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The first step in the transformation of a metastable
parent phase into a more stable phase is the formation,
by spontaneous fluctuations, of a nucleus that exceeds
a critical threshold size.! According to classical nucle-
ation theory, the rate at which such nuclei form depends
exponentially on the free energy cost needed to form a
critical nucleus of the new phase. This free energy cost
can be influenced by the vicinity of another phase
transition through the presence of pretransitional fluc-
tuations that occur near a critical point. In fact, simula-
tions and theory suggest that the rate of crystal
nucleation can be enhanced by the presence of density
fluctuations associated with the presence of a (meta-
stable) critical point.2~4 One would expect that any
modification of the kinetics of crystal nucleation may
significantly change the morphology of the resulting
crystals. This should be true in particular in polymeric
systems where the morphology of the resulting crystal-
lites is very often determined by kinetics. An example
is the formation of (metastable) lamellar crystallites:
the chain folding observed in such crystals is completely
dominated by the crystallization Kinetics.

Indeed, experiments on polymer crystallization pro-
vide evidence that the morphology of the polymer
crystals that form is dominated by the interplay of
polymer crystallization and liquid—liquid demixing.5®
It has even been suggested that this interplay between
demixing and crystallization may be essential for the
control of the morphology of polymer membranes.”

In this paper, we use dynamic Monte Carlo simula-
tions to investigate effect of the vicinity of a liquid—
liguid demixing curve on the initiation of crystallization
in polymer solutions and on the morphology of the
resulting polymer crystallites.

To study this phenomenon, we make use of a simple
lattice model that can account for both polymer crystal-
lization and liquid—liquid demixing.8® In this model, we
can independently tune the propensity of a polymer
solution to crystallize and to undergo liquid—Iliquid
demixing. In particular, the strength of the isotropic
(“site-mixing”) nearest-neighbor interaction determines
the tendency of the system to undergo liquid—liquid
demixing. On the other hand, the specific attraction
between parallel nearest-neighbor bonds favors crystal-
lization.® In ref 9 we have shown that, through a
judicious choice of these two interaction parameters, the
liquid—liquid demixing transition can be made to occur
either above or below the freezing temperature.

For the present study, we chose the conditions as
follows: we fixed the polymer volume fraction at 0.150,
which is located in the vicinity of the critical concentra-
tion of 32-mer chains for liquid—liquid demixing. Then,
we chose three sets of local interaction parameters such
that in all cases the system had the same equilibrium
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Figure 1. Liquid—solid coexistence curves (solid lines) and
liquid—liquid coexistence curves (dashed lines) for the chains,
each with 32 units, in a 643 cubic lattice and with variable
sets of interaction parameters as denoted. The curves are
calculated from the mean-field theory (for the details, see ref
9). About the local interaction parameters, E. is the potential
energy difference between collinear and noncollinear connec-
tions of two consecutive bonds along the chain, B is the net
potential energy exchange for a site—site contact between
chain units and solvent, and E, is the potential energy
deviation of those packings from a parallel packing of two
neighboring bonds. T is the temperature and kg is the
Boltzmann constant. The arrow indicates the subsequent
performance of simulations.

melting temperature but different critical temperatures
for liquid—liquid demixing. We chose the highest of
these demixing temperatures to be close to the freezing
temperature (case C1 in Figure 1). The other two were
located below the freezing curve with different depths
(C2 and C3 in Figure 1). The choice of the interaction
parameters was made on the basis of the mean-field
theory of ref 9. The validity of the mean-field predic-
tions has been tested by performing simulations with a
crystallization template to suppress hysteresis at the
freezing transition.?

In the present study we are specifically interested in
nucleation. Hence, all simulations were performed on
the solutions with the same concentrations and the
same equilibrium melting temperatures. We cooled all
three samples below the equilibrium melting point and
monitored the onset of both liquid—liquid demixing and
polymer crystallization. Since the initiation of polymer
crystallization requires a certain supercooling, we can
see how the metastable critical liquid—liquid demixing
at different depths of supercooling changes the course
of crystal nucleation.

Figure 2 shows the results of cooling processes. In the
first case (C1) where the system has the critical point
very close to the melting point, the liquid—Iliquid phase
separation occurs first. This follows from Figure 2 as,
upon cooling, the order parameter that monitors de-
mixing changes well before the crystallinity order
parameter starts to change. Subsequently, the system
freezes. In fact, the onset of crystallization happens in
this system at a higher temperature than in the other
two systems. This indicates that the primary crystal
nucleation is assisted by the prior liquid—liquid phase
separation. In the second case (C2), the system has a
somewhat lower liquid—liquid critical point than that
in case C1. The corresponding cooling curves show that
the crystal nucleation close to the liquid—liquid demix-
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Figure 2. Cooling curves of disorder parameters (solid lines)
and mixing parameters (dashed lines) for the sample systems
containing 1232 chains (polymer volume fraction 0.150) with
the corresponding parameter sets in Figure 1. The disorder
parameter is defined by the mean fraction of noncollinear
connections along the chains, while the mixing parameter is
defined by the mean fraction of neighboring sites around each
chain unit occupied by the solvent. The curves are obtained
from the simulations with a dynamic microrelaxation model®
and Metropolis sampling, where the potential energy barrier
is AE = (bB/E; — pEy/E; — c)E; with the net changes in the
number of mixing pairs between chain units and solvent (b),
in the number of parallel-packing pairs of the crystallizable
bonds (p), and in the number of collinear connections of
consecutive bonds along the chains (c) in each step of microre-
laxation. The systems with random coils are cooled by increas-
ing the value of E/(kgT) with a step length of 0.002 and a step
period of 500 MC cycles. One Monte Carlo (MC) cycle is defined
as one trial move of each chain unit on an average. At each
temperature step, the first 400 MC cycles are discarded for
fast equilibrating, and the remaining 100 MC cycles are
averaged for the reported data.
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Figure 3. Time evolution curves of disorder parameters for
the sample systems in Figure 2 quenched from the infinite
temperature to 2.857E./kg. The lines are drawn on the data
points with 500 MC cycle interval.

ing temperature. In the third case (C3), the system has
a very low critical point. The cooling curves show that
the onset of crystallization is much higher than the
metastable critical point. In fact, the onset of crystal-
lization in this case happens at a temperature that is
lower than in case C2. This suggests that in that case
the vicinity of the liquid—liquid critical point does speed
up the crystal nucleation process. No such influence is
possible in case C3. The overall trend shown in Figure
2 is consistent with the behavior found in simulations
and theories of colloids and spherical proteins.2™*
Interestingly, we are able to see that the interplay
between demixing and crystallization has a pronounced
effect on the resultant crystallite morphology. To com-
pare different crystallization pathways, we prepared all
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Figure 4. Snapshots of final crystallites after isothermal
crystallization in Figure 3. The linear size of cubic box is 64
with periodic boundary conditions. All the bonds of 32-mer
chains are drawn in cylinders. (a) Case C1, (b) case C2, and
(c) case C3.
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three model systems at high temperatures (where the
polymers form random coils) and quenched the temper-
ature to 2.857E./kg. At this temperature, we follow the
isothermal crystallization process. Figure 3 shows the
time evolution of disorder parameter. We can see that
model C1 undergoes the fastest crystal nucleation,
assisted by the prior liquid—liquid demixing. In the
second case (C2), crystallization is slightly slower
because here demixing does not precede crystallization
but occurs simultaneously with it. The third case shows
the slowest crystallization. In fact, crystallization takes
place suddenly, after a relatively long waiting time. This
is typical for homogeneous crystal nucleation at high
temperatures.

The resulting crystal morphologies show significant
differences, as can be seen from Figure 4. Case C1
generates many small crystallites. This is to be ex-
pected, as the prior liquid—liquid spinodal demixing
creates a spatially well-distributed inhomogeneous sys-
tem. Rapid crystallization is confined to the regions of
high density. In the second case, fewer and larger
crystallites are found, as is to be expected in a system
where density inhomogeneities have not yet fully de-
veloped before crystallization sets in. In the third case,
only one crystallite forms. This indicates that, in this
system, only one nucleation event took place. The
resulting crystal nucleus then grew to become a single,
lamellar crystal. Not all polymer is incorporated in this
crystal, but the density of the remaining polymer coils
is too low to cause subsequent crystal nucleation events.

In a summary, our simulations show that the primary
nucleation of polymer crystals form in solutions can be
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significantly enhanced by prior liquid—liquid demixing
and, to a lesser extent, by critical density fluctuations.
This Kinetic interplay controls the final crystallite
morphology. Many small crystallites form if crystalliza-
tion is induced by the prior liquid—liquid phase separa-
tion. The results of the present simulations would seem
to be relevant for polymer crystallization experiments
and for the control of crystallite morphology in many
industrial processes.
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