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ABSTRACT

Colloidal and nanoparticle self-assembly enables the creation of ordered structures with a variety of electronic and photonic functionalities.
The outcomes of the self-assembly processes used to synthesize such structures, however, strongly depend on the uniformity of the individual
nanoparticles. Here, we explore the simplest form of particle size dispersity—bidispersity—and its impact on the self-assembly process. We
investigate the robustness of self-assembling bcc-type crystals via isotropic interaction potentials in binary systems with increasingly disparate
particle sizes by determining their terminal size ratio—the most extreme size ratio at which a mixed binary bcc crystal forms. Our findings
show that two-well pair potentials produce bcc crystals that are more robust with respect to particle size ratio than one-well pair potentials.
This suggests that an improved self-assembly process is accomplished with a second attractive length scale encoded in the particle-particle
interaction, which stabilizes the second-nearest neighbor shell. In addition, we document qualitative differences in the process of ordering
and disordering: in bidisperse systems of particles interacting via one-well potentials, we observe a breakdown of order prior to demixing,
while in systems interacting via two-well potentials, demixing occurs first and bce continues to form in parts of the droplet down to low size
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ratios.
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INTRODUCTION

Colloidal and nanoparticle systems and their self-assembled
ordered structures find increasing use in a variety of applications.
Ordered assemblies of nanoparticles and colloids can exhibit tun-
able structural color,' act as sacrificial templates in the “bottom-up”
assembly of photonic crystals,”” capture CO,,"” and they can be
used as sensors for humidity,® glucose,” and alcohol,’ and even to
prepare catalysts.”

The most basic model for studying thermodynamic phenom-
ena in systems of mesoscopic particles such as crystallization is
the hard-sphere model, featuring only excluded-volume interac-
tions. This is often appropriate, as many colloidal dispersions such
as polystyrene and silica particles largely behave as hard spheres.
However, while many properties of colloidal systems can be rep-
resented through monodisperse spheres, size dispersity is practi-
cally inevitable in the nanoparticle synthesis process and has been
observed to alter the freezing curve and crystallization kinetics of

10-12

colloidal systems. The width of the size distribution of syn-
thetic nanoparticles is rarely less than a few percent of their average
radius, prompting considerable theoretical study of the phase behav-
ior of polydisperse systems."” '’ In addition to the breakdown of
some crystallization behavior due to increasing size dispersity,”'*'”
recent computational studies have demonstrated the stabilization of
AlB,, Frank-Kasper, and Laves phases due to size dispersity,' """

Bidisperse systems, in which particles of only two different sizes
are present in the system, constitute the simplest case of polydisper-
sity and are consequently widely studied.”” *° Binary systems have
been shown to represent polydisperse fluids via bidisperse equiv-
alent mapping, which proved useful over a range of compositions
where one species does not dominate and over a wide range of vol-
ume fractions (except those near the jamming transition).”” Several
models for packing properties of mixtures designed for bidisperse
systems were shown to be generalizable to polydisperse hard-sphere
systems”>”’ (and some studies have additionally examined the effect
of both size and shape dispersity simultaneously’’).
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While the hard-sphere model captures many features of self-
assembling nanoparticle systems, explicit enthalpic interactions
more closely model surface functionalizations that are typically
applied to nanoparticles, making them effectively “soft.” Softness
has been shown to dramatically impact the self-assembled struc-
tures, and increased particle softness has been shown to stabilize the
body-centered cubic (bcc) structure type in particular—as opposed
to close-packed structures (face-centered cubic fcc/cubic close-
packed ccp and hexagonal close-packed hcp)—in theoretical,”
simulation,’® " and experimental studies. e

The bec structure type is one of the most prevalent crystal
structure types among atomic elements (in, e.g., elemental iron,
sodium, or tungsten),”’ and equivalent geometries are also com-
monly observed in colloidal and nanoparticle systems of spherical
particles”””' ™ and systems of anisotropic particles.”””" The bcc
structure type has properties that make it superior to the closest
sphere packings (i.e., fecc/ccp and hep) on the atomic and nanoscale;
for example, bcc is more resistant to deformation due to a high num-
ber of competing slip planes’ and it often nucleates preferentially
compared with other, lower-energy structures.”” Numerous stud-
ies have observed bcc assemblies of nanoparticles in systems with
variable polydispersities.”’ ** Fractionation of constituents based on
size has been observed experimentally in bec-forming colloids with
higher polydispersities around 0.14."

To investigate the robustness of the assembly of bcc-forming
systems, we simulate the self-assembly of particles that interact via
isotropic pair potentials with one or two attractive wells.”” These
monodisperse systems exhibit a wide range of bcc-forming para-
meters, which we in turn use here to study these systems’ behavior
upon the introduction of size dispersity. We determine terminal
size ratios between components in bidisperse systems and examine
the mechanisms of structural breakdown. Specifically, we perturb
the size of one component away from a known bcc-forming inter-
action potential and examine at what point bcc no longer forms.
This provides novel insights into how likely these structures are to
be observed experimentally in systems where particle dispersity is
invariably present.

METHODS

Self-assembly simulations are conducted using the open-source
simulation toolkit HOOMD-blue.”**” Molecular dynamics (MD)
simulations are run in the canonical ensemble (NVT) using the
Nosé-Hoover thermostat while enforcing periodic boundary condi-
tions. Systems of N = 4096 particles are initialized on a sparse grid in
the gas phase at high temperature. Particles are randomly assigned
velocities that are sampled from a Maxwell-Boltzmann distribution
and randomly type-coded with the two different particle species, A
and B.

We investigate the self-assembly behavior by performing cool-
ing runs at linearly decreasing temperatures over 2 x 10’ MD
steps (with step size 0t = 0.005). The starting temperature is cho-
sen based on prior data such that the system condenses after
~8 x 10° MD steps. (Condensation temperature data are included in
the supplementary material.) Therefore, the systems can fully equi-
librate in the liquid state prior to condensation; the end temperature
of all simulations is set to kT = 0.1. Particles in all simulated systems
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FIG. 1. Pairwise interactions between particles of types A and B with ry = 1.5,
e=1.0,and s = 0.8. Potentials for A-A and A-B interactions are shifted to larger
r values in accordance with Lorentz—Berthelot mixing rules.

condense into a liquid droplet and later either order into a crystalline
structure or form an amorphous solid.

We model the interactions between particles with an isotropic
pair interaction—the Lennard-Jones-Gauss (LJG) pair potential:

1 3 2
(r—A)12 (r-

Via(r) = —(r_A_rO)Z).

—ce
A)® xp( 20°

if r<2.5 and Vyg(r) = 0 at larger interparticle distances beyond
the radial cutoff 7> reyoff = 2.5. The LJG pair potential is com-
prised of a Lennard-Jones potential with the addition of an attractive
Gaussian.””"” Here, ¢ represents the depth and ry the radial position
of the Gaussian well of each interaction. In this study, the well width
is held constant at ¢* = 0.02.°° The interaction potential is normal-
ized such that the global minimum of the potential is —1: for ¢ values
below 1.0, the Lennard-Jones well constitutes the global minimum of
the interaction potential, while for & values > 1.0, the Gaussian well
is deepest.

The location of the minimum of the Lennard-Jones well of the
pair potential corresponds to the effective diameter of each particle
type (raa for the larger A-type particles and rpp for the smaller B-
type particles). We introduce particles of different sizes (see Fig. 1)
via the A parameter:

o larger A-type particles interact via shifted LJG interactions:
Aaa = /s — rpp for A-A interactions,

o smaller B-type particles interact via unshifted LJG interac-
tions: Agg = 0 for B-B interactions, and

e cross-interactions between larger and smaller particles are

shifted halfway: Aap = M{“") for A-B interactions.

The characteristic size ratio of each binary particle system is
s =rpg/raa, and the interaction between unlike particles corre-
sponds to an effective interparticle distance of rag = (raa + ras)/2,
in agreement with Lorentz—Berthelot mixing rules.”””" A compar-
ison with other mixing rules is included in the supplementary
material, showing no significant difference in the size-ratio depen-
dence of the self-assembled structures and the terminal size
ratio.

Particle mass is set such that the B-type particles all have a mass
of 1.0 and the mass of the A-type particle is calculated such that both
particle types exhibit the same density.
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pair potential corresponds to the Lennard-Jones well (as opposed to
the Gaussian) for all state points. The maximum values of ry are cho-
sen such that the interaction potential cutoff can be maintained and
that V(reuoft = 2.5 - rij) ~ 0 for all interactions ij € {AA, AB, BB}.

The parameter space of the potential is explored between
1<rp<2.1and0<e<5 (position and depth of the Gaussian well,
respectively) and for size ratios 0.5 < s < 1. The lowest values of rg
are chosen such that the position of the first attractive feature of the
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FIG. 2. (a) LJG potential for state point ro = 1.1 and € = 2.5 and (b) a representative radial distribution function (RDF) of a bec crystal comprised of particles interacting with
that potential. (c) LJG potential for state point ro = 1.8 and ¢ = 2.5 and (d) a representative RDF of a bcc crystal comprised of particles interacting with that potential. (e)

Nearest-neighbor arrangements corresponding to the peaks in the RDFs shown in (b) and (d).
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All bidisperse, two-component systems are simulated at 1:1
compositions of A-to-B-type particles. A comparison of represen-
tative state points in each stability region at varying compositions
is included in the supplementary material, showing that the com-
position did not substantially affect the terminal size ratio, only the
number of particles in the crystalline solid. We attribute this behav-
ior to the fact that the two components modeled in our systems are
chemically similar and only differ in size, making them equivalent
to metallic components that form solid solutions with wide stability
regions, according to the Hume-Rothery rules.””

In Fig. 2, we show example radial distribution functions (RDF)
for two representative state points that form bcc (ro = 1.1 and
ro = 1.8, both with &= 2.5, corresponding to state points in the
one-well and two-well stability regions, respectively). For ordered
bee-forming systems, the RDF exhibits narrow peaks corresponding
to the distances of consecutive coordination shells in the crystal. For
disordered systems, the RDF peaks are broader, and increasingly so
at larger r values, due to the lack of long-range order. In systems
where the components have demixed and both components still
form bec crystals, we expect to see a splitting of the nearest-neighbor
peaks as A- and B-type particle sizes become more disparate.

Simulation trajectories are visualized with the Open Visual-
ization Tool (OVITO),”” and crystal structures are visualized with
CrystalMaker®.”* Structures are determined using Common Neigh-
bor Analysis (CNA),”” which analyzes the topology of each local
particle environment and classifies it as bcc-, fec-, hep-type, icosa-
hedral, or “other.” The CNA parameter is used to determine the
degree of bec formation in each assembly as well as to determine
terminal size ratios—that is, when bcc formation breaks down. In
systems of N = 4096 particles, typically at most 3000 particles form
the bulk of an assembly and adopt the bec-type local environment,
while the remaining particles are located at the surface and therefore
have incomplete first-neighbor shells (which results in them being
categorized as “other” by the CNA parameter). The first decrease in
the number of bcc-type particles (below 3000) upon increasing the
size difference of the A- and B-type particles is used to define the
terminal size ratio. In this study, where particle assemblies are visu-
alized or type-wise analysis is performed, A-type particles and their
respective properties are shown in gray, B-type particles and their
properties are shown in red, and cross-interactions between the two
particle types are shown in orange.

We utilize the signac data management framework for com-
putational workflow and data management.”””” Data analysis, such
as the calculation of RDFs, utilized the Freud library.”® Type-wise
RDFs are calculated by separating the particles by type and con-
sidering only the neighbors of the second type listed around the
particles of the first type listed, e.g., the A-B RDF only considers
B-type neighbors around A-type particles.

RESULTS
One-component systems with shifted pair potentials

Prior to examining bidisperse systems—that is, mixtures of A-
and B-type particles—we investigated pure systems of the larger, A-
type particles with the aim of determining how the self-assembly
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behavior is affected by a simple shifting of the interaction potentials.
The self-assembly behavior of the smaller B-type particles had been
studied previously, so we concentrated our study on state points at
€ and 7o values previously shown to form bcc-type structures.®” The
bec-forming state points are located in two distinct stability regions:
around rp = 1.1 and rp = 1.8, as illustrated in Fig. 3. Because the rg
values define the position of the Gaussian added to the Lennard-
Jones well of the potential, and the LJ well is located at around
r = 1, the stability region on the left (at smaller ry values) corre-
sponds to a one-well pair potential, with the Gaussian distorting the
shape of the L] well [see Fig. 2(a)], while the stability region on the
right (at larger ry values) corresponds to a two-well pair potential.

In Fig. 3, we represent the robustness of bec-crystal formation
with respect to the shift applied to the LG potential to model A-type
particles. The system’s robustness is expressed via the effective parti-
cle size of the simulated A-type particles relative to the unshifted LG
potential—that is, the original effective particle size vs the simulated
particle size s = rpp/raa. Pure systems of A-type particles form bcc at
effective particle sizes as low as s = 0.7, depending on their specific
interaction potentials.

In the one-well potential region, state points appear most stable
at € < 1 and at higher values of ry, and they are moderately stable at
ro = 1.1—in the center of the stability region—across ¢ values. In the
two-well potential region, state points appear most stable at higher
values of ro and appear fairly insensitive to variation in e. Glob-
ally, the one-well potential region contains some state points that
are more stable than the two-well potential region.
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FIG. 3. bcc crystal formation in one-component systems of particles interacting
via the shifted LJG potential. bcc-forming regions in unshifted pair potentials are
denoted in gray background color. The robustness of each sampled state point
to a shift of its interaction potential to higher values of r is indicated by its color,
encoding the terminal particle size of hcc-formation (expressed through a ratio of
the original effective particle size over the simulated particle size).
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bcc-formation in bidisperse systems

The robustness of the crystallization in bidisperse systems was
investigated in mixed systems of A- and B-type particles at 1:1 sto-
ichiometry. Particles interacting via pair potentials corresponding
to the two distinct stability regions located at rp ~ 1.1 and rp ~ 1.8
responded differently to the introduction of particle size bidisper-
sity, as illustrated in Fig. 4 by their terminal size ratios. The reported
terminal size ratio is the lowest size ratio at which a mixed, binary
bee structure forms across the entire condensed droplet in our
self-assembly simulations.

When a second particle size is introduced in systems interact-
ing via one-well pair potentials (at 7o ~ 1.1), the bec-type structure
forms at size ratios close to 1, but as the size ratio between A- and
B-type particles decreases below 0.95, only amorphous solids form.
State points near and below & = 1 are more robust with respect to
the size ratio between A and B, indicating that larger deviations of
the pair potential shape from a Lennard-Jones interaction lead to
lower robustness with respect to size bidispersity—assemblies are
more robust with respect to disparate particle sizes if the pair poten-
tial shape does not deviate significantly from the Lennard-Jones
pair potential. Overall, the stability of bec-formation decreases as ¢
increases, and at size ratios below the terminal size ratio, simula-
tions form well-mixed amorphous clusters. The robustness of bcc
assembly appears to be lower at high rq values in this region, if e > 1.
The mean terminal size ratio for state points sampled in the one-well
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FIG. 4. bec crystal formation in bidisperse systems of particles interacting via LIG
potentials. bcc-forming regions are denoted in gray background color. The robust-
ness of each sampled state point is indicated by its color, which encodes the
terminal size ratio of bcc formation. The black-filled circles indicate state points
that formed bce on a longer time scale than the regions outlined in gray color,®®
but which did not crystallize into bec in this study, even in monodisperse systems,
that is, s = 1. State points beyond the right border of the two-well potential region
are ringed in black, indicating that while a bcc crystal does not form at a size ratio
of 1, reentrant behavior is observed at lower size ratios s < 1.
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potential region is 0.95 with a standard deviation of 0.03. This ter-
minal size ratio corresponds to an effective terminal polydispersity
of ~0.03. This contrasts with the results seen in several computa-
tional studies of fcc-forming systems of Lennard-Jones-type par-
ticles, which showed terminal polydispersities—the degree of size
dispersity beyond which crystallization is suppressed—between 0.11
and 0.20."""

In comparison to the one-well region, particles that interact
with pair potentials from the two-well region located near ro = 1.8
appear to form bcc more robustly, with terminal size ratios generally
below 0.90 except at the left boundary of the stability region (corre-
sponding to the lowest o values in this region). The mean terminal
size ratio for state points sampled in the two-well potential region is
0.87 with a standard deviation of 0.06, corresponding to an effective
terminal polydispersity of 0.07.

Two-well state points near and below ¢ = 1 are also more robust
with respect to the size ratio between A- and B-type particles. This
aligns well with observations in systems of particles that interact
with another isotropic pair potential—the oscillating pair poten-
tial:* in the bcc stability region of the oscillating pair potential,
we observed a similar trend, where the assembly process was most
robust in systems in which the second well of the interaction poten-
tial was shallower than the first well (see supplementary material). In
addition, the self-assembly behavior of particles in the double-well
region is qualitatively very different: bcc-formation does not cease
entirely in these simulations, but instead the systems demix more
readily. This difference is evident when representative assemblies are
investigated visually.

In Fig. 5, the number of bec-type particles is plotted across vary-
ing size ratios for two representative state points, highlighting two
distinct behaviors upon the introduction of bidispersity into these
systems. Particles that interact via one-well pair potentials [Fig. 5(a)]
exhibit an abrupt breakdown of crystallinity at their terminal size
ratio: the number of bce-type particles drops steeply from ~3000 to 0.
In some cases—as shown in Fig. 5(a)—bcc-type particles reappear at
very low size ratios, at which A- and B-type particles have demixed.
Particles that interact via two-well pair potentials [Fig. 5(b)] exhibit
a more gradual decrease in crystallinity: the smoother downturn of
bee-type particles causes a drop from 3000 to 1000-1500 bcc-type
particles, which corresponds to the size ratio at which demixing
occurs.

The snapshots of representative state points from the one-well
and the two-well interaction potential regions shown in Fig. 5 are
colored both by particle type and by local structure. At high size
ratios s » 1, where systems are essentially monodisperse, both sta-
bility regions show a single grain of bec with clear faceting on the
surface of the cluster and a thin layer of surface particles.

Particles that interact via one-well pair potentials exhibit a
quicker disappearance of bcc-type order than those that interact
via two-well pair potentials. In the narrow intermediate size-range
regime, bcc still forms, but demixing starts to occur, and there is
no visible faceting on the surface of the cluster. At lower size ratios,
clusters are amorphous but still mixed; particles that interact with
single-well pair potentials begin to demix only at even lower size
ratios, for example, s = 0.7 in Fig. 5(a).

In the two-well region, shown in Fig. 5(b), the high size-ratio
regime also forms clean, faceted bcc-type crystals. In the intermedi-
ate size-ratio regime, demixing occurs progressively toward lower
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FIG. 5. Crystallinity and demixing behaviors in (a) the one-well pair potential region (state point ro = 1.1 and e = 2.5) and (b) the two-well potential region (state point
ro = 1.8 and ¢ = 2.5). At the top, the numbers of bcc-type particles at different size ratios are shown, demonstrating the breakdown behavior at particle size ratios below
s = 1. Below, assembly cross-sections of different assemblies are shown with particles colored by type (c) for the one-well pair potential state point and (d) for the two-well pair
potential state point, with A-type particles shown in gray and B-type particles in red. The same assembly cross-sections are shown with particles colored by local coordination
environment—in (e) for the one-well pair potential and in (f) for the two-well pair potential state point—with orange representing bcc, green representing cubic close-packed
(ccp or fec), red representing hexagonal close-packed (hcp), and white representing all other coordination environments (including partially coordinated surface particles).

size ratios, where bcc dominates only in regions that are rich in
B-type particles. As the degree of demixing increases, core—shell-
type arrangements are formed: the core of these assemblies is made
up of smaller B-type particles that exhibit a higher condensation
temperature, while the outer shells are made up of larger A-type par-
ticles. At low size ratios, particle types are nearly completely demixed
with the smaller particles forming a crystalline bcc-type core and the
larger particles forming an outer shell that is often disordered. Alter-
natively, this outer shell can feature adjacent grains with bcc-type or
other close-packed structures (ccp/fcc or hep).

The structural transitions between ordered and (partially) dis-
ordered, as well as mixed and demixed assemblies, can be reviewed
straightforwardly via the type-wise RDFs, as shown in Fig. 6. The
breakdown in bce crystallization is indicated by the blurring of the
location of the neighbor shells, which occurs at relatively high size
ratios for the one-well potential (ro = 1.1 state point: at s = 0.95) as
opposed to much lower size ratios for the two-well potential (ro = 1.8
state point: at s = 0.81). The B-B RDF for the two-well pair potential
shows sharp peaks across all size ratios in the B-B RDF [see Fig. 6(f)],
indicating that B-type particles continue to form bcc.

The RDFs also illustrate the increase in the A-A and A-B
nearest-neighbor distances as the size ratio decreases, while the
effective A-type particle size increases. The B-B nearest-neighbor
distance, however, differs between the systems of particles interact-
ing via one- vs two-well pair potentials: the nearest-neighbor peak

for the one-well pair potential (with ry = 1.1) at size ratio s =1 is
located at r = 1.0 and the one for the two-well pair potential (with
ro = 1.8) is located at r = 0.95 [see Figs. 6(c) and 6(f), as well as
Fig. 2]. This indicates that systems whose particle-particle inter-
actions exhibit similar first-well minima locations could form
structures with different lattice parameters, effectively behaving as
differently-sized particles, depending on their longer-range compet-
ing interactions, which here manifest as a second attractive well in
the effective pair potential.

DISCUSSION

While polydispersity is a property that has been studied exten-
sively in the field of nanoparticle synthesis, it is infrequently dis-
cussed or even reported in studies focusing on the mesoscale assem-
bly of such particles, that is, in literature on the creation of so-called
nanoparticle “superlattices.” Furthermore, studies that report val-
ues for polydispersity vary considerably both in the determining
method (small-angle X-ray scattering, transmission electron micro-
scopy, dynamic light scattering, ultracentrifuge, and so on) and in
the parameters used to represent polydispersity. Several systems
formed mesoscale assemblies of bee with reported polydispersities
between 0.025 and 0.12"7°" ***’ —measured via the polydispersity
index PDI = 04/d, defined as the ratio of the standard deviation of
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FIG. 6. Type-wise radial distribution functions (RDFs) for state points representing the (a)—(c) one-well (top) and (d)—(f) two-well pair potentials (bottom) (ro = 1.1, e = 2.5
and ro = 1.8, ¢ = 2.5, respectively), illustrating coordinations between different pairs of particle types. A-A RDFs are depicted in gray, A-B RDFs are depicted in orange, and
B-B RDFs are depicted in red. One-well pair potential RDFs: (a) A-A, (b) A-B, and (c) B-B. Two-well pair potential RDFs: (d) A-A, (e) A-B, and (f) B-B.

the particle diameter o; over the average diameter d. These reported
polydispersity values correspond to deviations in particle size consis-
tent with our bidisperse systems with size ratios between s = 0.94 and
0.79, that is, at similar values as the terminal size ratios determined
here for bec.

Self-assembly in monodisperse vs bidisperse systems

Self-assembly robustness in a one-component system does not
appear to directly translate to self-assembly robustness in the cor-
responding two-component system. Even where both components
reliably form bcc, a mixed system does not necessarily exhibit the
same ordering behavior. For instance, the state point at ¢ = 1.0 and
ro = 1.2 has a terminal particle size of 0.70 in the monodisperse sys-
tem but is more sensitive to size differences in the bidisperse system,
at a terminal size ratio of 0.90. Similarly, for many larger-size par-
ticles where bee does not form in the one-component system (with
shifted pair potentials), we observe that the presence of the smaller-
size, bec-forming particles (with unshifted pair potentials) stabilizes
the assembly of these particles in a mixed bcc-type crystal. This can
be observed, for example, for the state point at ¢ = 1.0 and ro = 1.99,
which has a terminal particle size of 0.83 in the monodisperse sys-

tem but is somewhat more robust to particle size dispersity in the
bidisperse system, with a terminal size ratio of 0.80.

The most robust region in the one-component system—below
e=1.0 and toward the right of the one-well stability region—is
less robust than the majority of the two-well state points in the
two-component system. No general trends could be found when
comparing one- vs two-component systems, highlighting the non-
trivial interactions that additional components contribute to system
stability and self-assembly pathways.

bcc crystals with different lattice parameters

The different isotropic pair potentials investigated in this study
all model particles that self-assemble bce crystals—some with one-
well and some with two-well functional forms. By mapping the
positions of these attractive minima to the pairwise distances in the
bee crystal structure, we can understand how the resulting assemblies
arise differently and how their response to particle size dispersity
varies. The first four nearest-neighbor distances in a bcc crystal (see
Fig. 2) are located at distances of approximately

2 2 /11
=d, —=d, 2-\/ =d, —d,
' V3 \/; 3
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with d denoting the nearest-neighbor distance between particles.
The bcc-forming one-well pair potentials stabilize the first and sec-
ond nearest-neighbor distances and the two-well pair potentials
stabilize both the first- and second-nearest neighbors, as well as the
third or fourth set of nearest neighbors.

The first and second nearest-neighbor distances combined
form the first coordination shell of a particle in the bec crystal
structure—with 8 + 6 = 14 nearest neighbors. The third and fourth
nearest-neighbor distances combined form the second coordina-
tion shell, which contains 12 + 24 = 36 nearest-neighbor particles.
The fact that a greater number of neighbors sit in the more dis-
tant neighbor shells could result in the substantially higher stability
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FIG. 7. Shifted LJG potentials of monodisperse assemblies, sampled at ¢ = 2.5
in the two-well potential region. (a) Shifted potentials, plotted at maximal shifts at
which bcc formation persists (terminal size ratio), (b) rescaled pair potentials with
all first minima overlapping (at r = 1.0), and (c) rescaled RDFs.
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of assemblies in the two-well potential region compared with the
one-well potential region, as seen in Fig. 4.

Because the first coordination shell of bcc is composed of
two different nearest-neighbor distances as opposed to other close-
packed structures (i.e., fcc/ccp and hep, which exhibit 12 nearest
neighbors at the same distance), either distance can potentially lie
within the first minimum of the pair potential. The shifting of the
first neighbor shell over ry suggests that the robustness of bcc forma-
tion in systems of particles that interact via two-well pair potentials
is likely due to this added flexibility with respect to how the pair
potential and the RDF of the resulting structure can align.

As the particle sizes become more disparate, the radial shift of
the pair potential corresponding to the larger particles causes the rel-
ative distance between the first and second attractive minimum to
decrease. This causes the pair potential to resemble a state point with
lower ro—with slightly narrower wells. This is further supported
by examining state points to the right of the bec stability region,
where we observe—at state points that do not form bcc at size ratio
s =1.0—that bcc is self-assembled in bidisperse systems with size
ratios just below 1 (see supplementary material). These size-shifted
particles behave effectively as particles with lower ro values (within
the bcc stability region) would.

In comparing the RDF and the interaction potential between
particles (see Fig. 7), one can observe that the nearest-neighbor dis-
tance is not located exactly at the minimum of the first potential well
of the two-well pair potential. Instead, the first- and second-nearest
neighbors straddle the first minimum of the pair potential—the
Lennard-Jones well—while the fourth nearest-neighbor distance
matches the minimum of the second—Gaussian—well. This obser-
vation suggests that stabilization of more distant neighbor shells—in
which more particles sit—is at least as important for assembly as
stabilizing immediately adjacent particles. This agrees with recent
experimental work demonstrating that increasing the electrical
double-layer thickness of colloidal silica nanospheres through acid
treatment enables their assembly into bcc crystals at low concentra-
tions.”” This motif of an increasing separation of the first and second
attractive wells both energetically and in r—by the local maximum
in the pair potential, which has its highest V() value at the largest rg
parameters [see Fig. 7(b)]—also aligns with the location of the most
stable parts of the self-assembly phase diagrams at the rightmost side
of the bcc stability regions (see Figs. 3 and 4).

CONCLUSIONS AND OUTLOOK

In our study of a large number of isotropic pair potentials
that self-assemble bcc crystals in simulation, we found that two-
well pair potentials create assemblies that are much more robust to
size dispersity—here mimicked via bidispersity—than one-well pair
potentials, exhibiting terminal size ratios of 0.95 on average for one-
well pair potentials vs 0.87 for two-well pair potentials. We posit
that this is due to the second well in the pair potential stabilizing
the nearest-neighbor distances of the second coordination shell in
the bece crystal structure, therefore inscribing the order of this simple
structure onto the next-nearest neighbor coordination.

In addition, we found that the qualitative behavior of the bcc
solid solution differs between one-well and two-well potentials. As
the particle sizes become more disparate, particles interacting via
one-well potentials experience a breakdown of crystalline order
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prior to demixing, and particles interacting via two-well potentials
demix while both components still form bcc crystals.

The terminal size ratios determined via self-assembly simula-
tions corroborate the reported polydispersities at which nanopar-
ticle assembly into ordered bcc-type structures is still observed
in experimental studies. This indicates that our approximation of
complex nanoparticle interactions in polydisperse systems with sim-
ple isotropic pair potentials in bidisperse systems in simulation is
generally valid, rendering meaningful values for terminal polydis-
persities through computational means. We have shown that simple,
chemistry-agnostic models can be used to derive meaningful semi-
quantitative conclusions about crystallization phenomena, allowing
simulations for future studies to be performed at larger scales than
chemically-specific models due to our models’ computational effi-
ciency. This approach can therefore provide predictive analysis to
guide future experimental studies of nanoparticle assemblies with
non-closest-packed structures.

We find that the effective terminal polydispersities of these bec-
forming models are on average 0.03 and 0.07 for one- and two-well
pair potential systems, both of which are distinctly smaller than the
terminal polydispersities reported for fcc-forming Lennard-Jones-
type particles. In the future, it will be interesting to investigate
whether other crystal structures can be more robust to particle size
dispersity than fec. In future work, we hope to apply the here-
presented methods to the self-assembly of other structures beyond
the simple yet ubiquitous bec crystals investigated here, in order
to make predictions about the synthesizability of more diverse and
complex structures formed by nanoparticles, en route to creating
functional soft condensed materials.

SUPPLEMENTARY MATERIAL

The supplementary material includes data on systems of par-
ticles interacting with oscillating pair potentials, a comparison of
different mixing rules, data on off-stoichiometric bidisperse systems,
parameter scans in the LJG system, plots of the unscaled RDFs,
nearest-neighbor distances in one-component systems of particles
with size-shifted interaction potentials, a comparison of the features
of the interaction potentials with the particle—particle distances in
the formed crystals, data on the variation of the crystallization tem-
perature, and data on the variation of the condensation temperature
across state points.
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