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While microstructure in soft materials is usually given by the self-assembly of their constituting building
blocks, colloidal assembly can also be obtained via templating a morphology in a disordered suspension of
particles by solidification of the melt. This order-templating process is applicable to different soft-matter systems
with a variety of characteristic length scales, including particle suspensions in water, liquid-crystal materials, and
polymer melts. In this work, we numerically investigate the effect of particle size and solvent size in the process
of solidification templating by implementing a coarse-grain model of hard-sphere particles at a moving melt—
crystal interface. This approach captures the dependence of crystallization templating on speed of crystal growth,
showing the existence of a threshold speed for crystallization templating to occur. Results in this work show that
the threshold speed changes following a power form as solvent size and particle size change. Furthermore, this
work analyzes and reports the effect of particle—crystal interaction strength in combination with size effects. This
scaling study from a numerical perspective sets a starting point for the development of hybrid soft materials via
structural templating, allowing solidification-driven particle ordering in different systems with a variety of length

scales.
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I. INTRODUCTION

Advanced soft materials possess an intrinsic capability
for creating complex microstructures that can directly af-
fect material macroscopic properties. Consequently, achieving
structural order of otherwise disordered particles remains
a significant goal for the development and optimization
of soft composite materials. Self-assembly in soft matter
is commonly due to intrinsic properties of the systems’
building units, such as geometry and interaction type. This
characteristic behavior exists in liquid-crystal materials [1],
colloids, specific polymer-nanocomposite systems [2—4], and
beyond [5]. Nonetheless, structural ordering and assembly
in a soft material can be engineered via different methods
than the intrinsic self-assembly of its constituent’s building
blocks.

In the case of ice templating or freeze casting, a dis-
persed suspension of colloidal particles in water can form
scaffolds on the order of micrometers and centimeters due to
water crystallization. Analog phenomena have been reported
in polymer nanocomposites under isothermal crystallization;
nanocolloids can be organized to form structures ranging from
centimeters [6] to scales as fine as a few tens of nanome-
ters [7]. Beyond the growth of crystals and semicrystals,
several studies show that nucleation and growth of a ne-
matic liquid crystal phase can also organize nanoparticles
initially dispersed in the isotropic phase. This liquid-crystal
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templating produces a variety of structures including open
cellular [8-10], closed-cell foam, hollow-shell capsules, and
branching tubular network [11], based on nematic nucle-
ation and phase separation. Given the variety of systems that
can template order in a suspension of particles via melt’s
phase transitions, and the variety of particle sizes suitable
for applications, there is a need to further investigate this
mechanism of order templating in particle dispersions and
its dependence on size. While crystallization-templating has
been implemented vastly in metallurgy and materials science,
there is no record in the literature of a study on the size ef-
fects of translating the templating process from one system to
another.

The present work numerically investigates this templated
particle ordering and its size dependence by considering par-
ticle kinetics near the edge of a growing crystal, in a similar
manner to an ice-templating process. The model considers
hard-sphere particles dispersed in a melt, while a crystalline
front grows (moves) with a set speed G. Such simplified
models are widely implemented in the study of ice templating
[12-14]. Yet, they are extensible to other applicable systems.
For example, they have demonstrated the ordering of nanopar-
ticles in a polymer-nanoparticle composite due to polymer
crystallization [7]. This approach is valid for systems within
a regime of optimal particle loading for structural templat-
ing, which means particle loading is low and/or particles do
not affect the process of solidification (crystallization) of the
medium. Such regime has been reported in studies in polymer-
nanoparticle dispersions [7] and liquid-crystal colloids [8,11]:
particles in a medium that undergoes a phase transition can
maintain the phase-transition process qualitatively unchanged
while only affecting the transition temperature. In previous
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FIG. 1. Model schematics. (a) Single-particle view of the particle-melt-crystal system. Blue area is the crystal front moving with velocity
G. Distance d is measured from the surface of the melt-immersed particle to the crystal front, and R represents particle radius. (b) Set of n
hard-sphere particles in the presence of a moving crystallization front, as simulated in this work. Melt modeling is implicit via viscous drag,
average intermolecular distance (solvent size) is present in the van der Waals repulsion, and intrinsic interaction of the crystal-melt-particle
system is encoded in the Hamaker constant. Simulation box has periodic boundary conditions in the x- and y axes (only x direction is shown
here in grayscale for clarity) and fixed boundaries in z-axis. Particles inside the blue area are engulfed by the crystal, while the rest of particles

are free to move and rearrange.

work, we used this ice-templating simulation model to analyze
the multiscale ordering of polymethyl methacrylate grafted
silica (PMMA-g-silica) nanoparticles in a polyethylene ox-
ide (PEO) melt under regime II crystallization [7]. However,
given that order-templating processes transcend the limits of
specific systems, presenting a size-dependence analysis in an
unlabeled system becomes valuable in this work. Here, the
templating process is characterized on the basis of one kinetic
parameter: the speed G of the growing crystal. Changing
particle size and/or average intermolecular distance in the
melt (solvent size) changes particle mobility and affects the
overall system’s kinetics, including the crystal speed nec-
essary to template order in the surrounding particles. We
define a threshold crystal speed G, for order templating and
study how this threshold changes with size and strength of
interaction. Careful analysis of results shows a power-form
dependence when solvent size varies. Simulations varying
particle size also give a power-form dependence showing the
effect of changes in particle mass. Furthermore, our study
reveals a nonlinear dependence on the particle-crystal in-
teraction strength, embedded in the Hamaker constant. We
demonstrate the effect of a few key system parameters such
as particle size, average intermolecular distance in the melt
(solvent size), and interaction strength (Hamaker constant),
when translating the order-templating process between differ-
ent hard-sphere systems.

II. MODEL

Templating a structure in a material via solidification at
a specific rate G depends on the dynamics at the interface
between melt and growing crystal [12,13]. At the single-
particle level [Fig. 1(a)], a melt-immersed hard particle of
radius R, at a distance d between particle surface and crys-
tal edge is subject to an interplay between van der Waals
repulsion from the crystal and viscous drag by the medium.
van der Waals force follows F,;w = Aao(%")” where n = 4,
Aoy is the surface tension and ay the average intermolec-
ular distance in the melt also known as solvent size. F, w

does not explicitly describe the crystal lattice of the growing
crystal. Yet, the effect of this factor is embedded in the sur-
face tension, Aoy(A, R, ap) = —%%, via the Hamaker
constant A characterizing the crystal-melt-particle system.
Viscous drag follows F,;; = 6 Rnv, with n the medium vis-
cosity and v the particle velocity. Note that this approach
represents the solvent implicitly via Stokes drag and a
defined viscosity parameter, while the quantity describing
solvent size ap is part of the conservative van der Waals
force.

When the particle is in the immediate vicinity of the crystal
front, particle velocities are evaluated, and the event is ana-
lyzed as a collision. If particle velocity ahead of a front is
faster than the crystallization speed, the particle will continue
moving bounded to the crystal border. Otherwise, the particle
is engulfed: the crystalline border moves ahead of the par-
ticle and freezes particle movement. Thus, particle ordering
depends both on crystallization speed G as well as particle
mobility. For slow crystallization rates, particles have time to
respond, move, rearrange, and adopt the morphology of the
growing front. At faster crystallization speeds, the crystalline
front freezes particle movement and grows ahead of its center
of mass, engulfing the particle. During the templating process,
particles near the crystal edge can be in direct contact with
the crystal surface. If the front does not surpass the particles’
position, these particles will be in the grain boundaries of
the final crystalline superstructure, adopting its corresponding
morphology and length scale.

Under this model, a set of n hard-sphere particles in the
presence of a solidification process with speed G [Fig. 1(b)]
would adopt the morphology and length scale of the growing
crystal for G < G.. On the other side, particles will remain
in a dispersed state similar to their initial disordered state for
G > G.—-Supplemental Material, Fig. S1 [15]. The thresh-
old speed G, depends strongly on particle mobility within
the system. This approach can describe inertial dominated
regimes and systems where the assumption of dynamic force
equilibrium is not appropriate. Such intuitive toy model of
the melt—solid interface allows studying relevant parameters
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FIG. 2. Particle order by crystallization: Solvent size. (a) Fraction of engulfed particles vs G, damping follows m/I" = 100.0. Each data
point is an average over five runs of 128 particles with a single growing front. Here particle size follows 2R = 1.00 and Hamaker constant is
A = —0.4¢. (b) Solvent size run, critical velocity G, = —B/a as a function of a/2R size for damp 1 (m/I" = 34.0), damp 2(m/I" = 100.0),
and damp 3 (m/T" = 340.0). Tested damping coefficients only show different behaviors when a/2R < 0.002. Data are presented in LJ units,

common in MD simulations.

for templating fine microstructures in a composite material
such as surface tension, particle size, solvent size, medium
viscosity and interparticle interactions.

III. METHODS

Molecular dynamics (MD) simulations [16] were carried
out in a system of 128 particles interacting with a single
growing crystalline front represented by a repulsive moving
wall, an approach in the style of Barr er al. [14]. Particle-
particle interactions are given by a truncated and shifted
Lennard-Jones (LJ) potential; solvent and medium are im-
plicitly modeled following Stokes drag I'v with stochastic
forces ¢(t); and crystal-particle interactions follow F,,w =

doyr — _ 2 AR cagy4 i i i
Aoo(3)" = Tar Tao v AC DM This expression derives from
R3

oo _ 24 R
the van der Waals force F,,,, = 3Ad(R+d)2(R+2d)

Langbein [17]. Surface tension follows Aoy(A, R, ap) =
—ﬁ I ;;f_R, which we obtain by analyzing the case d < R in
F,aw, considering up to the linear terms of d/R and then setting
the minimum distance between front and particle to be the sol-
vent size ay. Kinetic engulfment is applied as described earlier
and it is evaluated when d < 0.05¢0. The particles’ equation
of motion is F;,,; = —% — I'v + ¢ (), which is integrated via
the velocity-Verlet algorithm. The simulation box is a square
of size 200. Boundary conditions are periodic in the x- and
y axes, and fixed in the z axis (direction of crystal grow).
Particles’ forces, velocities, and positions are monitored for
different crystallization speeds G. Parameters are expressed
in LJ units (o, &, t). Unit conversion to lab units follows
o = distance between particles’ centers when the energy is
minimum (particle diameter), ¢ = depth of potential well, and
T = \/% is a reduced LJ time, m = particle mass. In the
initial state, particles are randomly located in the simulation
box. Each data point represents an average over five runs. Our
use of the term “hard sphere” refers to analyzing colloidal
suspensions that behave as hard spheres, not to the use of a full
hard-sphere MD potential. Hard-sphere colloids do not attract,

reported by

or interact, at long ranges, which is captured by a truncated
and shifted LJ potential.

IV. EFFECT OF THE SOLVENT SIZE

Figure 2(a) shows the fraction of engulfed particles as a
function of crystallization speed for different solvent sizes
ap = 0.001-0.0100. The engulfment curve shifts to larger
velocities as solvent size increases and its behavior can be
well described by the function f(x) = tanh(@x+A)=1 " \where o
and g are fitting parameters that determine threshold velocity
as G, = —f/«. While any specific point within the transition
between order and engulfment can be set as a reference, in
this work the critical velocity G, for particle engulfment is
defined as the growth rate where half of the particles in
the system are engulfed by a single infinite planar front.
Figure 2(b) shows threshold speeds obtained while vary-
ing solvent size. While the relation could be estimated as
linear, a detailed analysis shows the data well fit a power
function g(a) = ca’ + d—find fitting parameters in Supple-
mental Material, Table S1 [15]. Remarkably, the dependence
of the critical velocity with solvent size presents an exponent
of 4/3.

Figure 2(b) shows G, vs solvent size within the range
2 x 1073 < ap/2R < 1 x 1072. Such strong dependence of
G, on solvent size is a reasonable result: increasing the av-
erage intermolecular distance in an unstructured melt allows
further particle displacement ahead of the front and raises
G.. For ay < akt ~ 0.00150, our model predicts that thermal
fluctuations dominate and produce engulfment of all particles.
Effect of the Stokes viscosity 1 parameter seems minimal
compared to the effect of small variations in melt solvent
size. The latter can drive the system from a regime of full
engulfment to particle reordering, indicating the challenge
for experimentally achieving tunable structural templating by
crystallization in nanoparticle systems.
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FIG. 3. Particle order by crystallization: Particle size. (a) Fraction of engulfed particles as a function of growth velocity G. Engulfment
shifts to larger velocities as particle size decreases. Also, data show a slight softening of the transition with decreasing particle size, noticeable
in the 2R = 0.5¢0 dataset. (b) Critical velocity G, vs the inverse of particle size. Shown data for solvent sizes ap = 0.002, 0.005, and 0.008c .
Damping coefficients are set to match Stokes viscosities for damp 1, damp 2, and damp 3 cases of the reference system 2R = 1.00.

V. EFFECT OF THE PARTICLE SIZE

We also evaluate the threshold for engulfment depending
on particle size, finding an expected increase in the threshold
velocity when particle radius decreases. As particle mobil-
ity decreases with particle size, larger front velocities are
needed for reaching engulfment. Figure 3(a) shows the frac-
tion of engulfed particles as a function of crystal growth
for particle sizes 2R = 0.375, 0.500, 0.625, 0.750, 0.875,
1.000, and 1.125¢. Figure 3(b) shows the critical velocity
(G, = —(a/B)) found in simulations varying particle size
on melts with different solvent sizes, ag = 0.002, 0.005,
and 0.008c0. Particle mass is modified according to m =
Myes (R /Rref)3 so the density of the particle’s material is the
same. Also, the damping parameter in the viscous force is
modified to maintain the same Stokes viscosity as damp 1,
damp 2, and damp 3 systems reported in the solvent size study.
Box size and potential cutoff parameters are changed to main-
tain the same percent particle loading as the solvent size study.
Data clearly show that the dependence of G. with particle size
is not linear, following an exponential power form—-fitting
parameters and exponents shown in Supplemental Material,
Table S2 [15]. There is a limited set of threshold points for
ap = 0.008 and 0.0050, given the range of parameters se-
lected for comparison with ap = 0.002¢ simulations. Further
work with runs aiming at larger speeds can provide more data
points. Within the tested range of Stokes-like viscosity param-
eters, there is no significant variation in G.. However, two data
points show a different behavior when varying n. These corre-
spond with large particles in the damp 1 system (m/I" = 34.0)
and small particles in the damp 3 system (m/I" = 340.0);
such points are the smallest and largest G. values shown
in Fig 3(b).

VI. CHANGING MATERIAL INTERACTION STRENGTH

AND ITS SIZE EFFECTS

An important factor in the order-templating process is the
system-intrinsic strength of interaction given the particles, the

melt, and the growing crystalline front. In the present study,
this is fully encoded in the van der Waals interaction via the
Hamaker constant A, which depends on the material dielectric
constants for particles, melted medium, and crystalline front.
Changing the system’s materials (or crystal lattice) tunes the
interaction strength in the particle-melt-crystal system. This
is equivalent to changing the magnitude of the repulsive force
between the particle and crystalline front, which is a key com-
ponent when implementing order templating across different
systems.

Thus, it becomes important to evaluate the effect of the
system-specific Hamaker constant in G, and how this behav-
ior changes with size. For this, we monitor particle engulfment
while varying the Hamaker constant within three orders of
magnitude, A = 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2¢, in
systems with solvent sizes ap = 0.002, 0.006, and 0.010c.
Within this combined study on interaction strength and size
effects, data capture final states that span from full particle
engulfment to complete particle ordering for all tested crys-
tallization speeds G. This shows that not all systems template
order within their possible speeds of crystallization. At the
same time, some systems that do display order templating do
not exhibit particle engulfment by the growing phase transition
given their specific rates for growth.

A specific subset of simulations presents the threshold be-
tween particle ordering and engulfment. Figure 4 shows the
threshold velocities found in the current study as a function
of the Hamaker constant with different solvent sizes. Results
show a general increase of the threshold speed G, as the
Hamaker constant A increases. Moreover, changes in the sol-
vent size rescale this behavior from a power form, as observed
in ap = 0.002 and 0.0060, to an apparently linear data set
for ag = 0.010c within the collected points reported here.
Further studies are necessary to fully demonstrate this ten-
dency to linearity in the dependence of G, with the Hamaker
constant, as solvent size increases. In the light of these results,
the threshold for solidification templating can be efficiently
tuned by considering the combined effect of solvent size and
the system-dependent Hamaker constant.
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FIG. 4. G, vs Hamaker constant for different solvent sizes, ay =
0.002, 0.006, and 0.0100. The solvent size effect rescales the non-
linear dependence of the critical velocity with the system-intrinsic
interaction strength. Lines show fittings to a power form. Supplemen-
tal Material, Table S3 [15] shows fitting parameters and exponents
obtained.

A few aspects were carefully considered in this work.
For example, the Stokes-Einstein relation can miscalculate
viscosity for a system with particles of size <10 nm in a
polymer melt [18]. Therefore, the application of this study to
polymer-nanocomposite systems is only suitable (considering
quantitative accuracy) above such size range. Near-interface
kinetic studies commonly implement a lubrication form of
the Stokes drag, affecting particle mobility and its size
dependence. On the other hand, this lubrication limit can over-
estimate viscous drag, leading to artificial zero-force regimes
near the front; this is avoided by implementing a simple
Stokes drag [12]. Considering the interest in systems with op-
timal particle loading for structure templating, this work does
not explicitly address the dependence of G on particle concen-
tration. Further work incorporating such self-consistency can
model a richer behavior span.

Overall, the critical velocity for particle engulfment in-
creases by increasing the average intermolecular distance in
the melt or by decreasing particle size. Both factors increase
particle mobility and thus affect the solidification-templating
process. Particle size data show a dramatic exponential be-
havior compared to the solvent size run due to the inclusion
of changes in particle mass m. Studies show similar behavior
with exponent 4/3 when particle size data are normalized by
m!/3 ~ 2R, which points us to consider that variations in the
components’ mass and the density of the solution have an
effect on the size dependence of G.. Remarkably, a 4/3 non-
linear exponent consistently appears, which could be caused
by nonaccounted changes in solvent mass and solution density
when solvent size varies with a fixed particle size (solvent size
study) or varying particle size and simulation box with a fixed
solvent size (particle size study). Thus, considering changes in

the density of particles in the solution pg as well as changes in

the density of the solvent p( becomes important. By setting

an additional term describing the ratio of these densities as

(po/pr)"/3, the size dependence of the threshold velocity for
[200]

particle engulfment trails a form G. ﬁ(ﬁ)z, with a ratio
between solvent and particle sizes following a power of 2.
Further work for an accurate evaluation of this postulated
mass-density effect and factor requires the implementation
of an explicit solvent in the model, e.g., dissipative particle
dynamics. This would allow a proper evaluation of changes in
solution density and solvent mass, as well as its overall effect
in the threshold velocity for solidification templating. Also,
studies including hydrodynamics effects can be performed via
implementing an explicit solvent approach. An explicit model
for solvent crystallization can also evaluate the effect of the
growing front’s crystallographic plane in the ordering process.
The results and coarse-grain model presented in this Letter
demonstrate how both particle and solvent size affect main
interactions at the moving melt—crystal interface, with ef-
fects on particle kinetics and the order-templating process.
The threshold velocity for particle engulfment depends on
solvent size and trails a power form. Simulations show that
small variations in the average intermolecular distance in the
melt can drive the system from full engulfment to complete
organization. As solvent size decreases below a value agr,
thermal fluctuations become significant to drive full particle
engulfment. The dependence of the critical velocity with par-
ticle size is also nonlinear and follows a power form. Results
show that system-intrinsic interaction strength also presents
a strong effect in G.. Thus, considering the combined effect
of size and Hamaker constant is a valuable approach when
applying order templating in different systems. In summary,
this study has demonstrated that changing particle mobility by
size effects takes an essential role in structural templating of
soft composite materials by solidification. Results show that
both particle and solvent size affect threshold velocity in a
nonlinear manner. This realization provides a starting point
for an alternate avenue in the development of soft composite
materials with structural-driven macroscopic properties.
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