed
to the fact that the liquid crystal molecule does not
rotate about its long axis for the duration of the 200 ns
simulation. The behaviours of the cores on the two
surfaces appear to be quite similar, with the biggest
difference being that, on the (1 00) surface there is a
large peak at — 16° with a shoulder at — 24°, while on
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Figure 12. ODFs for the cores and tails of a single molecule
of 8CB on (a) the (100) and (b) the (1 10) surfaces of
crystalline polyethylene. The polyethylene surface is
represented by equation (13).

the (1 10) surface there are two equal sized peaks at
—19° and —29°. The differences in angle between the
peaks for the two surfaces appear to result from the
small difference in periodicity of the two surfaces.
Table 4 summarizes the MBF core orientations for
both surfaces, and compares them with the results from
simulations using atomistic surfaces that were presented
in [27]. It can be seen that, while the two methods
produce many peaks at approximately the same angles,
there are distinct differences. For example, on the
(10 0) surface, the pseudopotential simulations produced
peaks at —42° and + 27° that were not observed in the
atomistic simulations, while the atomistic simulations
displayed a broad peak at + 60° that was not seen in
the pseudopotential case. The most obvious discrepancy
on the (1 10) surface is that the strong peak at —29° in
the pseudopotential ODF is missing from the atomistic
ODF. The most likely explanation for these differences

Table 4. The peak positions for the core ODFs taken from
simulations of single MBF molecules in contact with various
polyethylene surfaces. The atomistic data were taken from
[27] and mapped onto the range —90° to + 90°. The
uncertainties in the pseudopotential peak positions are
+ 1°; those of the atomistic peak positions are + 3° except
where stated otherwise.

Surface Representation Peak positions/°

(100) Pseudopotential —42, —24, —16, + 5, + 27, + 43
Atomistic [27] —25, — 11, + 13, + 42, + 60 = 10
(110) Pseudopotential —-29, —19, + 5, + 33

Atomistic [27] —-75 =21, + 6, + 37

Figure 13. FEight configurations taken from the single molecule
simulation of 8CB on the (1 0 0) surface of polyethylene,
illustrating how each of the peaks in the core ODF arises.
The dark bands in the background represent the low
energy troughs between the polyethylene chains in the
substrate. In each case, the core atoms in lowest energy
positions are indicated by boxes. The approximate angles
of the cores in each case are: (a) + 25°% (b) + 26°; (c) — 25
(d) 0% (e) —16% (f) —13°%(g) —31°% (h) —30°.

is that the duration of the atomistic simulations was
only 4 ns compared with 200 ns for the pseudopotential
simulations, so that the relative heights of the atomistic
ODF peaks are considerably less reliable than those of
the pseudopotential peaks. There may also be minor
differences in peak position caused by the pseudo-
potential itself, resulting from the fact that it is not a
perfect representation of the atomistic potential. This
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Figure 14. ODFs for the cores and tails of a single molecule
of MBF on (a) the (100) and (b) the (1 10) surfaces of
crystalline polyethylene. The polyethylene surface is
represented by equation (13).

will be discussed further below. Overall, however, the
agreement appears to be acceptable.

The origins of the peaks in the core ODFs may
be identified by examining the trajectory of the MBF
molecule. This is illustrated in figure 15 which shows
eight typical configurations of the MBF molecule, chosen
to represent the largest peaks in the ODF for the (1 00)
surface. The configurations were all taken from a 1ns
interval, but are representative of the behaviour of the
molecule throughout the simulation. In each case, the
core atoms that coincide with troughs in the surface
corrugations are indicated. The general principle that
appears to operate is that for each configuration one
side of each benzene ring in the core coincides with a
trough. Since the core contains three benzene rings, this
leads to a large number of possible orientations, many
of which straddle one or more substrate corrugations,
as was reported previously [27].

Figure 15. FEight configurations taken from the simulation
of a single molecule of MBF on the (100) surface of
polyethylene, illustrating how each of the peaks in the
core ODF arises. The dark bands in the background
represent the low energy troughs between the polyethylene
chains in the substrate. In each case, the core atoms in
lowest energy positions are indicated by boxes. The
approximate angles of the cores in each case are: (a) + 7°
(b) —23% (c) — 14°%(d) — 15% (e) — 43 (f) —40%(g) + 30
(h) + 28°.

However, the assignment of each ODF peak to a
particular configuration is not as clear cut as was
previously suggested. For example, the peak at — 16°
contains configurations that lie in just one trough,
e.g. figure 15(d), and configurations which straddle a
corrugation and lie in two troughs, e.g. figure 15(c). The
same is true of the peak at + 27°, see figures 15(g) and
15(h). In a similar fashion the peak at —42° con-
tains configurations that straddle either one or two
corrugations, with parts of the core lying in either two
or three troughs, respectively, see figures 15 (e) and 15(f).
The conformations of the molecular cores are essentially
the same in each of the pairs of configurations described.
The main difference between the configurations in each
case is a translation of half a corrugation wavelength to
either side. A similar set of configurations is found on
the (1 1 0) surface.

The ODFs for the liquid crystal tails are similar to
those for the 8CB tails. On the (10 0) surface there is
very little orientational preference for either the alkyl or
the alkoxy tail. On the (1 10) surface there is a clearer
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preference for aligning parallel to the polymer chain
axis, with slight evidence for off-axial orientations at
+30°, as was the case for 8CB. In all cases the degree
of alignment was considerably less than was observed
in the atomistic simulations.

7. Discussion
7.1. Cosine pseudopotential s

The results shown above demonstrate the effectiveness
of the pseudopotential approach in establishing how
liquid crystal alignment is sensitive to the period and
depth of molecular scale corrugations. The results also
confirm previous suggestions that the alignment of liquid
crystal molecules may be induced by the presence of a
surface which is corrugated on the scale of a molecular
width. The general finding, from both the E-modulated
and the o-modulated pseudopotential simulations, is
that the degree of orientation increases both as the depth
of the corrugation increases, and as the corrugation
wavelength decreases.

The E-modulated pseudopotential is more successful
at inducing alignment than the o-modulated pseudo-
potential. In fact, because the liquid crystal molecule sits
above the peaks in the g-modulated surface, we may
suggest that variation in topography plays less of a role
in orienting the molecule than variation in potential
energy. However, it can be seen that the latter is much
smaller for the o-modulated potential than for the
E-modulated one. This is illustrated as follows. If an
atom traverses the E-modulated potential at a height of
60/5"° above the origin, i.e. at the height of the potential
wells, the difference in energy between the peaks
and troughs varies from 3.8kJ mol™' for AE/E,=1 to
11.4kJ mol™* for AE/E,= 3. A similar traversal above
the corrugations of the g-modulated potential, at a
height of [6,+ Ac]/5'°, gives a variation in energy
between 2.2kJ mol~! for Ag/a, = 0.5 and 3.3kJ mol™ " for
Acla, = 1.25. Tt appears, therefore, that the g-modulated
potentials used in this study are effectively shallower
than the E-modulated ones, and that this explains why
the orientation is poorer in the o-modulated simulations.
In fact, in the cases considered there appears to be a
monotonic relationship between the effective potential
energy variation, as given above, and the degree of
orientation indicated by the peak widths in figures 6
and 10. It is also clear that there is an entropic advantage
associated with the liquid crystal molecule residing at
the top of the corrugation rather than lying in a groove,
since the latter would inhibit both molecular rotation
and conformational changes. In the E-modulated simu-
lations, the difference in potential energy between the
top and bottom of the corrugations is sufficient to offset
this entropic advantage; in the o-modulated cases, it
is not.

The relative shallowness of the effective potential in
the o-modulated simulations also helps to explain the
sensitivity of these simulations to the temperature of the
system. For, although a nominal temperature of 300 K
was chosen in each case, the actual temperature could
vary from this by several degrees. One consequence of
this is that the core ODF calculated from the simulation
with 2= 6.0A and Ag/s, = 1.0 has a more pronounced
and higher peak than that for Ag/o, = 1.25, the latter
being run at a higher temperature. The results from the
E-modulated pseudopotential simulations were found
not to be sensitive to temperature in this way.

The factor of [go/c(x)]’> was introduced into the
og-modulated functional form to ensure that the mini-
mum potential energy was the same at all points across
the corrugations. If the factor is omitted, the potential
energy is considerably lower at the top of the corrugation
than at the bottom. We have performed simulations
using a g-modulated function similar to equation (9)
but without this correction [437]. The results from these
simulations suggest that a more clearly defined orien-
tation is achieved as the well depth at the top of the
corrugation increases, which serves to emphasise that
the degree of alignment is determined principally by the
variation in energy, rather than by the topography of
the corrugations.

7.2. PE pseudopotential s

The results shown in § 6.3 confirm that the PE pseudo-
potential is capable of reproducing the behaviour of
liquid crystalline cores on atomistic substrates extremely
reliably, but with a fraction of the computational cost.
Where discrepancies are found, the deviations appear to
be due to insufficient sampling in the atomistic cases,
which leads to variations in the ODF peak heights; in
extreme cases, peaks may be completely missed. Minor
deviations in peak position may result from small differ-
ences in the shapes of the PE pseudopotentials, which
in turn result from the various averaging processes that
were applied in their derivations.

Another possible reason for the lack of agreement is
that we are not comparing exactly the same surfaces
in the pseudopotential and atomistic simulations. The
atomistic simulations employed a single layer of polymer
molecules to represent the surface with the non-bonded
interactions truncated at 8.5 A. This model was used for
computational efficiency. On the other hand, the pseudo-
potential derivation employed a thick crystal slab with
a cut-off radius of 100 A. This results in an approximately
uniform energy difference of ~ 1kJ mol™' between the
energies calculated from the two models. However, the
effect of the choice of model on the computed forces is
small, and unlikely to have a major effect on the results
of the simulations.
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The PE pseudopotentials successfully reproduced the
off-axial alignment previously found in atomistic simu-
lations of both 8CB and MBF cores. However, there
was a distinct difference in behaviour between the flexible
tails in the pseudopotential and atomistic cases. In
the atomistic simulations, the flexible tails showed a
pronounced preference to lie parallel to the substrate
polymer chain axis. However, in the pseudopotential
simulations this was not the case, with the tendency to
lie parallel to the corrugations being very slight. In
addition, on the (1 1 0) surfaces there was an indication
of a preference for the tails to lie at +30° to the
corrugation direction.

Examination of the molecular trajectory suggests
that, despite the poor orientation seen in the ODFs,
some parts of the flexible tails do nevertheless lie in the
corrugations. In fact, the +30° orientations appear to
correspond to configurations in which different parts of
the tail lie in adjacent corrugations. In these cases use
of the moment of inertia tensor to define the orientation
of the whole tail may be misleading, and it might be
more informative to examine the orientations of each
segment of the alkyl tail in turn. This shortcoming is
not, however, an explanation for the lack of agreement
with the atomistic simulations, since the same technique
was applied in both cases.

It appears that the reason for the poor agreement
between pseudopotential and atomistic simulations in
the case of the liquid crystal tails is actually because the
potential energy was averaged along the chain axis
(y-axis) in the derivation of the pseudopotential, and
because this limits the possibilities for epitaxial align-
ment of the alkyl tails with the PE crystal surface.
Despite the fact that the variation in potential well depth
and position along the PE chain axis is slight, it would
appear to be sufficient to influence the behaviour of the
alkyl tails. It appears that the alkyl tails are unable to
achieve as low an energy in contact with the smoothed
pseudopotential surface as on the atomistic surface, with
the result that they become more mobile and less well
ordered. By the same token, one might expect a model
that contained explicit hydrogen atoms would lead to
an enhanced epitaxial arrangement. While it is con-
ceivable that this problem could be overcome by
replacing the one-dimensional fit to ¢(x), {(x) and #(x)
with a two-dimensional fit, including variations along
the y-axis, this would add to the computational demands
of the pseudopotential method, and careful consideration
would be needed to determine whether the approach has
any advantages over the direct evaluation of atomistic
pair-potentials. There may, indeed, be a case for a hybrid
approach, in which the potential energy function is
supplemented by an artificial modulation parallel to the
y-axis.

A further reason for the tail atoms to be more mobile
than expected is that a single energy function was used
for all atom types. This simplification reduced the effort
required both to derive the parameters for equation (13)
(tables 1 and 2), and to implement the potential within
DL_POLY. The net effect is that the CH, united atoms
in the alkyl tails experience a slightly weaker interaction
with the pseudopotential than with an atomistic sub-
strate, whereas the atoms in the liquid crystalline core
experience a slightly stronger interaction. There might
be concern that the mobility of the alkyl tails could
affect the core orientations observed. However, this
possibility was investigated in our previous publications
[26,27] and it was found that the presence or otherwise
of the tails has only a minor effect on the orientational
preferences of the liquid crystal core.

7.3. General comments

The pseudopotential approach has proved to be a
very useful method for gaining insights into the orienting
behaviour of liquid crystal molecules on crystalline
polymer surfaces. The generic surfaces, represented by the
cosine pseudopotential, have demonstrated the depend-
ence of the degree of orientation on corrugation wave-
length and depth. They have also highlighted the fact
that it is the variations in potential well depth, rather
than topography per se, which lead to the orienting
effect, at least for corrugations with a wavelength of
around a molecular width. It is interesting to contrast
our findings with those of Berreman [44] who showed
that geometric factors alone were sufficient to induce
alignment of liquid crystals when the grooves had
dimensions much greater than the width of a molecule.
However, Berreman also noted that molecular scale
interactions, such as are represented in our simulations,
were sufficient to override the geometric effects.

There were obvious differences between the orienting
effects of the generic surfaces and the PE pseudopotential
surfaces. For the most part, the cosine pseudopotential
surfaces resulted in an axial alignment of both the rigid
liquid crystalline cores and the flexible tails. On the other
hand, the PE pseudopotential simulations generated
off-axial alignments of the liquid crystal cores, and
very poor axial alignment of the flexible tails. This is
an intriguing result, because it means that the cosine
pseudopotential with i=5A and the PE pseudo-
potential with A = 4.93 A produced very different results.
This shows that the wavelength of the corrugation is
not sufficient on its own to predict the behaviour of a
particular liquid crystal. It is clear that the orienting
behaviour results from a subtle interaction between the
geometry of the liquid crystal molecule and the shapes
of the surface corrugations, and in addition that the
E-modulated and the o-modulated pseudopotentials
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Figure 16. Graphs showing the potential energy of an 8CB molecule on polyethylene crystal surfaces, as a function of the angle
of the molecular rigid core. (@) The total potential energy of the 8CB molecule on the (10 0) surface; (b) the corresponding
internal energy of the molecule and (c) the surface energy term. (d) The total potential energy for the (1 1 0) surface; (e) the
corresponding internal energy and (f) the surface energy.
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are rather poor approximations to the shape of a real
polymer surface.

Further insight into the aligning process may be
obtained by examining the average energy of the liquid
crystal molecule as a function of the orientation of the
core. This is shown in figure 16 for 8CB on the (1 00)
and (11 0) surfaces of PE. By comparing with figure 12,
it can be seen that the energy is indeed lowest when
the molecule assumes the preferred orientations already
identified. However, the internal energy, taken as the sum
of the short range non-bonded, bond-stretch, bond-angle
and dihedral energy terms is, on average, maximized for
these configurations. Thus, the surface interaction energy
is dominating the behaviour of the system, and causing
the liquid crystal molecule to deform in order to achieve
a low overall energy and a close contact with the surface.

The difference in energy between the most pre-
ferred orientation and orientations perpendicular to the
corrugations ranges between 4 and 6kJ mol™" for the
two surfaces. Since these figures are substantially larger
than kT, it is not surprising that orientation of a single
molecule is possible, and that the influence of neigh-
bouring molecules, for example via a ‘nematic field’ is
not required to overcome thermal fluctuations. On the
other hand, the difference in energy between orientations
at around 30° to the corrugation axis and orientations
approximately parallel to the corrugations is much
less, ranging between 0 and 1.5kJ mol™'. This helps
to explain the observation, from previous simulations,
that when neighbouring molecules are introduced the
preferred orientation switches to being parallel to the
substrate chain axis. The energetic requirements of close
packing are sufficient to bias the system towards a less
favourable surface interaction.

The same effect has been found when using the PE
pseudopotential as the basis for simulations of the
interfacial region between the alignment surface and the
bulk liquid crystal phase [30]. Since it is well known
that liquid crystallinity is a co-operative effect, it is clear
that simulations containing large numbers of liquid
crystal molecules are required in order to study inter-
facial effects in detail. The pseudopotential approach
confers a big advantage for such simulations, because it
removes the need to calculate interactions due potentially
to thousands of surface atoms. The consequent improve-
ment in simulation speed enables larger systems and
longer time scales to be simulated. Work is in hand to
exploit this fact in further simulations of this type.

8. Conclusions
We have demonstrated the use of pseudopotentials to
represent aligning surfaces in atomistic simulations of
liquid crystals at interfaces. We have shown that there
are several advantages to the technique. Through the

use of generic cosine potential energy functions, we
have observed that the degree of orientation achievable
increases as the corrugation wavelength decreases and
as its amplitude increases. By using different variants of
the potential energy function, we have also been able
to show that the most important aligning effect is the
variation in potential well depth between the peaks and
troughs of the corrugations, rather than the topography
of the corrugations themselves. Comparisons between
the cosine pseudopotentials and the PE pseudopotentials
demonstrate that the shape of the corrugation profile is
also very important in selecting orientational preferences.

The PE pseudopotential performed well in comparison
with previous all-atom simulations. A good agreement
was obtained between the preferred orientations of the
mesogenic cores of both 8CB and MBF and those found
previously. However, the time saving that resulted from
using the pseudopotential meant that significantly longer
timescales could be explored, with a consequent improve-
ment in the quality of the statistics produced. A study
of the separate contributions to the potential energy of
the 8CB molecule showed that the molecule deforms in
order to achieve a good contact with the pseudopotential
surface. The pseudopotential failed to reproduce the
alignment behaviour of the flexible tails of the liquid
crystal molecules, because the averaging of the surface
potential along the substrate chain axis eliminated the
possibility of epitaxial alignment. However, the greater
mobility of the tails does not appear to influence the
aligning behaviour of the rigid cores, and would not
appear to be a great disadvantage in the use of the
pseudopotenti al, especially when weighed against the signi-
ficant reduction in computer time achieved. The pseudo-
potential will be of benefit in future simulations of the
interfacial region between bulk liquid crystal phases and
polymer alignment layers.
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