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ABSTRACT: We propose a strategy for assembling spherical
nanoparticles (NPs) into anisotropic architectures in a polymer
matrix. The approach takes advantage of the interfacial tension
between two mutually immiscible polymers forming a bilayer and
differences in the compatibility of the two polymer layers with
polymer grafts on particles to trap NPs within two-dimensional
planes parallel to the interface. The ability to precisely tune the
location of the entrapment planes via the NP grafting density,
and to trap multiple interacting particles within distinct planes,
can then be used to assemble NPs into unconventional
arrangements near the interface. We carry out molecular
dynamics simulations of polymer-grafted NPs in a polymer
bilayer to demonstrate the viability of the proposed approach in
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both trapping NPs at tunable distances from the interface and

assembling them into a variety of unusual nanostructures. We illustrate the assembly of NP clusters, such as dimers with
tunable tilt relative to the interface and trimers with tunable bending angle, as well as anisotropic macroscopic phases,
including serpentine and branched structures, ridged hexagonal monolayers, and square-ordered bilayers. We also
develop a theoretical model to predict the preferred positions and free energies of NPs trapped at or near the interface
that could help guide the design of polymer-grafted NPs for achieving target NP architectures. Overall, this work suggests
that interfacial assembly of NPs could be a promising approach for fabricating next-generation polymer nanocomposites
with potential applications in plasmonics, electronics, optics, and catalysis where precise arrangement of polymer-

embedded NPs is required for function.
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erable scientific and technological interest in the past

few decades. While many traditional applications of
such composites require the nanoparticles (NPs) to remain
well dispersed within the polymer matrix, some of the newer
proposed applications rely on higher-order organization of
NPs." For instance, by arranging plasmonic NPs into nonclose-
packed clusters and periodic arrays, one could take advantage
of the distinct plasmonic couplings between particles to create
optically active composites.”® Similarly, the organization of
magnetic, semiconducting, or mixtures of semiconducting and
plasmonic NPs into specific arrangements results in distinct
magnetic, exciton, or plasmon-exciton couplings that may be
harnessed for novel applications.”” "' Self-assembly provides a
powerful bottom-up approach for organizing NPs in a highly
parallelized fashion. However, achieving precise, complex, and
exotic assemblies of NPs in polymers is challenging. Inorganic
NPs are usually polydisperse in size and immiscible in
polymers (due to strong interparticle van der Waals

P olymer-nanoparticle composites have attracted consid-
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interactions, solvophobic surfaces, and polymer-mediated
depletion forces), which cause the particles to kinetically
agglomerate into random fractal structures.'””'* Even if the
NPs were homogeneous and their interactions were weakened
to access thermodynamically favored structures, the spherical
NPs typically used for assembly would result in close-packed
“isotropic” structures that maximize the total number of
favorable contacts between the particles.

Several strategies have been proposed to promote NP
assembly into “anisotropic” structures that go beyond the
isotropic morphologies obtained with spherical NPs. An
obvious strategy is to use shaped particles,">™"® which can
now be routinely synthesized due to advances in inorganic
synthesis methods. A related approach is to adsorb or graft
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Figure 1. Interfacial assembly of NPs into anisotropic clusters and phases. (A) Schematic of the proposed strategy: Bare NPs neutral to both
polymer layers p, and p, of a bilayer get trapped symmetrically at the interfacial plane. Grafting NPs with chains selective to p, displaces the
NP downward to a new equilibrium position. Grafts selective to p, displace the NPs upward, but by a smaller distance if the chains are
grafted at lower density. Mixtures of such NP species assemble into unusual configurations that minimize the overall free energy of the
system. A tilted NP dimer assembled in this manner is shown for illustration. (B) Simulation setup and coarse-grained model of the polymer
bilayer and polymer-grafted NPs used for demonstrating interface-mediated assembly of NPs. Throughout this study, the top and bottom
polymer layers are shown in cyan and fluorescent green, the NP cores are colored gray, and the grafts selective to the two layers are shown in

blue and green.

functional groups non-uniformly across the surface of the NPs,
resulting in “patchy” particles that interact asymmetrically with
each other.”™' Though these approaches have yielded
encouraging assembly outcomes in aqueous media, achieving
similar levels of success in polymeric media has been
challenging. A third approach involves grafting polymer chains
onto the surface of the NPs.”” In addition to improving the
polymer miscibility of the NPs, this strategy also introduces
anisotropic interactions between NPs due to “polarization” of
the distribution of grafted chain segments around NPs when
they get close to each other.””** In this manner, spherical NPs
have been assembled into anisotropic structures like sheets and
strings by simply varying the grafting density or the length of
the grafted chains.”’ Researchers have also used microphase
separation of block copolymers to trap small NPs within or at
the interface of the formed domains,” ™ providing an avenue
for spatially organizing the NPs. Other approaches involving
the use of magnetic and electric fields to align particles also
hold promise for directing NP assembly toward anisotropic
structures but have so far been a}pplied mostly to micron-sized
particles in aqueous systems.30_ ’

Here we propose a distinct strategy for assembling NPs into
anisotropic structures within a polymer matrix, as depicted
schematically in Figure 1A. Our approach is motivated by the
well-known phenomenon of colloids migrating to gas—liquid
or liquid—liquid interfaces to reduce their surface energy.’* >
We take advantage of this effect to trap NPs at the interface
between two mutually immiscible polymers forming a stable
bilayer. Thus, NPs that interact similarly with both polymer
layers would be expected to localize at the interfacial plane,
where they can occlude the largest possible area of the
interface and thereby provide the largest free energy benefit.
Consider now multiple such NPs that also exhibit strong
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attractive interactions among themselves. While this scenario
may facilitate the formation of free-floating planar sheets of
NPs, it is not particularly useful for assembling more exotic
structures. To address this shortcoming, we suggest trapping of
NPs at multiple, distinct planes parallel to the interfacial plane,
where the spacing between adjacent planes is small enough to
allow the NPs to interact, and potentially assemble, across the
planes. For instance, two NPs on opposite sides of the
interfacial plane at normal displacements smaller than the
particle radii should still be able to interact with each other to
potentially form a tilted NP dimer. To achieve control over the
normal positioning of NPs relative to the interfacial plane, we
propose grafting the NPs with polymer chains that are
preferentially miscible with one of the two polymer layers.
Selective interactions of the grafts should then provide the
necessary thermodynamic driving force to displace NPs away
from the interfacial plane, and the extent of grafting, a
controllable experimental parameter, should be able to provide
precise control over the extent of this normal displacement of
particles. In the following sections, we demonstrate using
computer simulations the ability of the proposed assembly
strategy to obtain NP architectures currently not achievable by
conventional approaches.

RESULTS AND DISCUSSION

To demonstrate and further investigate the proposed assembly
approach, we carried out molecular dynamics (MD)
simulations of polymer-grafted NPs in a polymer bilayer
formed by two mutually immiscible polymers. Since our
primary aim is to elucidate general features of the assembly
mechanism and not to model any specific system, we used a
coarse-grained (CG) model to represent the polymer chains
and NPs, which also kept computational costs reasonable
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Figure 2. Free energy profiles of polymer-grafted NPs as a function of their position from the interfacial plane. (A) AF(z) for NPs with
grafting densities I, = 0.1, 0.2, 0.3, and 0.4 chains/6” compared against that of a bare NP (l"g = 0). (B) Fluctuations in position z(t) of NPs
as a function of time ¢ captured from MD simulations of free particles in the bilayer. The five trajectories correspond to the five species of
NPs examined in (A). Dashed lines correspond to the equilibrium positions z,, obtained from the AF(z) profiles. (C) AF(z) for NPs grafted
with chains that are equally incompatible to polymer p,, but exhibit different compatibility with polymer p, (eg = 0.5, 0.75, 1, and 2¢). (D)

AF(z) for NPs grafted with chains of different lengths L, =5, 10, and 20 beads.

(Figure 1B, left). Briefly, the NP grafts and the matrix chains of
the bilayer (denoted by “g”, and “p,” and “p,”) were treated as
bead-chains®” in which polymer segments are represented by
beads, and the NP cores (denoted by “NP”) were treated as
rigid spheres. Chains of the same polymer type were
considered to be miscible, and hence their segments interacted
with each other via a potential that accounts for attractive and
excluded-volume interactions. In contrast, the two polymer
layers were considered immiscible, and hence their inter-
segmental interactions were treated using a potential that
accounts only for excluded-volume interactions. The grafts
were considered to be either partly or fully miscible with one
layer and immiscible with the other, and their interactions were
again treated using the above two kinds of potentials.
Attractive and excluded-volume potentials were also used for
modeling interactions between NP cores and between NP
cores and polymer segments. The size ¢ of polymer beads and
the strength & of attraction between like segments set the
length and energy scale of the system. This simple model
captures the essential physics of the NP-bilayer system,
including the conformational dynamics of the polymer chains,
interactions between tethered and free chains, depletion forces
exerted by the matrix, and diffusion of grafted particles in
polymers.”*** Furthermore, the potentials used for treating
miscible and immiscible interactions have been shown to yield
stable bilayers that reproduce the density profiles, surface
tension, and capillary fluctuations of fluid interfaces.”” "'
The MD simulations were performed in the canonical
ensemble at a fixed temperature of T = e/ky and a fixed
density of 0.85 beads/c, wherein the system is present in a
melt-like state. Periodic boundary conditions were imple-
mented in the x and y directions parallel to the interface and
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rigid walls were used in the normal direction z (Figure 1B,
right). A sufficiently large simulation box was chosen in the
normal and lateral directions to prevent artifacts from the
confining wall and periodic boundaries, respectively. The chain
lengths of both matrix polymers were fixed at L, = 10 beads.

The radii of the NP cores were set to Ryp = 30, unless
otherwise stated, and their surfaces were isotropically grafted
with chains; Graft lengths of L, = 5—20 beads and grafting
densities of I, = 0—0.4 chains/ 6 spanning the mushroom to

weak-brush grafting regimes were explored. The strength of
attraction &, between graft segments and those of the layer

miscible to them were varied in the range 0.5—2¢, and an
attraction of &y, = 50 was used for modeling inter-NP
interactions.

Particle Trapping at Interface. We first examined the
behavior of individual NPs in polymer bilayers to determine
how NP grafting with chains selective to one of the polymer
layers affects the interfacial location of the particles. While MD
simulations can directly provide the 3D trajectory of a NP as a
function of time t from which one could obtain its ensemble-
averaged normal position (z(t)) relative to the interfacial plane
(represented by z =0), we used an alternative, more
informative route to determining the preferred positions of
the NPs. Specifically, we used simulations to compute the free
energy (potential of mean force) AF(z) of the NP-polymer
system as a function of particle displacement z from the
interfacial plane; the delta symbol is meant to emphasize that
this free energy is obtained relative to the free energy of the
reference system in which the NP is located far from the
interface, in the bulk of the polymer layer miscible with the NP
grafts. The location of the global minimum in AF(z), denoted
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by z,,, should then provide us the most energetically favorable
(equilibrium) position of the NP. In addition to equilibrium
positions, this free-energy-computation route reveals the
energetic basis of particle trapping not possible to obtain
from NP trajectories alone and also enables quantitative
comparison with the theoretical model of NP trapping
developed further below.

To study the effect of grafting, we computed AF(z) for NPs
of radii Ryp = 30 grafted with chains of length L, = S beads

that are miscible with one polymer layer (p,) and immiscible
with the other (p,). For convenience, we chose the grafts to be
chemically identical to p, chains (i.e., & = £). We examined

NPs with four different grafting densities Fg in the range 0.1 to

0.4 chains/c* For comparison, we also computed AF(z) for a
bare NP. Figure 2A presents these computed free energy
profiles, all of which exhibit a parabolic dependence on z and
contain a single minimum. These minima, representing
equilibrium positions z,, of particles, shift away from the
interfacial plane and toward the layer compatible with the
grafts, with increasing grafting density. Compared to the bare
NP that prefers to reside at the interfacial plane (z,, = 0), the
NP with the largest grafting density I, considered here gets

displaced by a distance (z,, & —3.250) almost as large as the
NP radius. The equilibrium positions z,, obtained from the
free energy profiles agree well with the average positions (z(t))
obtained from simulations of freely mobile NPs (Figure 2B).
Note that even though z_, reports the most favorable position
while (z(t)) reports the ensemble-averaged position, the two
quantities are expected to be similar for systems exhibiting a
deep and symmetric energy well at the minimum, as observed
for our NPs.

The bare NP’s preference for the interfacial plane is
obviously due to the particle occluding the largest possible
area of the interface at this position, which leads to the largest
reduction in the interfacial free energy. The free energy gain of
AF(z,) ~ —100k,T indicates very strong trapping of the NPs;
larger particles, in the colloidal range, have been reported to
exhibit even stronger trapping.””*>** For the grafted NPs, even
though their displacement away from the interface reduces the
interfacial area occluded by the particle, the resulting increase
in the interfacial free energy is more than compensated by
favorable interactions between NP grafts and surrounding
matrix that are gained as a result of the displacement. This gain
arises from both the increase in favorable interactions of the
grafts with the polymer layer compatible with them and the
decrease in unfavorable interactions of the grafts with the
incompatible layer. The higher the grafting density, the higher
the gain in favorable graft-matrix interactions, and the more the
particle displaces from the interfacial plane. At sufficiently high
grafting density (Fg 2 0.4), the free energy gain arising from
these favorable graft-matrix interactions overwhelms the gain
in free energy arising from interface occlusion, causing the NPs
to completely detach from the interface and move into the bulk
of the polymer layer compatible with the grafts.

We also studied the effects of two additional parameters
related to the grafts: the extent of their miscibility with the
compatible polymer layer as quantified by the interaction
strength &, and their length L. Figure 2C shows the AF(z)

profiles computed for grafted NPs with ¢, in the range 0.5 to
2¢, keeping other grafting parameters fixed (Lg = § beads and
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I, =02 chains/6®). The free energy profiles retain the

characteristic parabolic shape obtained earlier, and the
equilibrium position shifts away from the interface with
increasing magnitude of ¢, until the NPs completely detach
from the interface and go into the bulk phase at & 2 1.5.

Figure 2D shows the free energy profiles obtained for varying
graft lengths between L, = S and 20 beads with fixed I, = 0.2

chains/c? and g = €. In contrast to the trends obtained with
varying Fg or &, the equilibrium positions surprisingly show
little to no change with increasing magnitude of L,. A likely

source for this insensitivity is the flexibility of the grafts that
allows the longer grafts facing the incompatible polymer layer
to bend “backwards” to avoid unfavorable interactions with
this layer and maximize favorable interactions with the
compatible layer (Figure S1). This effect apparently allows
the NPs to maintain the same amount of favorable graft-matrix
interactions (interactions with miscible layer minus those with
immiscible layer) regardless of the graft length. Interestingly,
NPs with long grafts (especially those with L, = 20 beads)

lead to a shallow energy barrier as the particle approaches the
interface from the side of the compatible polymer layer
(—6.56 < z < —4.506) that also likely arises from this
backward bending of grafts, which leads to some loss of their
conformational entropy.

The above results demonstrate that NPs grafted with chains
selective to one of the layers of a polymer bilayer provides a
viable approach for trapping NPs at normal positions located
roughly within a radius of the particle on either side of the
interface (lz|< Ryp). We also illustrated that the equilibrium
displacement z_ of the NPs from the interface can be
effectively tuned by modulating the surface density of the grafts
or the difference in their compatibility with the two polymer
layers, though the former perhaps offers the best control and
range from an experimental standpoint. Hence, in the
remainder of this work, we use the grafting density as our
“knob” (keeping the length and miscibility of the grafts fixed at
L,="5and ¢ = €) to tune the positions, and thereby the

interactions between polymer-grafted NPs at polymer—
polymer interfaces.

Theoretical Model of Trapping. The free energy profiles
and equilibrium positions computed from simulations can be
described by a simple model, enabling quantitative prediction
and explanation of the observed effects of NP grafting. To
obtain this model, we considered the migration of a NP from
the bulk region of the polymer layer compatible with its grafts
(say p;) to a distance z from the interfacial plane where the NP
intersects it (Figure 3A). The free energy change associated
with this migration is made up of two contributions:
AF(z) = AE,(z) + AE4(z). The first term given by

AE

int =

—y __ A, __ (z) < 0 represents the gain in free energy
p—p, Pi7Ph,

due to the NP occluding part of the interface, where Yy _p I8 its
1 2

surface tension and AP -
1 2

NP. The second term AE, ¢ = Ay’g_PAg_Pz(z) > 0 represents

is its circular area occluded by the

the loss in free energy caused by the replacement of part of the
favorable interactions of the grafts with the compatible chains
of layer p, for unfavorable interactions with incompatible
chains of layer p, across the interface, where Ay’, . is the

difference in the surface energies of the grafts interacting with
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Figure 3. Free energy model for NP trapping at interfaces. (A)
Schematic showing the two main contributions to the free energy
in this model: loss in interfacial surface energy proportional to the
circular cross-sectional area APl‘Pz occluded by the polymer-
grafted NP, and gain in the surface energy of the grafts with the
surrounding polymer matrix proportional to the area Ag_PZ of the

spherical cap contacting the incompatible polymer p,. (B) Model
fits (solid lines) to the free energy profiles computed from
simulations (symbols) for bare NPs and NPs grafted with chains at
the four grafting densities shown in Figure 2A.

the two layers and Agp I the area of the spherical cap of

grafts in contact with layer p,. The prime symbol is used for
differentiating such energies from the surface tension tradi-
tionally applied to interfaces formed between free polymer
chains. By writing down the two area terms in terms of
effective radii R’ > Ryp of NPs that includes the graft
contribution, we arrive at the following expression for the
free energy change we seek (see Supporting Information and
the associated Figures S2 and S3 for complete derivation):

0 z < —R’

22 oy , /
AF(z) = —z(R* — z )yPr Lt 27R'(R' + 2)Ay',_, 1ol <R

P.

2N '
47R"AY' z>R

(1)

The above expression yields a quadratic dependence of AF
in position z, explaining the parabolic shapes of the computed
free energy profiles in Figure 2A. The equilibrium position of
the NPs may be obtained via 0AF/dzl, =0, yielding

Z, = —(A;/’g_p/}/P . JR’. This result suggests that the NPs
1 2
prefer to stay at the interfacial plane when they are equally
selective to both polymer layers (Ay’,_, =0), and get
increasingly displaced from this position with increasing
difference in the compatibility of the NP with the two layers
(increasing A}/’g_P), predictions consistent with our simu-
lations. The model also predicts that no minimum exists for
Ay’g_P > Yop when the NPs become too selective for one of
1 2
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the layers and prefer to remain fully immersed in it. The
relative stability of the NP to reside at locations intersecting
the interfacial plane, as compared to the bulk, is given by

AF(z,) =—7zR’2(}/P1_PZ— A;//g_P)Z/ypl_Pz. Thus, the NPs

that exhibit the highest interfacial stability are those that are
neutral to both polymer layers Ay’,_, =0 and thereby

position themselves at the interfacial plane to occlude the
largest possible area of the interface without sacrificing any
favorable graft-matrix interactions. The stability decreases as
the NP-matrix interactions become more asymmetric (
Ay # 0), and the NPs get increasingly displaced away

from the interfacial plane. Another consequence of the
quadratic nature of this model is its curvature

k = 0*°AF/dz* = 27ryP . that, interestingly, depends only on

properties of the bilayer (its interfacial tension) and not of the
grafted NPs (e.g., their size or interactions). This result also
implies that the NPs trapped at the interface should exhibit
similar fluctuations 6z in their normal position irrespective of

NP size or interactions, given that 6z ~ \/kzT/k. Indeed, the

computed free-energy profiles for the various NPs explored
here appear to display similar curvatures (Figure 2A,C,D), and
the trapped NPs appear to exhibit similar extents of
fluctuations irrespective of their grafting density (Figure 2B).
Our model is thus able to qualitatively explain all observed
trends in the computed free energy profiles.

We also investigated the ability of our model to quantitatively
fit the free energy profiles computed from simulations by
setting R" = 4.95¢ and using the unknown Yoos, and Ay’,_ as

adjustable parameters. Since the bilayer was kept the same
across all systems, Yy _p D the model was kept unchanged
1 2

across all profiles during the fitting procedure. However,
Ay'y_,, which is expected to vary with the grafting density, was

adjusted independently for each profile. Figure 3B shows
model fits obtained for the bare NP and the grafted NPs at the
four grafting densities simulated here. We find that the model
does an excellent job in fitting all profiles. There are slight
discrepancies at z < —R’ where our model enforces AF to
instantly flatten out as the NPs no longer contact the interface,
whereas the computed profiles indicate a more longer-ranged
effect of the interface, albeit weak, that extends to distances as
large as ~60. This effect could arise from multiple factors not
accounted in this model, including capillary fluctuations of the
interface and stretching of NP grafts or the deformation of the
interface to remain in mutual contact, as depicted in Figure S4.
The model also does an excellent job in predicting the
equilibrium positions of the NPs for both the bare and grafted
NPs (Figure SSa). In addition, the fitted value of Yo -,

compares favorably to surface tensions estimated from theory
and those measured experimentally, and the fitted values of
Ay'q_, also seem physically reasonable (see Supporting

Information and Figure SSb).

Assembly of Interfacial Clusters. Having demonstrated
how a polymer bilayer could be used to trap polymer-grafted
NPs in 2D planes parallel to the interface and how the NP
grafting density could be used to control the position of these
NP traps, we next investigated how the interactions between
multiple such NPs trapped within different planes could be
harnessed to assemble NPs into unconventional configurations.
We began by probing the assembly of two “anti-symmetric”

DOI: 10.1021/acsnano.8b08733
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polymer-grafted NPs identical in all aspects except that they are
grafted with chains compatible with opposite layers of the
bilayer. Based on our earlier results, we anticipated that the two
NPs would partition into opposite sides of the interfacial plane
while still intersecting partly with it, thereby allowing for
interactions between the NPs across the interface. To examine
how these interactions manifest into assembly, we simulated
the dynamics of two such NPs within a bilayer, starting from a
well separated configuration of NPs, where they were present
in their respective layers at distances z = +Ryp sufficiently far
from the interface but well within the influence of the
interfacial trap. As earlier, we studied NPs of size Ryp = 30
grafted with chains of length L, = S beads at four different
grafting densities in the range I = 0.1 to 0.4 chains/ o* with
bare NPs as control. In each simulation, one NP had grafts
chemically identical to the chains of layer p, with attraction
strength £, = ¢, and the other to p,, also with ¢, = ¢.

Our simulations show that the bare NPs assembled into a
stable dimer whose axis is oriented horizontally, parallel to the
interface (Figure 4A). The assembly was found to occur via

A Eas0 B REn
0~0° 6~30°
Cissiilias0 DEssEy=0i3
8=55° 8~80°

Figure 4. NP dimers with a tunable tilt relative to the interface
assembled from antisymmetric polymer-grafted NPs. Representa-
tive configurations taken from simulations illustrate how dimers
become increasingly tilted with increasing grafting density,
exhibiting average tilt angles of (A) @ ~ 0° for bare NPs, (B) 0
~ 30° for I; = 0.1 chains/6?, (C) 0 ~ 55° for Fg = 0.2 chains/c6?,
and (D) 0 ~ 80° for I,=03 chains/6*. Dimer axes are shown as
dashed lines.

two pathways: The two NPs diffused and migrated to their
preferred location, the interfacial plane, before colliding with
each other to form a horizonally aligned dimer; or the NPs
collided and stuck to each other before reaching the interface
to yield a tilted dimer, which eventually rotated into the
preferred horizontal orientation. The grafted NPs of low to
medium grafting densities (I, = 0.1-0.3 chains/c”) also
exhibited similar assembly dynamics, except that they
partitioned to their off-centered locations above and below
the interface, and yielded stable NP dimers whose center of
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masses remain at interfacial plane (z,,,, & 0) but whose axes

display a visible tilt relative to the interface (Figure 4B—D).
Interestingly, the tilt angle increases with increasing grafting
density. This effect results from the NP cores attempting to
maintain contact with each other (as a result of strong but
short-range attraction between them) without sacrificing the
free energy gained from the interface. Due to this geometric
constraint, the tilt angle 6 can be easily predicted as
6 = sin~'(Iz,,|/Ryp), where lz,,| is the equilibrium distance of
either NP from the interfacial plane in isolation. Comparison
of the predicted tilt angles with those measured directly from
simulations reveals good agreement between the two sets of
angles (Figure S6), confirming that NPs indeed prefer to stay
within their interfacial traps z;, largely unhindered by the
presence of the other particle. At sufficiently high grafting
densities (Fg = 0.4 chains/c”), the NPs stay relatively far from

the interface, and even when the two NPs collide with each
other, they are unable to form a stable dimer, arguably due to
strong steric repulsion between their grafts. Thus, interfacial
trapping of NPs could indeed be used to assemble
antisymmetric dimers of NPs, and moreover tune their
orientation with respect to the interface. It should be
straightforward to extend these results to asymmetric dimers,
where the two NPs have different sizes or grafting densities. In
both cases, the particles will prefer to reside at different
absolute distances Iz, || # |z, ,| from the interface, resulting in

dimers that are overall shifted from the interfacial plane (zcop
# 0) and exhibit a tilt angle 6 = sin™' [(lz,, )| + lz,,!)/ (Ryp,s +
Ryp,)], where Ryp; and Ryp, are the core radii of the two
NPs.

The NP-trapping approach could also be used to assemble
larger anisotropic clusters encompassing more than two species
of NPs. As demonstration, we attempted to assemble open NP
trimers with a tunable “bending” angle, defined as the angle ¢
subtended by the two terminal NPs about the middle NP.
Clearly, such configurations cannot be achieved using bare
NPs, which would simply assemble into closed triangles, both in
the bulk phase and at an interface. To this end, we proposed
grafting the three NPs with distinct types and/or numbers of
chains to trap them at different distances from the interfacial
plane in such a way that the two terminal NPs cannot contact
and stick to each other (Figure SA). Specifically, we trapped
the middle NP (labeled “NP2” in the figure) at the interface by
leaving the particle bare or grafting it with chains neutral to
both polymer layers. The other two NPs (labeled “NP1” and
“NP3”) were trapped on either sides of the interface by
grafting them with chains selective to opposite polymer layers.
To achieve the widest possible range of @, one of these
terminal NPs (NP1, say) was densely grafted to push it as far
as possible into the bulk polymer phase without completely
detaching from the interface, and the middle NP was kept
sufficiently small so that it contacted NP1 in a perpendicular
orientation. The other terminal NP (NP3) whose relative
orientation with respect to NP2 could be modulated via its
grafting density should then provide us a “knob” for tuning ¢.

To test this strategy, we performed simulations of
appropriately chosen polymer-grafted NPs in the bilayer. We
used Ryp = 30 particles for the terminal NPs and graft lengths
of Lg = 5 beads on all three NPs, as in the dimer simulations.

As proposed, NP1 was densely grafted with chains miscible to
p1- We found that I, = 0.52 chains/c* pushed NP1 to z =~ So,
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Figure S. NP trimers with open and tunable bending angle assembled at the polymer interface. (A) Schematic of the strategy used for
assembling such trimers involving three NPs (NP1, NP2, and NP3) grafted with different kinds of chains (see text for more details). (B)
Bending angles ¢(t) obtained as a function of time ¢ from simulations of trimer systems differing in the grafting density on NP3 (as
specified), but fixed grafting densities on NP1 and NP2, respectively. (C—E) Representative configurations of these trimers captured from
simulations with @ ~ 117° (C), ¢ ~ 136° (D), and @ ~ 166° (E) obtained using grafting densities of 0.04, 0.13, and 0.22 chains/6* on NP3
(insets show NP configurations more clearly without their grafts). (F) Representative configuration of a closed trimer with ¢ ~ 73° obtained

from bare NPs (inset shows top view for better visualization).

a position where its grafts barely touch the interface. NP2 was
chosen to have a smaller size of Ryp = 2 so that it could bind
to NP1 in a vertical orientation without sacrificing its
equilibrium position (z,, ~ 0). While a bare particle could
also yield this desired position and contact orientation, we
chose to graft NP2 with neutral chains at a moderate grafting
density of 0.32 chains/ & given that grafting offers the
additional benefit of stability against potential aggregation of
NPs. While this is not an issue when studying isolated clusters,
nonspecific aggregation of NPs could become problematic
when examining the assembly of larger numbers of clusters at
high concentrations. Lastly, NP3 was grafted with chains
miscible to p,, and its grafting density was varied between 0.04
and 0.3 chains/6” to modulate the trapped position of NP3,
and thereby modulate ¢. As before, we used &, = ¢ to treat all

miscible interactions of NP1 grafts with p,, NP2 grafts with p,
and p,, and NP3 grafts with p,. All simulations were initiated
from a dispersed configuration of NPs.

Figure SB shows the results of these simulations in terms of
the bending angle ¢(t) measured as a function of simulation
time t for each successfully formed trimer post-assembly.
Representative snapshots of several of these trimer config-
urations as captured from the simulations are provided in
Figure SC—E. Our results confirm the assembly of open
trimers with the “bond” between NP1 and NP2 oriented
vertically with respect to the interface, consistent with our
design strategy. Equally important, the results confirm that the
grafting density on NP3 could indeed be used to modulate the
bending angle of the trimers. In particular, the lowest grafting
density examined here yielded bending angles close to 115°,
and increasing the grafting density gradually pushed NP3 away
from the interface, yielding larger trimer angles. In this manner,
we were able to achieve trimer bending angles between 115°
and 180°. Also evident from Figure SB is the absence of
bending angle data for systems in which NP3 was grafted with
I, > 0.22 chains/ . Though these systems were able to yield

stable dimers of NP1 and NP2, the densely grafted NP3 was

4117

unable to bind sufficiently strongly to NP2 due to the
combined effect of NP3 residing too far from the interface as a
result of the strong grafting and NP2 being pulled away from
the interface due to NP1. Finally, to confirm that bare NPs,
even at interfaces, are unable to yield such open trimer
configurations, we simulated the above NPs without any grafts.
As anticipated, the three bare NPs migrated to the interface
and assembled into a horizontally aligned trimer with a closed
angle of approximately 73° (Figure SF). Note that the smaller
size of the middle NP compared to the end NPs makes
@ > 60°.

Assembly of Interfacial Phases. Consider the small
clusters of interfacial NPs assembled above. While clusters of
densely grafted NPs are likely stable against further association
with other NPs and clusters due to steric repulsion from their
grafts, clusters of weakly grafted or bare NPs might continue to
assemble if additional NPs were available. We sought to
investigate the kind of macroscopic structures (phases) such
NPs formed. A single species of NPs would be expected to
assemble into a hexagonally packed monolayer (assuming
sufficiently high surface tension and negligible or weak
multibody interactions between bare or weakly grafted
NPs****), and depending on the preferred positions z,, of its
NPs, the monolayer will form at the interfacial plane or offset
from it. However, the assembly outcome is less straightforward
for multiple NP species, where the different NP species prefer
to reside in distinct planes parallel to the interfacial plane.
Here, the NPs would be expected to compete for their favorite
locations at or displaced from the interfacial plane, while the
system as a whole attempts to also maximize the net number of
favorable contacts between the NPs.

To illustrate how this interplay between interfacial and
interparticle forces leads to atypical assembly structures, we
considered a binary system composed of equal numbers of the
two antisymmetric NP species studied earlier in the context of
tilted dimers. The two NP types prefer to occupy positions
within 2D planes on opposites sides of the interface with an
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interplanar distance Ad = 2lz_| that can be tuned via the
grafting density from a value of 0 to a value as large as 2R/, the
effective diameter of the NPs. The two layers of NPs are
therefore expected to interact with each other, especially for
weakly grafted NPs where Ad is small, raising the possibility of
forming interdigitated bilayered structures. In this work, we
simulated the assembly behavior of N = 12 such NPs (6
particles of each species) with I, in the range 0.05 to 0.3

chains/c* The grafting densities were kept small enough to
promote interactions between NPs across the interface and to
also allow NPs to stick to each other, and the particle numbers
were kept large enough to enable extrapolation of the resulting
finite-sized structures to macroscopic phases. For comparison,
we also simulated the assembly of 12 bare NPs in a bulk
polymer and in a polymer bilayer.

Simulations of bare NPs showed that in the bulk they
assembled into the expected close-packed structure resembling
a truncated triangular dipyramid**** (Figure 6A), while in the

A B

Figure 6. Higher-order structures of polymer-grafted NPs
assembled at the interface of a polymer bilayer compared against
those assembled using bare NPs. (A) Truncated triangular
dipyramid obtained from bare NPs in a bulk polymer. (B)
Hexagonal monolayer obtained from bare NPs in a bilayer
interface. Red dashed lines show the underlying hexagonal
packing. (C) Hexagonally ordered ridged monolayer obtained
from grafted NPs (Iﬁg = 0.05 chains/o‘”) in a bilayer. Black and
yellow dashed lines indicate NPs located above and below the
interface. (D) Squared-ordered bilayer obtained with grafted NPs
Iy =101 chains/6*) in a bilayer. Red dashed lines emphasize
square packing. Insets show structures from a view parallel to the
interface.

bilayer the NPs formed the e)ipected interface-trapped
hexagonally arranged monolayer®® (Figure 6B). In the
N — oo limit, the bulk structure should morph into a
hexagonal- or cubic-close-packed lattice, and the interfacial
structure should continue growing into an infinite planar sheet
with hexagonally arranged particles. In both these structures, as
well as all ensuing structures, the interparticle spacings are
consistent with the minimum of the NP-NP interaction
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potential given by 2Ry, + (2° — 1)6 ~ 6.120, which we
denote by R*.

Compared to these known structures, the symmetric grafted
NPs assembled into unconventional structures in the bilayer.
The NPs with the smallest grafting density of 0.05 chains/c*
assembled into a hexagonally arranged ridged monolayer
comprised of alternating lines of NPs positioned ~1.2¢ above
and below the interface (Figure 6C). These undulations
obviously arise from the two species of NPs attempting to
retain their preferred positions of z,, & +0.90 on either side of
the interfacial plane, as predicted for isolated NPs from eqs 2
and 6. As these NPs prefer to remain close to the interface, the
NPs would have to sacrifice a larger amount of interfacial free
energy to stretch apart to form a bilayer than the energy they
would gain from the additional NP contacts provided by such a
bilayer. Consequently, the NPs prefer to form a monolayer,
albeit an undulating one, that exhibits a smaller number of
favorable contacts, but occludes a large area of the unfavorable
interface.

The NPs with slightly denser grafts (I, = 0.1 chains/c?)

form an interdigitated bilayer displaying a square arrangement
of NPs in each layer (Figure 6D). Due to their stronger
grafting, these NPs would individually prefer to reside farther
from the interfacial plane (z,, ~ +1.40 from eq 1). In the
bilayer, these NPs are located roughly +2.166 from the
interfacial plane, indicating that the NPs get displaced by a
small distance (2.166 — 1.40 = 0.766) from their preferred
positions. Hence, the formation of a bilayer from such NPs
leads to only a small sacrifice in the interfacial free energy,
which is easily compensated by the interparticle interaction
energy gained by the formation of the bilayer (8 contacts per
NP in the bilayer versus 6 in the monolayer). A similar
reasoning can be used to explain why the NPs prefer to form a
square bilayer as opposed to a hexagonal bilayer that one might
naively expect. Based on geometrical arguments (see Figure
S7), the two NP layers of a close-packed hexagonal bilayer

would be located at a distance iR*/\/g ~ +2.56 from the
interface and each NP would exhibit 9 contacts (6 within the
layer and 3 in the other layer). Thus, the formation of a
hexagonal bilayer, as opposed to a square one, would require
larger displacements (2.56 — 1.46 = 1.16 vs 0.760) of the
NPs from their preferred positions, while gaining only a single
additional contact (9 vs 8 contacts). To rule out the distinct
possibility that the square arrangement arose from any intrinsic
tendency of NPs in each layer to form a square pattern (e.g.,
due to multibody effects arising from the grafts), we performed
simulations of the same system, but containing only one of the
NP species. Our results show that each NP species, on its own,
prefers to form a hexagonal monolayer (Figure S8), confirming
that it is indeed interlayer interactions that are responsible for
the formation of the square bilayer, which sacrifices much less
interfacial free energy than a bilayer that had retained the
hexagonal arrangement of the monolayers. Interestingly,
simulations of systems with fewer NPs of one of the two
species also reveal partial to perfect square arrangement of the
NPs of the other species (Figure S9).

Higher grafting densities of 0.15 and 0.2 chains/ o2 allowed
the top and bottom layers of NPs to retain hexagonal order,
but interestingly did not lead to the close-packed, hexagonal
bilayer configuration depicted in Figure S7 that maximizes the
number of NP-NP contacts across the interface. Instead, the
two NP layers stretched apart, shifted, and rotated relative to
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each other (Figure S10a,b), while remaining stably bound to
one another. These deviations, which increase in going from
Fg = 0.15 to 0.2 chains/ 02, obviously arise from the stronger

steric repulsion that the two NP layers experience due to the
NP grafts, which are now present at a higher density. The
separation, shift, and rotation of the NP layers helps alleviate
some of this repulsion by creating larger voids for the grafts in
between the two layers and also freeing up grafts on some of
the exposed NPs at the monolayer corners. Whether the two
layers remain bound for N — oo and retain the same
orientation obtained here, and whether fine-tuning of the
grafting density within the 0.1—0.15 chains/c* range not
considered here yields the ideal close-packed hexagonal bilayer
remain open questions. Lastly, at even higher grafting densities
of 0.3 chains/c?, the steric repulsion between the NPs becomes
so large that they are unable to even form ordered monolayers,
resulting in significantly open and irregular structures (Figure
S10c).

Lastly, we explored the potential of our approach to also
assemble quasi-1D structures, in addition to the small clusters
and quasi-2D phases demonstrated above. One strategy for
promoting the formation of linear structures is through the use
of NPs grafted with chains at intermediate densities, where the
steric repulsion between the grafts is small enough to allow
assembly along one lateral direction, but large enough to
prevent assembly along both lateral directions. Specifically, the
expulsion of grafts from in between two bound NPs leads to an
anisotropic distribution of graft segments around the dimer,
causing a third approaching NP to feel stronger steric repulsion
at the contact region of the dimer as opposed to its poles.
Thus, the dimer becomes more susceptible to further assembly
through its poles (longitudinal axis) rather than near the
contact region (perpendicular directions).””** Such multibody
interactions have indeed been proposed to lead to string-like
NP aggregates in bulk polymers and has the potential to lead
to interesting structures at interfaces.

Figure 7 provides two examples of quasi-linear structures
created via this strategy. The first structure, exhibiting a
“serpentine” morphology (Figure 7A), was obtained from
further assembly of the four tilted NP dimers with I, = 0.3

chains/c* reported in Figure 4D, but in a bilayer of shorter
matrix chains (L, = S beads) to promote stronger multibody
effects.”® While the mechanism for the formation of the
serpentine morphology is not fully known, it likely arises from
the strong steric repulsion between grafts that prevents two
dimers from simultaneously forming two contacts with each
other and assembling into a 2D bilayer. However, the repulsion
is apparently weak enough to allow the dimers to form a single
contact (though one of their NPs) resulting in a “chain” of
tilted dimers connected by single bonds. The linear
morphology of this chain as well as the alternating nature of
these bonds going back and forth between the two layers also
likely arise from steric repulsion that pushes neighboring
dimers into orientations that maximize the separation distance
between the two noncontacting NPs. The second structure,
exhibiting a “branched” morphology (Figure 7B), was achieved
through the assembly of four open trimers composed of same
three species of NPs used for assembling the trimers in Figure
SC-E, except that the two end NPs had much smaller grafting
densities (Fg = 0.1 chains/6*), causing them to adopt

positions slightly above and below the interfacial plane. This
effect together with strong steric repulsion between end NPs
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Figure 7. Quasi-linear structures of polymer-grafted NPs
assembled at the interface of a bilayer: (A) Serpentine structure
obtained from two antisymmetric species of NPs grafted at
I,=03 chains/6* in a bilayer of short matrix chains. (B)
Branched structure obtained from the assembly of three species
of NPs where the two end NPs are antisymmetric and grafted at
I,=01 chains/6*. Top and bottom panels show the top and side
view, and insets show structures without grafts for better
visualization of NP arrangement.

that pushes them apart likely led the trimers to adopt the
highly obtuse configuration observed in the figure. Interest-
ingly, because the two end NPs of the trimer remain close to
the interface, neighboring trimers could bind to each other in
two ways: via end NPs in the same layer or via those on
opposite layers. The former type of contact seems to permit
interactions between two trimers, leading to the linear
branches in the structure, while the latter apparently permits
interactions between more than two trimers, leading to the
branched node in the structure.

CONCLUSIONS

This study proposes and demonstrates through coarse-grained
MD simulations an approach for assembling spherical NPs into
anisotropic structures within a polymer matrix. The approach
relies on two key ingredients—a polymer-polymer interface
and polymer grafting of NPs—to break the underlying
symmetry of an otherwise isotropic system of interacting
particles. The polymer interface serves to introduce a finite-
range, 1D harmonic field into the polymer matrix (first term in
eq 1) that, independently, would trap NPs at the interfacial
plane. The grafts, when selective to one of the polymer layers,
serve to introduce a linear field (second term in eq 1), also of
finite range, that displaces the harmonic trap away from the
interface, the extent of which can be precisely controlled by the
NP grafting density. The ability to trap multiple species of NPs
differing in graft selectivity and/or graft density at distinct
planes from the interface can then be used to assemble NPs
into unusual and tunable structures that go beyond the
isotropic, maximally close-packed assemblies nominally
obtained in the bulk or at interfaces. To illustrate the potential
of this approach, we demonstrated the assembly of small
clusters, such as tilted dimers and open trimers with tunable
orientations and bending angles, as well as quasi-1D and 2D
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phases, including serpentine and branched structures, hexag-
onally arranged ridged monolayers, and square-packed
interdigitated bilayers. We introduced a simple analytical
model to provide rapid predictions of the free energies and
equilibrium positions of NPs based on experimentally
accessible parameters. Such a model should provide useful
guidance on trapping individual NPs at desired distances from
the interface. Furthermore, this model, along with one for NP-
NP interaction energies, could be input into an energy-
minimization algorithm to provide useful structure predictions
on NP clusters and extended phases.

The ability of this approach to yield NP clusters with specific
orientations or open configurations would be especially
attractive for plasmonics. In this case, the NP cores could be
made of a plasmonically active metal like Ag or Au, and the NP
clusters could be engineered via polymer grafting to be stable
against further assembly and exhibit nanoscopic gaps between
neighboring NPs. The most obvious benefit would be the
potentially unexpected plasmonic resonances that might
emerge from such atypical noncontacting particle arrange-
ments, with the additional possibility of unusual effects arising
from clusters residing at the interface of two polymeric media
with potentially different dielectric properties.”*” Furthermore,
the ability of the proposed approach to tune NP configuration
could enable systematic studies of structure—property relation-
ships. Similarly assembled atypical clusters and phases of
magnetic and semiconducting NPs would enable researchers to
take advantage of the peculiar magnetic and exciton couplings
that may emerge from such particle arrangements.’ Other
potential applications exist in the fields of solid-state catalysis,
where catalytic NPs facilitating distinct reactions may be
spatially organized into clusters to drive multistage reactions.*®

The proposed approach and results presented here provide
various avenues for future studies. First of all, the higher-order
structures demonstrated here likely constitute only a small
subset of architectures conceivable by this approach. For
instance, we examined only the simplest possible scenario of
two antisymmetric species of NPs to assemble quasi-2D
structures, and again two or three closely related NP species to
assemble quasi-1D structures. We envision that using differ-
ently sized or grafted NPs and additional species of NPs has
the potential to create a vast array of exotic and interesting
macroscopic phases. Similarly, it may be possible to assemble
larger and more complex NP clusters (than the dimers and
trimers demonstrated here) using a wider choice of polymer-
grafted NP species. Second, the approach has so far been
applied to spherical NPs in polymeric interfaces, but could be
easily extended to other kinds of interfaces, such as those
formed between oil and water, and to aspherical NPs. In the
latter scenario, we envision the interfacial forces to modulate
not only the position of the NPs but also their orientation.
Third, the quantitative model developed here for predicting
equilibrium position of NPs could be further improved by
accounting for the deformation of polymer grafts and the
interface, which become severe when the NPs are located near
the interface in the polymer layer incompatible with the grafts.
Fourth, it would be instructive to study the translational and
rotational dynamics of NPs and their clusters trapped at or
near interfaces, which are expected to differ substationally from
their dynamics in the bulk. Another topic that demands further
examination is the role of multibody effects in the interfacial
assembly of higher-order structures. These effects were
cursorily used in this study to demonstrate assembly of

quasi-linear structures, but its full potential in particle assembly
at interfaces remains to be explored. Finally, the proposed
assembly approach would need to be experimentally validated.
Indeed, experiments have already successfully demonstrated
the ability to prepare stable polymer bilayers from mutually
immiscible polymers and to preferentially capture NPs within
one of the layers.*’ Future experiments on the entrapment and
assembly of multiple species of NPs in such bilayers should
reveal the possibilities and caveats of this interface-mediated
NP assembly approach.

METHODS
Coarse-Grained Model. The grafted and matrix polymer chains,

denoted by “g” and “p,” and “p,”, were treated as Kremer—Grest
bead-chains,®” in which polymer segments, typically a few monomers
long, are represented by beads of size ¢ and mass m. The chain
lengths of both matrix polymers were fixed at L, = 10 segments
(beads). The length of the grafts were varied in the range L, =5-20
segments, that is, from half to twice as long as the matrix chains. The
NP cores were treated as rigid spheres of radius Ry, = 30 and mass
myp = 216m (unless otherwise stated) with uniformly distributed
grafting points across their surface. We explored grafting densities in
the range Fg =0 (bare NPs) to 0.4 chains/c* (unless otherwise
stated). Calculations based on unperturbed radii of gyration R: of
grafts (i.e., in the free state not attached to the NPs) yielded fractional
surface coverages IﬂgR;k % of 0.1—1.85, indicating that we explored a
range of grafting regimes, from mushroom to weak-brush regimes.
Adjacent beads along the chain representing bonded segments were
connected to each other using a combination of a finitely extensible

nonlinear elastic (FENE) spring and a Weeks—Chandler—Anderson
(WCA) potential:>

Up = Upene + Uwca ()

where the FENE potential ensures that the bonds between segments
do not stretch beyond a given separation distance of R, = 1.50 and is

given by

2
Uppni(75 &, Ry) = —SRgln 1- (L]
0

(3)
where r is the distance between the bonded segments, k = 30¢e/ 6’ is

the spring constant, and € is an energy parameter. The WCA potential
is a short-range purely repulsive potential given by

12 6
o c 1
UWCA("; o, €)= [ r r 4

0 r > 2Y% (4)

r< 2%

that accounts for the excluded volume interactions between the
bonded segments.

The interactions between nonbonded segments, both intra- and
interchain, were treated differently based on whether the parent
chains were mutually miscible or immiscible, with the former
exhibiting attractive interactions on top of excluded volume
interactions and the latter exhibiting only excluded volume
interactions, similar to approaches adopted in earlier studies.’®”*"*'
Chains of the same polymer type were considered miscible, and their
segmental interactions were treated using a cut-and-shifted Lennard-
Jones (LJ) potential
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where @ = g, p;, and p,, r, = 2.50 is the cutoff distance of the
potential, and & represents the common strength of all such
nonbonded interactions irrespective of chain type. Segments of the
two polymer layers considered immiscible interacted with each other
via the same WCA potential as that used for describing excluded
volume interactions between bonded segments:

U:ﬁ_Pz = UWCA(U o, €)

(6)

The grafts were generally considered to be compatible with one
polymer layer and incompatible with the other. The former
interactions were again treated using the LJ potential with an
intersegmental attraction strength of ¢, and the latter using the WCA

potential

. Uy(r; 0, &, 1) aismiscible
U -
nb

Uwea(r; 0, €)  aisimmiscible

(7)

where o = p, or p,. We explored values of ¢, between 0.5 and 2¢, that

is, from half to twice as strong as the attractive interactions between
polymer segments of the same kind.

The excluded volume interactions between NP cores and the
polymer segments were treated using an expanded WCA potential
that accounts for the larger excluded volume of the cores (compared
to polymer segments):

NP-a
Unb

(8)

where a = g, py, and p,, r is the distance between the center of the NP
core and the polymer segment, and r,, = Ryp — 0/2 is a distance

= UWCA(" ~ Teyi O, €)

shift implemented to prevent the polymer segments from penetrating
the NP core. The NP cores interact with each other via an expanded
LJ potential:

NP-NP
U,

b = ULJ(‘V' — 2Ryp; O, Exp 1)

)
where r is the distance between the centers of the cores of NP, 2y,
shift prevents the NP cores from penetrating each other, and a strong
attraction &y, = 50& was implemented to promote NP assembly. This
attraction strength is consistent with the typical van der Waals
interactions between small NPs and, importantly, is also sufficiently
strong to allow the NPs to overcome the steric repulsion arising from
their grafts to assemble and weak enough to favor the formation of
interfacial over bulk structures in the presence of an interface. More
details on these three calculations are provided in the Supporting
Information. The grafted chains were tethered onto the surface of the
NP via FENE springs and with a pseudo-uniform distribution of
grafting points at desired grafting densitZ using the “generalized spiral
points” algorithm of Rakhmanov et al.®

Table S1 summarizes values of all the CG model parameters
considered in this study. Note that all simulation parameters and
quantities are defined in units of 6, m, and &, which set the respective
length, mass, and time scales in this study.

Molecular Dynamics Simulations. All molecular dynamics
(MD) simulations of the NP-polymer system were carried out using
the LAMMPS package® developed by the Sandia National
Laboratory. The simulations were carried out in the canonical
(NVT) ensemble at a temperature of T = ¢/k; and a polymer-
segment number density of p = 0.85/ & in the polymer bulk. Under
these conditions, the chains in each polymer layer are present in a
melt-like state. A velocity-Verlet algorithm with a time step of
At = 0.002(mo?*/ 8)1/2 was used for integrating the equations of
motion, and a Nosé—Hoover thermostat with a time constant of
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7 = 1.0(mo"/€)"/? was used for regulating the system temperature.
The polymer bilayer was confined in the z direction normal to the
interface by two impermeable L] walls, while periodic boundary
conditions (PBCs) were implemented in the x and y directions
parallel to the interface. The polymer layers were each chosen to have
a thickness of Ah = 156 (or Ah = 226 for NPs with long grafts).
Considering that the effective diameters of the NPs are roughly 6—
120 (depending on the length and extent of grafting), the polymer
layers are sufficiently thick to capture the entire range of influence of
the interface without distortion by the enclosing walls. Similarly, the
simulation box was kept sufficiently large in the two lateral directions
to ensure that a NP or its aggregate does not indirectly interact with
itself via hydrodynamic flows (generated by NP mobility) propagated
and reinforced through PBCs. Table S1 provides the size of
simulation boxes considered in this study.

To carry out productive MD simulations for yielding meaningful
data on NP dynamics, entrapment, self-assembly and free energies, we
first generated well-equilibrated system of polymer-grafted NPs
located at desired initial positions within a phase-separated polymer
bilayer. This was achieved by first placing the required number of NPs
and matrix chains in a non-overlapping configuration in a simulation
box 30—50 times larger than the required dimensions. To avoid
overlaps, the grafts were arranged in straight, ground-state
configurations perpendicular to the NP surface, the NPs were placed
sufficiently far from each other, and the two types of matrix chains
were organized into loose bundles of straight chains that were
respectively placed above and below the NPs. Next, we assigned
Mazxwell-Boltzmann-distributed velocities to all segments and
performed MD simulations for 0.1—0.4 million time steps, keeping
the NP locations fixed at their initial positions. This allowed the
grafted and matrix chains to randomize their configurations and also
spread across the simulation box to form a uniform low-density
matrix. Following this, we slowly compressed the simulation box over
1 million time steps until the required dimensions consistent with the
target density p were achieved and the two matrix polymers phase-
separated into a stable bilayer. Simultaneously, the NPs were gradually
moved to their desired positions within the box. Finally, the system
was simulated for an additional 1 million MD time steps, holding the
particles fixed at their desired locations, to further equilibrate the
system.

We carried out two different types of simulations following
equilibration. First, we carried out equilibrium simulations of freely
mobile NPs within the bilayer for exploring the dynamics of individual
NPs, especially their equilibrium positioning at or close to the
interface, and for exploring the self-assembly of multiple such trapped
NPs into higher-order structures. These simulations were generally
started with NPs in the polymer layer most compatible with the NP
grafts, specifically in the bulk region where the NPs “feel” neither the
interface nor the wall, for example, z ~ +5—70. These simulations
were typically performed for 12 million time steps and the trajectories
of the NPs were recorded every 100 time steps.

Second, we carried out simulations of a single constrained NP at
different fixed distances from the interface, which were used for
computing the system free energy—the potential of mean force
(PMF)—as a function of the normal coordinate z of the NP. In these
simulations, the NP center was held fixed at equidistant points
(spaced Az = 0.56 apart) along a normal path starting in the bulk
region of one polymer layer at z = =90, crossing the interfacial plane
at z = 0, and ending in the bulk of the second layer at z = 9¢ (or z =
—106 to 100 for NPs with longer grafts). The NP center was held
fixed for 0.6 million time steps at each z location, and the ensemble-
averaged normal force (f, (t)) experienced by the NP was measured

from the last 0.5 million time steps. All simulations was repeated four
times to improve accuracy, yielding a total of ~100 million time steps
for the entire procedure. The PMF was then computed by integrating
the force component over position as

AF(z) = F(z) — F(z,) = — f pACEE (10)
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where z;, represents a position in the bulk of the polymer layer most
compatible with the NP grafts where the net force experienced by the
particle is expected to be zero, that is, f, (z9) ~ 0. In the case of bare
NPs, the “reference” position z, can be present in either layer (which
are both neutral to NP core). More details of this approach for
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computing PMFs are provided in our earlier publication.
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