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Crystalline and Nematic Phase
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(Received January 10, 1990)

A model of the crystal structure of phenyl-4-(4-benzoyloxy-)benzoyloxybenzoate has been created by
a sequence of forcefield prior to molecular dynamics calculations. The simulated x-ray powder diagram
shows good agreement with the experimental diffractrogram. Investigation on the nematic phase on
the all atom level by Molecular Dynamics computer simulation describes characteristic motions of the
molecules in this type of liquid crystals.

. INTRODUCTION

One of the interesting aspects of “‘stiff-molecules™ is the fact that they can appear
in different phases, i.e. crystalline, smectic, nematic, and isotropic. An oligomer
which serves as a model for the entire class of linear polymers with rod-like main
chain forming a crystalline, nematic and isotropic phase is (phenyl-4-(4-benzoy-
loxy-)benzoyloxy benzoate (see Figure 1). It may be considered as a segment of
the liquid crystalline polyester poly(p-oxy benzoate) (pHB) and will be called
“tetramer” in the following text.!

Extending our previous work on the theoretical investigation of the intrinsic
stiffness of pHB by molecular dynamics simulations of a single chain in vacuo??
we will now consider a system of densely packed short chains, i.e. the “tetramer”
of pHB. The system consists of the tetramer molecules which will be investigated
under the conditions of an NVT-ensemble. (In a NVT-ensemble, the number of
atoms, the volume and the temperature are kept constant.)

Our motivation to choose the tetramer shown by Figure 1 is twofold:

—The x-ray powder diagram* of the tetramer was available to us from which
the size of the unit cell could be derived. Based on this information we could try
to use the molecular dynamics method to find stable conformations in the confor-
mational space by tuning the temperature as a driving parameter to overcome
potential barriers.
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FIGURE | Tetramer with symbolic names (phenyl-4-(4-benzoyloxy-)benzoyloxy benzoate.

— We wanted to learn whether the molecular dynamics method can be applied
to develop a realistic description of the nematic phase and the molecular motions
in the course of phase transitions.

We will proceed in the following way:

In section II we will introduce the molecular model and the forcefield used in the
MD-simulations of the crystalline and the nematic phase. In section 11 we will
give some details of the computational procedure. Section 1V describes the sim-
ulation of the x-ray powder diagram and finally in section V we concentrate on
the simulation of the nematic phase.

Il. MOLECULAR MODEL

The basic equation for the forcefield is the same as used previously,® i.e. the
standard expression for the potential energy V without the 10-12 hydrogen bond
term implemented in the Amber code’:

V= Ef,,(rb = Th o)’ bond stretching terms
+ %fv(sv =3, o) valence angle terms
+ %‘,fd(l + cos(ny ¢4 — 8,) dihedral angle terms (1)
LS 1 qq Coulomb terms
ij dme 1y

Lennard-Jones terms
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The van der Waals parameters are calculated by the Slater-Kirkwood rule

A, =€
o @)
B;=2¢;-15
with
€ = Ve - € 3
rg=(ri +1) 4)

Here €;, € are the potential well depths and r,, r; are the van der Waals-radii of
the respective atoms. The assignment of the symbolic names of the molecular
structure of the “‘tetramer” together with the assignments of the various atoms,
bonds and groups is displayed in Figure 1. In contrast to our previous calculations
we work now on the “all atom” level, since in dense systems the H-atoms need
explicitly to be taken into account because of space filling arguments and the more
detailed charge distribution. The forcefield parameters required for the potential
energy terms (1) are given in Table I. These numerical values are averages derived
from data of microwave spectroscopy, neutron diffraction, NMR studies and quan-
tum mechanical calculations. The partial charges were calculated by the MNDO
method, they are given in Table II.

We knew from the experimental x-ray powder diagram that there were 4 mol-
ecules in an orthogonal unit cell of the size 0.75 X 0.55 x 4.92 nm. The box size
chosen for our simulation was twice the size of the unit cell (0.75 x 4.92 x 1.11
nm) and 8 molecules were packed in the way that the longest molecular axis was
parallel to the y-axis.

Each molecule was treated separately to find the local minimum for the most
stable conformation using the steepest descent method of the Amber code.

In each molecule the first and third carbonyl group were in the same place and
two benzene rings in one molecule formed an angle of 90°.

The knowledge of the size of the unit cell still leaves some freedom for different
packing arrangements, the only restriction is that within our box two identical unit
cells are supposed to be in z-direction. Within this framework we made three initial
guesses for the crystal structure which were minimized with respect to their inter-
and intramolecular interactions. The cutoff radius limiting the number of interacting
pairs was fixed to be half of the smallest box dimension:

Model I)  Four molecules were put in one layer in parallel manner, i.e. the
carbonyl-oxygens were pointing in the same direction. In the second
layer the molecules were antiparallel with respect to the ones in the
first layer.

Model II) The molecules in the same layer were antiparallel to each other. The
second layer was identical to the first one.

Model I1T1) All the 8 molecules were pointing in the same direction.
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TABLE 1

Forcefield parameters for phenyl-4-(4-benzoyloxy-)benzoyloxybenzoate

Bonding potential parameters:

fs [keal/molj Th g [A]
C—CA 469.0 1.40
c—O 570.0 1.23
Cc—O0S 520.0 1.36
CA—CA 469.0 1.40
CA—OS 520.0 1.37
CA—HC 340.0 1.08

Valence angle parameters:

1, |[keal/rad?]

@, ., [degrees]

CA—C—O 80.0 120.0
0—C—0s 80.0 126.0
CA—C—0S 90.0 111.8
CA—CA—CA 85.0 120.0
CA—CA—HC 35.0 120.0
OS—CA—CA 70.0 120.0
C—CA—CA 85.0 120.0
CA—OS—C 80.0 120.0
Dihedral angle parameters:

fa [keal] 3, [degrees] ny
—CA—0OS8— 4.0 0.0 2
—C—CA— 8.0 180.0 2
—C—08— 10.0 180.0 2
—CA—CA— 53 180.0 2
Improper dihedral angles:
o0—C— 10.5 180.0 2
OS—CA— 10.0 180.0 2
C—CA— 10.0 180.0 2
HC—CA— 2.0 180.0 2

(Improper dihedral angles are used to keep the ester bonds and the substituents at the benzene ring

in plane.)

Van der Waals parameter:

Van der Waals radius [A]

potential well depth [kcal]

(O]
(0]
C
CA
HC

1.65
1.60
1.85
1.85
1.54

0.15
0.20
0.12
0.12
0.01
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TABLE II

Partial charges: (The indices correspond to those in figure 1.)

%@ 0.083 q20-922>933,3s 0.117

% —0.023 Gz1,923:G34: 6 0.056

9345 0.089 Qa4-qs7 ~0.155
44:96 -0.112 Q2s5+G3a 0.545
q7.qe 0.101 J26-G2o —0.480
Qz-Gro 0.013 Qa0 —0.375

G -0.146 Qs 0.137

di2 0.536 Qe2:Gas 0.092

Qi3 -0.461 Q435Gas —-0.077
9Q15-927 —-0.401 Qas+Qas 0.081
Q15,928 0.251 947:940 —0.064
Gi6-918:G29-G31 0.107 Qso —0.079
q17-919:930,932 -0.160 gs 0.082

After the minimization a short molecular dynamics run of 1.5 ps at 100 K was
performed to relax the arrangement of the configuration. Then again these struc-
tures were minimized. It turned out that model III was energetically favoured.

lil. COMPUTATIONAL PROCEDURE (DETAILS)

A local minimum of the potential energy hypersurface after the minimization is
found in the sense that unreasonable contacts of the particles are not existent. This
structure is then taken as initial conformation for the simulation of the molecular
dynamics with periodic boundary conditions and coupling to a heat bath.5 The
volume of the box is held constant, i.e. we used the NVT-ensemble. Each particle
of the system is perturbed by an amount of kinetic energy due to a Maxwell
distribution.

3
EKT = %mv2 4)

To avoid high initial velocities the temperature 7T is chosen to be 10 K. After having
removed the center of mass velocity and angular momentum of the whole system
and having received the set of velocities we applied the “leap-frog’” algorithm to
create the trajectory X (¢t + dr) and v (¢t + dt/2).

X (r + dr)

() + v <t + %)dt (5)
. dry . 1 F,
V,«<t+ 2)—V,-(t—2dt>+;idt (6)

The time steps dr were 0.0005 ps. There were no constraints incorporated on any
possible bond distortions or vibrations. The force in Equation (6) is obtained from
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the Newtonian equation

14

Fizm,’ai= —ai
i

™)

%, v, 4, m, I, are position, velocity, acceleration and mass of the atom i and the
force acting on the atom i. The coupling to a heat bath requires scaling of the
velocities with regard to temperature and time

v =v() (1 + '1T'T07_ TAz)5 (8)

T

The change of the temperature T is considered as relaxation of first order. T, is
the reference temperature of the heat bath and 7+ is the coupling constant chosen
to be 0.05 ps in our simulations.

In the framework of these algorithms the molecular dynamics simulation was
allowed to run at 300 K for 70 ps. The cutoff radius for the non bonded interactions
was taken to be 3.75 nm. After 70 ps the potential energy was quasi stable (fluc-
tuations ca. 12 kcal), so we accepted this averaged structure as the crystal structure.

In comparison to the initial structure the molecules were slightly tilted and the
angle between two benzene rings in sequence was decreased to be 65° while the
carbonyl groups were slightly rotated out of the plane of the adjacent benzene ring.
This phenomenon is already known from related crystal structures® and agrees well
with the interpretation of the x-ray diffraction results of Coulter.”

The modelled crystal structure is pictured in Figure 2.

IV. SIMULATION OF THE X-RAY POWDER DIAGRAM
We calculated the scattering intensity according to'°
I (hkl) = P-L-|F|? C)]

with

P polarization factor giving the loss due to the polarization of the scattered light
P = (1 + cos?20)2
L = 1/(sin 20-sin ©)
Lorentz factor

The scattering angle 20 is correlated to the wave length A (in this case A (Cu-K,)
= 1.5418 A) of the x-ray source and to the distance of the lattice planes by Bragg’s
law

sin ® = M2d (10)
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FIGURE 2 The crystal structure created by MD-simulations of the tetramer.

The effect of the temperature was taken into account by the Debye-Waller factor
M,; (p2) is the mean squared deviation of the nth atom from its mean position

M, = exp {—8mn? (n2) (sin?@)/\?} (1)

In this way we obtained a histogram, in which the peaks still needed to be convoluted
by a Gaussian distribution according to

I(®) = hik‘,[ I(hkl) - exp — {(sin ©,, — sin 8)%/(2 sin* PB)}

®,, position of the hkl reflex (12)

PB  parameter determining the width of the peak
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The scattering intensity was calculated for each hkl-reflection within the interval
— 8 = h,k,l = 8 using the averaged atomic coordinates of each carbon- and oxygen
atom from the trajectory. This trajectory was created by taking the minimized and
pre-relaxed crystal structure as the initial conformation for a molecular dynamics
run of 38 ps performed in the same manner as described above. The averaging of
the atomic coordinates of each carbon- and oxygen atom was done for the last 33
ps of the trajectory. The mean squared deviation of each atom was in the range
of 0.09 A2. This way we ensured ourselves to be at least close to thermal equilibrium.

Figures 3 and 4 show the calculated and the experimental x-ray powder diagram
which are in good agreement. Nevertheless the remaining deviations need to be
discussed:

The experimental x-ray powder diagram shows an aperiodicity of the 001-re-
flections: the 002-reflex occurs at 3.6°, 004 at 7.0°, 006 at 11.5° and 008 at 14.9°.
The reason for this aperiodicity could be that the sample contains a kind of su-
perstructure. Furthermore, the occurrence of another phase as an impurity would
explain the additional reflection at 8.0° which cannot be indexed in the aforemen-
tioned unit cell.

The simulated powder diagram cannot display any aperiodicity in the above
mentioned sense because of the periodic boundary conditions under which the
simulation has been performed. The fact that the 0ll-reflection is found in the
simulation but not in the experimental diagram is explained in the context that in

1o
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FIGURE3 X-ray powder diagram calculated with the crystal structure obtained from MD-simulations.
The indices refer to the primitive unit cell.
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FIGURE 4 The experimental x-ray powder diagram of the tetramer.

our crystal structure there is only one position of the carbonyl-oxygen atoms with
respect to the other ones per chain. In this context we like to stress clearly that
the simulated diagram (Figure 3) was not fitted to the experimental result by any
means, but it is the result of a quasi “ab initio” calculation based simply on the
information about the size of the unit cell.

In conclusion we like to remark that the agreement between calculation and
experiment 1s acceptable. We consider MD-calculations as a reasonable and helpful
tool in the search for crystal structures in cases when single crystals are not available.

V. SIMULATION OF THE NEMATIC PHASE

For the simulation of the nematic phase of the tetramer we used the same forcefield
parameters (Table I). 16 molecules were packed in 4 layers. The molecules in one
layer were pointing in the same direction, two layers were rotated by 180° with
respect to each other.

This system was put in a box of 20.12 x 25.78 x 18.98 A3, which corresponds
to the density of the nematic phase! (p = 1.18 g/cm®). After the minimization of
the potential energy a molecular dynamics simulation of 116 ps at 500 K was
performed. A snapshot of the arrangement of the tetramers at 500 K is pictured
in Figure 5. The cutoft radius for including the non-bonded interactions of pairs
was set to be 6.5 A. After these 116 ps the fluctuations of the temperature were
within the range of 10 K, and the potential energy was stable, so we considered
the system to be in thermal equilibrium.
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FIGURE 5 Configuration of the tetramers in the nematic phase at 500 K. The plot doesn’t contain
the H-atoms.

We took this structure as initial conformation for further molecular dynamics
simulations of 33 ps each at different temperatures within the nematic phase and
beyond (i.e. we also performed calculations for temperatures corresponding to the
crystalline and isotropic phase). For each temperature 660 conformations were
stored, from which 550 conformations were used for the analysis. We skipped the
first 5.5 ps trajectory because the system needs to adjust to the new temperature.
The coordinates were corrected with respect to the translation of the center of
mass.

The translational selfdiffusion coefficient was calculated from the Einstein relation™
for all three directions in space

D(r) = lim 211<A2 () (13)

— =
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with
ATy =r(®) —r(t — 7)

For the calculation of (A? (1)) only the coordinates of the carbon and oxygen atoms
were taken into account. D(r) was averaged over the trajectory for T = [22.5
— 25.0] ps.

Before we start to interpret the results of this computer experiment we shall
recall the limitations and critical aspects of the conditions under which the molecular
dynamics was performed:

1. The volume of the system was held constant to maintain the density corre-
sponding to the one found in the nematic phase at the phase transition nematic-
crystalline.’

2. The size of the box is rather small, i.e. because of the periodic boundary
conditions each atom comes pretty close to its own image. This is realistic for
simulations in the crystalline phase but not for the ones in the liquid phase.

3. By the choice of this specific box each molecule is in the neighbourhood to
itself in the direction of the molecular axis.

4. The time intervals followed by the simulation are too short.

The consequences of these conditions are rather obvious in the sense that we cannot
expect to observe a real phase transition nematic-crystalline and nematic-isotropic.
To trace on these phenomena one must allow the system to perform volume con-
traction and volume expansion. Also the time scale for these processes is in the
order of seconds. Nevertheless, the short range effects in the nematic phase, i.e.
within the temperature range 450-530 K are reliably described. In Figure 6 one
detects a steep increase followed by a decrease of about the same slope for the
diffusion constant along the long axis of the chain within this temperature range;
there is a pronounced anisotropy.

The order of magnitude of the diffusion constant towards the long axis is the
same as measured by NMR for p-azoxyanisole (about 10~° m?/s) and for p-Meth-
oxybenzylidene-p-butylaniline (about 10~ 1° m%/s).'? It is also observed experimen-
tally that the selfdiffusion is faster in the chain direction than in perpendicular
direction, but this anisotropy is larger in the computer experiment. It is known
that in different time scales different diffusion constants are measured.!* A possible
explanation for this phenomenon is given by a model for a continuous in comparison
to a discrete diffusion process.!* The latter is imagined as discrete jumps from one
low energy lattice point to another. This kind of movement can be observed only
on length scales bigger than the lattice constant and within large enough time scales.
In our computer experiment each molecule can only see its own image along the
chain direction and therefore, the whole movement is affected only by the inter-
action with the other molecules surrounding it normal to the long axis. To achieve
a diffusion perpendicular to the long molecular axis the system needs to perform
collective modes and this requires a longer simulation time.

The increase of the diffusion constant between 450-500 K refers to an increase
of the kinetic energy of the chains, the decrease between 500-530 K is caused by
the friction between the chains due to the higher flexibility. The critical slowing



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:27 19 February 2013

152 B. JUNG AND B. SCHURMANN

} (m¥s) 0.105 - 107
J X
X
2107
X
107 ¥
X X
X
X X x
X o]
_10 o] X o o o)
10 8 o B o090 lo
—X T T T T T 1 T T T T
300 400 ! 500 | §00 700
T [K]
X along the long O ! perpendicular to the long
molecular axis molecular axis

FIGURE 6 Plot of the diffusion constant for the tetramer for different temperatures. These are results
from MD-simulations at the density of the nematic phase.

down during the approach towards the crystallisation temperature agrees with the
experimental observation of Cheng et al.,'® that thermotropic copolyesters during
a transition from the anisotropic melt to the solid state usually pass through ag-
gregation of the rigid chain molecules.

The interpretation of the decrease of translational self diffusion near the isotro-
pisation temperature goes along with the observation of a critical slowing down of
the rotational self diffusion with respect to the long molecular axis in Raman and
IR-line shape analysis experiments’® within the nematic phase. The decrease of the
rotational selfdiffusion is observed to be accompanied by an increase of the flex-
ibility of the molecules!¢ in the nematic phase.

In conclusion we have demonstrated that molecular dynamics simulations on the
“all atom level” are useful for the modeling of crystal structures and x-ray powder
diagrams. With respect to the simulation of the nematic phase we agree completely
with a recently published paper of S. J. Picken, W. F. van Gunstern et al.'”: MD-
simulations for liquid crystals depend strongly on the choice and the size of the
molecular ensemble and it is clear that one needs to treat a large number of
molecules to get reliable results for properties like order parameters and diffusion
constants. Also the simulations should be performed much longer than we did. In
principle one shall choose fast processes with correlation times within the times
scale of 107% — 10~ 1% to be investigated by MD computer experiments. NMR-
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measurements are sensitive in the range of 10~® — 10*2s and with the increasing
power of the supercomputers it should be possible to trace conformational changes
on the molecular level by molecular dynamics method.
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