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ABSTRACT: The first results of an off-lattice Monte Carlo simulation of network formation by chain
polymerization of divinyl liquid-crystalline monomer are presented. Snapshots show the spatial
inhomogeneity typical of chain reaction processes. In the present simulations the order in the nematic
and smectic B phases decreases only slowly during polymerization. Due to the limited number of particles
in the simulation, the radical concentation is necessarily higher than in most experiments. This expiains
the small number of trapped radicals and the slow increase of the cross-link fraction as a function of
conversion. The cross-link fraction is constant in the moderate-conversion region, in qualitative agreement

with experiment.

Introduction

Photopolymerization of a multifunctional liquid-
crystalline monomer (LCM), either in bulk or in a liquid-
crystalline (LC) solvent, has been an area of both
academic and industrial interest in recent years.1? The
(partial) fixation of the liquid-crystalline order during
the polymerization leads to networks with anisotropic
macroscopic properties that may be applied in a variety
of optical components and LC scattering devices and in
nonlinear optics.® Due to the ordering in the monomeric
liquid, the polymerization shrinkage will be relatively
low, which is favorable for applications in, e.g., den-
tistry.4

Photopolymerization is used, since in that way a
particular LC phase can be selected freely by the
reaction temperature. In the usual way, UV radiation
dissociates initiator molecules into free radicals that
start a chain polymerization via the vinyl groups at both
ends of the mesogenic monomer molecules.

Broer et al.! measured the birefringence of the ori-
ented networks and demonstrated that, depending on
the temperature at which the photopolymerization of
such liquid-crystalline monomers is carried out, the
orientational order of the molecules may either increase
or decrease. Thus, at low temperatures at which the
monomer is highly ordered, polymerization leads to a
decrease in the ordering, probably because of increased
steric hindrance effects. On the other hand, at temper-
atures high enough that the monomer is close to the
nematic—isotropic phase transition, polymerization leads
to an increased level of orientation, probably because
of the increased local density in the neighborhood of
particles that have reacted. The change of order during
polymerization depends not only on the temperature,
the density, and the LC interaction but also on the
presence of lateral side groups, the length and flexibility
of flexible tails on the molecules, the relative speeds of
polymerization and equilibration, and the occurrence of
microphase separation.

So far there have been no modeling efforts to describe
such systems and to simulate the effect of temperature
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on the network orientation. To understand the phe-
nomenon of ordering upon polymerization, an off-lattice
model is necessary. Previous modeling efforts have been
mainly lattice-based models which concentrated on
describing the reaction behavior of flexible multifunc-
tional monomers.5~7 They are known as kinetic gelation
models.? Lattice-based models have some inherent
drawbacks. The shape and orientation of the monomer
units, their mutual distances, and their dynamics can
only be treated in a very restricted manner. Therefore,
the development of an off-lattice model is not only
important for the special case of polymerization of
liquid-crystalline monomer but can also be considered
as a first step toward more realism in the modeling of
network formation by chain polymerization.

In this paper, we present the development and the
simulation of a new three-dimensional, off-lattice, Monte
Carlo technique to model the phase transition behavior
of a polymerizing liquid crystal before and during
polymerization.

With this model, we first prepared and studied liquid-
crystalline monomer around the nematic—isotropic phase
transition. Then the polymerization characteristics of
rigid multifunctional monomers and the structure of the
resulting networks were investigated. Preliminary
results from such studies are reported. To the best of
our knowledge, this is the first off-lattice model to study
network formation by chain polymerization. For that
reason, and because of limitations in computer time, the
present model is still primitive. We feel that it will be
a convenient basis for the introduction of extensions in
several directions.

Simulation Technique

The simulation was constructed as a combination of
two separate algorithms. The first algorithm simulated
the phase transition behavior of liquid-crystalline mono-
mer and could be used to obtain a monomer configura-
tion at a specified temperature. The second algorithm
used this configuration as an input and simulated the
photopolymerization behavior.

Simulation of LCM Phase Transition Behavior.
In simulating the liquid-crystalline monomer, we use
the Gay—Berne®1? two-body interaction potential in the
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parametrization of Luckhurst et al.ll (for a recent
discussion on Gay—Berne parameters, see ref 12). This
is an easy-to-use phenomenological potential that de-
pends on the center positions and on the relative
orientation of the interacting molecules (see Appendix
A). It has a strongly repulsive core typical of ellipsoidal
molecules of aspect ratio 3 and small attractive wells
just outside the core. Luckhurst et al.1! have shown that
this phenomenological potential yields smectic, nematic,
and isotropic phases.

Simulations were performed in a 3 x 1 x 1 periodic
cell. A noncubic cell was chosen to reduce the effect of
the finite cell size for configurations with a large director
component parallel to the X direction. Such configura-
tions are typical, even after many simulation steps, if
the director in the initial configuration is chosen to be
parallel to the X-axis. (This orientational preference of
the director may be due to a slow disappearance of the
memory of the initial orientation or to commensurability
effects in the simulation.) The number of monomer
units was fixed to 216, and the density was monitored
by adjusting the size of the molecules. Thus, for a
volume fraction of 0.5, ellipsoids with a major axis of
0.492 and a minor axis of 0.164 are used.

Though any configuration can be used at the start of
the simulation, we choose for efficiency reasons an
initial configuration with no overlapping repulsive cores.
Each iteration step consists of the following actions.

1. A monomer molecule is selected at random.

2. With equal probability a translation or rotation
move is chosen.

3. If a translation move is chosen, the center of the
molecule is randomly displaced in a 0.2 x 0.2 x 0.2 cube
centered at the old position of the molecule. If a rotation
move is chosen, the major axis of the molecule is rotated
over a random angle equally distributed in the interval
[0, 10°] (the Marsaglia scheme!314 was adapted to apply
to restricted angular intervals as described in Appendix
B).

4. If the energy of the new configuration is lower, the
configuration is accepted; if it is higher by an amount
AE, it is accepted with a probability expl—AE/T*]. (Both
the energy and the temperature 7% are measured in
units of the Gay—Berne®!! energy parameter ¢;.) This
is the well-known Metropolis criterion.!415

The development of the orientational order during the
simulation is followed by calculating the order param-
eter S, which is given by

1 N
S == "P,(cos B) (1)
N&

Here N is the number of particles, P2 is the second
Legendre polynomial, and §; is the angle between
particle i and the director. (For a thorough discussion
of order parameters, see ref 16.)

Simulation of LCM Polymerization. The simula-
tion of the polymerization process starts from a given
configuration of LCM molecules. Each molecule is
presumed to carry a reactive (meth)acryl group at both
ends of its long axis. Initiation is simulated by convert-
ing some (in the described simulations two) reactive
groups in the system to radicals. Each propagation step
is followed by relaxation of the monomer unit that has
been added and by relaxation of the whole system. If
propagation of a radical is unsuccessful 50 times in
succession, the radical is considered to be trapped. If
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all radicals are trapped, a new radical is created at the
position of an unreacted end of a monomer unit.

A propagation step is performed as follows: An
untrapped radical is selected at random and the nearest
group in a box of the size of the minor ellipsoidal axis
is chosen as its reaction partner. If there is no reactive
group in the box, the propagation step is unsuccessful.
In the reaction, the radical function is transferred to
the reaction partner, and a chemical bond is formed.
The Gay—Berne potential is assumed not to change
during the reaction.

After a successful propagation step, the chemical bond
distance will, in general, be unfavorable. If the added
unit was a free monomer unit before reaction, we allow
for a fast relaxation of this distance by specifically
relaxing the added unit in the following way. Many
(typically 10%) times the reacted end of the unit (the
pivot) is displaced by random small amnunts (at most
0.01 in the +£X, 1Y, and +Z directions), and the
orientation of the unit is randomly changed by at most
10° according to the adapted Marsaglia scheme. Each
time, if after such a move the chemical bond distance
is farther away from a preset optimal value, the move
is rejected; otherwise, acceptance is judged by the
Metropolis criterion, using the Gay—Berne potential. In
our simulations, the optimal value of the chemical bond
distance was set equal to the small axis of the ellipsoidal
core.

Relaxation of the system consists of a large number
(10%) of relaxation steps. In each step one chooses a
monomer unit. If it is unreacted, the procedure is the
same as in the simulation of pure unreacted LCM. If
the unit has reacted at one side only, the procedure is
similar to the case of relaxation of a unit that has just
become part of the network; the only difference is that
the root-mean-square chemical bond distance is used if
one side of the unit is chemically attached to two units.
If the unit has reacted at both sides, no moves are
considered since the relaxation of cross-links is assumed
to be very slow on the time scale of the simulation.

These rules are very simples ones. A wide range of
variations can easily be proposed and will be tried in
the future. One obvious variation would be to model
the chemical bonds as Hookean springs. In that case a
subtle balance between the spring energy and the
repulsive interaction energy must be found: the springs
must be stiff and still the units should not move into
overlap to lower the spring energy.

This completes the presentation of the Monte Carlo
simulation technique. This technique was designed to
follow the polymerization reaction process as closely as
possible. Since the orientation and the distribution of
the monomer molecules were continuously followed
during the reaction, we were able to study the structural
evolution of the polymer network.

Preliminary Results and Discussion

Phase Transitions in LCM. In all simulations
reported here, except those designed to investigate the
effect of the density on the phase transition behavior,
an ellipsoid volume fraction of 0.5 was used. In the
starting configuration molecules with perfect X orienta-
tion were centered on the sites of a tetragonal lattice,
such that the 3 x 1 x 1 periodic cell contained 6 x 6 x
6 molecules (see Figure 1).

Figure 2 shows a configuration after 108 iterations
at a scaled temperature of 7% = 3. The sticks represent
Gay—Berne particles, having a roughly ellipsoidal shape.
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Figure 1. Fully ordered, tetragonal configuration that was
used as the starting configuration to simulate the LC monomer
at various temperatures. Here and below, only the major axes
of the ellipsoids are drawn within the elongated cell.
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Figure 2. Conﬁguratlon of LC monomer at T* = 3, projected
on the XY plane. The phase is isotropic.

Figure 3. Configuration of LC monomer at 7% = 2. The phase
is nematic. The cell is viewed from a direction defined by the
intersection of the XZ plane and the plane perpendicular to
the director orientation.
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Figure 4. Configuration 7% = 1, viewed from a direction
perpendicular to the director orientation and parallel to a
crystal direction in one of the smectic layers. The phase is
smectic B.

The positional order is lost, and only some remnant
nematic order may be distinguished in domains.

After 108 iterations at a scaled temperature of T* =
2, there is no positional order and the nematic order
parameter has stabilized at about 0.8. Figure 3 shows
an equilibrated configuration at 7% = 2,

Figure 4 shows a configuration at 7% = 1, which was
obtained after cooling from the nematic state. The
configuration looks crystalline, when viewed along a
crystal direction. However, the crystal direction in the
middle of the simulation box is somewhat different from
the crystal direction at the left and right sides of the

Macromolecules, Vol. 28, No. 16, 1995

T* =0.1

order parameter

1 i |
20 40 60 80 100
millions of steps

Figure 5. Order parameter as a function of the number of
attempts made to move randomly chosen monomer molecules.
Scaled temperatures 7% are indicated for each curve. At T*
= 38, the order parameter approaches zero, thus identifying
the temperature of the nematic—isotropic transition.

box, as was checked from pictures at different viewing
angles. Therefore, the configuration at 7* = 1 is smectic
B, rather than crystalline. A smectic B state at low
temperatures has been found before.!!

Figure 5 shows the change in the order parameter
with the number of move attempts for a range of
temperatures. When simulations were carried out at
T* less than 3, the order parameters seemed to level
off after 10 million move attempts and remained fairly
constant over the next 90 million moves. Thus, some
orientational order was retained at those temperatures
and the system remained in a nematic phase. At a
scaled temperature of 7% = 3, the order parameter
approached zero after 100 million move attempts. This
may be close to the temperature of the nematic—
isotropic phase transition. At temperatures greater
than 3, the order parameter rapidly approached zero.
This figure also provides some indication that 10® move
attempts were enough for the system to attain equilib-
rium as indicated by the stabilization of the order
parameter.

We checked the density dependencell1217 of the
phases by simulations at a volume fraction of 0.28. One
of the results was that at this volume fraction the
system reached the isotropic phase within 10 million
steps even for T% = 1.

Polymerization Behavior of LCM. Using the
technique outlined above, the bulk polymerization of a
tetrafunctional LCM was simulated. As the initial
configuration for polymerization at a certain tempera-
ture, we chose an equilibrated configuration of our Gay—
Berne mesogen at that temperature. Figure 6 shows
various stages of a polymerization run in the nematic
state (T = 2). Note that, for clearness of presentation,
the ellipsoidal particles are drawn as sticks, the unre-
acted molecules are left out, and the viewing direction
is perpendicular to the director and parallel to the XZ
plane.

At the start of the simulation, two radicals were
introduced at randomly chosen ends of different mono-
mer molecules. As the reaction proceeds, these radicals
perform walks that are random but subject to restric-
tions: the Gay—Berne potential strongly disfavors
overlap. The radical pathways, which are made up of
the chemical bonds formed during the polymerization,
are indicated by dashed lines. In the course of the
reaction, cross-links are formed and radicals may be-
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Figure 6. Configuration at T* = 2 after the creation of two radicals and one reaction step of one of the radicals (a) and at
conversions of 44 (b), 77 (c), and 94% (d). The viewing direction is as in Figure 3. Unreacted monomer molecules are not drawn,
radical groups are indicated by filled circles, dotted lines represent the chemical bonds created during polymerization, and the

ellipsoidal units are indicated by solid lines.
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Figure 7. Configuration at T =3 (prOJected on the XY plane)

at a monomer conversion of 86%. Drawing conventions are
as in Figure 2.

Figure 8. Configuration at T* = 1 when 92% of the monomer
molecules have reacted. The viewing angle is as in Figure 3;
other drawing conventions are as in Figure 6.

come trapped. If a radical gets trapped, a new one is
created. In the present run, this occurred only once:
at a monomer conversion of 86%. Experiments on
isotropic monomer show the existence of trapped radi-
cals at much lower conversion.18-20 This may very well
be due to the higher radical concentrations in the
simulation. Like lattice model simulations, this simula-
tion nicely illustrates the formation of temporary spatial
inhomogeneity by the growing polymer chains. There
is ample experimental evidence of inhomogeneity (mi-
crogel particles) during network formation by chain
reactions.21-23 If part of the monomer is replaced by
unreactive molecules this inhomogeneity is still present
at full conversion even without phase separation effects.

Snapshots after polymerization until a monomer
conversion of about 90% are given in Figure 7 for
polymerization in the isotropic state (T* = 3) and in
Figure 8 for polymerization in the smectic B state (T*
=1). In the former case one may observe at most some
local order. In the latter case both spatial and orien-
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Figure 9. Order parameter of all units (drawn lines) and of
polymer units (dashed lines) as a function of monomer conver-
sion. The temperature corresponding to each pair of lines is
indicated in the figure.

tational order decrease somewhat during polymeriza-
tion. The polymerization proceeds nicely parallel to the
smectic planes. A radical may move from one plane to
another at the place of a defect. In the simulation, this
may also occur due to the fact that the smectic planes
are not parallel to any of the cell walls: when a radical
leaves the cell at one side, its periodic image will enter
at the other side on a different smectic plane.

The evolution of the order parameter is depicted in
Figure 9. At T* = 1 and 2, the order parameter
gradually decreases during the polymerization. At 7%
= 3, the order parameter of the polymer is first higher
than that of the monomer. This effect is not present in
all runs. One may be tempted to explain the effect as
a temporary increase in local order during polymeriza-
tion. However, we feel that it is probably caused by
polymerization inside an existing nematic domain. If
the polymer molecule extends over many domains, the
polymer order parameter averages out to the level of
the order parameter before polymerization.

In simulations of chain reaction polymerization, the
pendant double bond fraction, or its complement, the
cross-link fraction, has obtained considerable attention.
The cross-link fraction is the number of cross-link units
divided by the number of all reacted units. Although
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Figure 10. Cross-link fraction (the number of cross-links
divided by the total number of reached units) averaged over
eight polymerization runs (2 at 7* = 1, 3 at T* = 2, and 3 at
T* = 3).

the experiments deal with isotropic (nonmesogenic)
molecules, we feel that a qualitative comparison is still
relevant. A drawback, however, is the fact that the
radical concentrations in the experiments are more than
an order of magnitude lower than in the present
simulation. The radical concentration in the simulation
can only be reduced to that level by strongly increasing
the number of particles, but this would lead to unreal-
istic computing times. In lattice models one can handle
a much larger number of particles, but in these models
the nonzero volume and the dynamics of the particles
can only be dealt with in a limited way.

In the experiments the cross-link fraction rises almost
instantaneously to a plateau value that is maintained
up to high conversions.21:22 The high cross-link fraction
early in the reaction has been ascribed to the occurrence
of inhomogeneities. It is remarkable that lattice models
are able to predict the steep increase of the cross-link
fraction at low conversion, since this proves that the
inhomogeneity that causes the effect may be explained
by the chain-reaction process without invoking phase-
separation phenomena. In essence, the initial increase
is a one-chain phenomenon, so that it will take place in
a smaller conversion range if the radical concentration
is lower. Due to the high radical concentrations in the
present simulation, the cross-link fraction rises only
gradually to its plateau value (see Figure 10). But there
is a plateau, albeit less wide than in most experiments.
We interpret the plateau as a stationary situation in
the growth of loosely connected microgel particles in a
bath of monomer. The plateau ends when the monomer
supply becomes a limiting factor. Therefore, the end
point of the plateau is not expected to change if a lower
initiation concentration is used.

The plateau value varies significantly between dif-
ferent runs. With the present statistics based on only
a few runs, it is impossible to find a dependence of the
plateau value on the polymerization temperature.

Conclusions

A new Monte Carlo technique to simulate network
formation from liquid-crystalline monomer was pre-
sented. This off-lattice model removes the restrictions
inherent to lattice models. We find smectic, nematiec,
and isotropic phases before polymerization. For mol-
ecules of aspect ratio 3:1, present at a volume fraction
of 0.5, the nematic—isotropic phase separation was
found at T* = 3. In the present model, polymerization
leads to a limited decreases of the nematic order. The
inhomogeneity typical of network formation by chain
polymerization is present in the snapshots. The steep
increase of the cross-link fraction at low conversion is
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not observed due to the high radical concentration. For
the same reason, radical trapping does not occur at low
conversion. The preliminary results indicate the exist-
ence of a plateau in plots of the cross-link fraction as a
function of conversion.

The logical next step in this work will be to scan the
parameter space and to vary the prescriptions for the
propagation reaction in order to understand the condi-
tions for increase and for decrease of nematic and
smectic order during the cross-linking polymerization
of LC monomer. Only then will it be possible to compare
the model results with the variety of experimental
findings reported in the literature.
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Appendix A

The Gay—Berne interaction potential has been dis-
cussed in several papers®!! and is briefly presented here
for easy reference. It has the appearance of a Lennard-
Jones potential

U=4¢R™2 - R (2)

and depends on the molecular shape, the orientation 6
and 6y, and the intermolecular vector r of the two
interacting particles via the energy parameter ¢ and the
reduced distance parameter R. The parameter R is
given by

1 ... . . -
R=(rlop+1~-|1- gxd)(ul,uz,r,x) (3)

Here y describes the shape anisotropy
x = o Jog? ~ 1Vl(a /o) + 1] CY)

and o, and 0y may be interpreted as the lengths of the
long and short axes of the mesogenic molecules. The
orientation dependence of R is contained in

(0, + Py’

1+ yhG,

(4, — ia,)’

(D(ﬁ1’ﬁ2;st) = (5)

1 - Xﬁl'ﬁz
where f is the unit vector along r. The potential shows
an unphysical attractive well within the repulsive core;
in Monte Carlo simulations this feature is removed. The
energy parameter is given by
e oS - 1 ’ e Za ’
€ = el = 72000, 1 - 2000, 0,2,

(6)

where the parameter ' describes the anisotropy of the
well depth,

¥ =101- ¢ U1 + ¢, )

In the present simulation we followed ref 11 in choosing
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the following parameter values: g/og =3, ¢ = Y5, v =
2, and 4 = 1. The parameter ¢ and the temperature T
only arise in the combination T* = «gT/eo, where «p is
Boltzmann’s constant.

Appendix B

By the Marsaglia scheme one can select a random
orientation th without using trigonometry.!3 Here we
present an extension to select an orientation @ randomly
within a cone of a given angle 6n.x around a given
orientation G¢. This amounts to a cos 8 distribution
which is a step function. A generalization to arbitrary
(histogram) cos 6 distributions is straightforward, but
it is not of interest in the present problem.

After applying the Marsaglia scheme, we have a
vector 1h such that i+, is evenly distributed between
—1 and 1 and such that the azimuthal angle of th (the
angle between its projection in a plane perpendicular
to @y and an arbitrary vector in that plane) is evenly
distributed between 0 and 27. We want to transform
it to a vector @ such that G0 is evenly distributed
between cos Omax and 1 and such that the azimuthal
angle of 11 is evenly distributed between 0 and 27. Such
a vector is found from mh by first determining the scalar
product (GGp) from rh, @9, and the pregiven value of cos

Oma;
(009 =1 = (1 — €08 6,,)(1 — ty)  (8)

and by then constructing 4 in the rh, @9 plane as

~

u= (ﬁ'ﬁo)ﬁo +
[t — (ﬁl'ﬁo)ﬁo][l - (ﬁ-ﬁ_o)z]uz[]_ — (m,.ﬁo)Z]—l/z 9)

This introduces one extra calculation of a square root
compared to the Marsaglia scheme. One more square-
root calculation is necessary to normalize G. According
to eq 9 @ remains a unit vector, but a proliferation of
errors on repeated application of eq 9 may lead to
deviations from unity.
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If ta happens to be nearly (anti-) parallel to Gy, some
special care is needed.
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