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Soft Matter

Abstract:

Using coarse-grained molecular dynamics simulations, we examine structure and dynamics
of polymer solutions under confinement within the pores of a hexagonally close-packed (HCP)
nanoparticle system with nanoparticle diameter fifty times that of the polymer Kuhn segment size.
We model a condition where the polymer chain is in a good solvent (i.e., polymer-polymer
interaction is purely repulsive and polymer-solvent and solvent-solvent interactions are attractive)
and the polymer-nanoparticle and solvent-nanoparticle interactions are purely repulsive. We probe
three polymer lengths (N =10, 114, and 228 Kuhn segments) and three solution concentrations (1,
10, and 25%v) to understand how the polymer chain conformations and chain center-of-mass
diffusion change under confinement within the pores of the HCP nanoparticle structure from those
seen in bulk. The known trend of bulk polymer R’ decreasing with increasing concentration no
longer holds when confined in the pores of HCP nanoparticle structure; for example, for the 114-
mer, the HCP <R,”> at 1%v concentration is lower than HCP <R,?> at 10%v concentration. The
<R > of the 114-mer and 228-mer exhibit the largest percent decline going from bulk to HCP at
the 1%v concentration and the smallest percent decline at the 25%v concentration. We also provide
insight into how the confinement ratio (CR) of polymer chain size to pore size within tetrahedral
and octahedral pores in the HCP arrangement of nanoparticles affects the chain conformation and
diffusion at various concentrations. At the same concentration, the N = 114 has significantly more
movement between pores than the N =228 chains. For the N = 114 polymer, the diffusion between
pores (i.e., inter-pore diffusion) accelerates the overall diffusion rate for the confined HCP system
while for the N = 228 polymer, the polymer diffusion in the entire HCP is dominated by the
diffusion within the tetrahedral or octahedral pores with minor contributions from inter-pore
diffusion. These findings augment the fundamental understanding of macromolecular diffusion
through large, densely packed nanoparticle assemblies and are relevant to research focused on
fabrication of polymer composite materials for chemical separations, storage, optics, and

photonics.
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We perform coarse-grained molecular dynamics simulations to understand structure and dynamics
of polymer solutions under confinement within hexagonal close packed nanoparticles with radii
much larger than the polymer chain’s bulk radius of gyration.
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I. Introduction

Polymer nanocomposites (PNC) are a class of soft materials comprised of a polymer matrix
and nanoscale fillers (e.g., organic or metallic nanospheres, nanorods, nanotubes or nanosheets).
PNCs are synthetically engineered as well as found in nature. For example, in nature, many
organisms produce color from the arrangement of melanin particles (melanosomes) in a matrix of
other biological macromolecules (e.g., keratin).! In various industries, PNCs are engineered for
applications (e.g., vehicle parts, aircraft parts, tires, packaging) that take advantage of the enhanced
properties (e.g., improved mechanical and/or thermal properties, increased barrier to small
molecule diffusion) brought about by the mixing of the nanofillers and polymer.> 3 While past
computational work and experiments have been focused on studying PNCs with nanofillers being
the minority component, there is a push for engineering PNCs with larger nanofiller content (e.g.,
>50%vol filler) as it has been found that the nanofiller-induced polymer confinement improves
PNC toughness.* 3 One approach to fabricate PNCs with higher filler content is through a solvent
casting process whereby the nanofiller and polymer are mixed in the desired portions in a solvent,
and upon solvent evaporation, one forms PNCs with the desired composition.®® For such
processes, there is a need to focus on polymer structure and dynamics around nanofillers in the
presence of solvent and to study how the evaporation of the solvent affects the polymer structure
and dynamics; the former is tackled in this paper.

Structure and dynamics in bulk polymer solutions have been the focus of many past studies
(experimental and theoretical) that led to well-established expressions for scaling of the polymer
diffusion coefficient, polymer radius of gyration, and solution viscosity with varying polymer
chain length and concentration.!! Structure and dynamics of polymers in confinement have been

studied in the context of PNCs where the additive nanoparticle is the minority component (1-15%
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by volume) and the polymer chains are the majority component.'?-!7 Studies focused on PNCs with
minority component nanoparticles (NPs) found that the polymer conformation is unperturbed by
the presence of spherical nanoparticles when the polymer-NP interaction is repulsive!8-?0 and that
an attractive polymer-NP interaction can cause polymer conformation to expand,?!->3 contract,?*
or remain unperturbed.!® 25 For cases of large nanoparticles whose size is much larger than the
polymer chain size, past work has applied the Asakura-Oosawa model to confined polymer
solutions in the presence of such large (minority component) nanoparticles.?*3* However, the
Asakura-Oosawa model treats the polymer as an ideal polymer3! which may not be applicable for
strongly confined polymers where the degree of confinement causes significant deviation from the
ideal polymer chain conformation.

To understand polymer diffusion under extreme confinement, researchers have
investigated the “entropic barrier” to polymer diffusion theory in model systems.3?-3¢ This work
focused on considering a polymer chain as it diffuses through a small hole or around periodic
obstacles. These studies found that polymer diffusion (D) scaling with polymer length (N) has
three distinct regimes depending on the polymer concentration and presence of entropic barriers:
the Rouse regime, the entropic barrier regime, and the reptation regime. While the Rouse regime
and reptation regime have well defined diffusion scaling of D ~ N-! and D ~ N2 respectively
(applicable for non-barrier systems based on entangled vs. unentangled polymers), the entropic
barrier regime generally has a stronger polymer length dependence with a scaling exponent of -2
to -3.33 However, the scaling exponent can also be less than -1 depending on the system because
“the apparent exponent that is extracted in this regime is non-universal and depends on the specific
problem. In fact, the different values of the [scaling] exponent o observed experimentally by

different investigators are a direct result of their experimental situation belonging to this crossover
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regime” (quoted from Ref.?®). This finding justifies the need for further work to investigate
polymer solutions in complex confinements as the dynamic scaling laws are likely to vary based
on the confinement. While the past work focused on model (extreme) confinement systems,32-36
there is also interest in understanding the impact of complex confinement topology on polymer
diffusion caused by realistic nanoparticle packing within PNCs at high nanoparticle loading.
Experimental work on PNCs with high nanoparticle loading and small inter-nanoparticle distances
(related to entropic bottleneck size) found that the polymer diffusion rate did not match either the
Rouse or reptation scaling expectation but instead matched that for an entropic barrier (though the
slope value from ~1.5-2 demonstrates that predicting the slope for complex topographies is non-
intuitive).>” Simulation work on polymer diffusion through a monolayer of nanoparticles with
varying interparticle distances (and by extension confinement) found that polymer conformations
are strongly perturbed when the distance between nanoparticles forming the monolayer is less than
twice the polymer radius of gyration.’® Furthermore, the authors noted that the polymer diffusion
through the nanoparticle monolayer is slower with increasing confinement (smaller distance
between nanoparticles), matching the entropic barrier theory.3®

There are multiple other studies also focused on understanding polymer structure and
dynamics with nanoparticles as the majority component (>50% volume) with the polymer (no
solvent) as the minority component occupying the gaps or pores between nanoparticles where the
polymer chains feel strong confinement.!3 37-0 Studies found that increasing the confinement
relative to the polymer size significantly increased viscosity,*> and the polymer-nanoparticle
interaction strength effect (weakly or strongly attractive) was negligible compared to the
confinement effect.** Experimental work found that the pore shape (concave as found in

nanoparticle assemblies or convex as found in cylindrical pores) impacts polymer dynamics with
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concave pores having a higher glass transition temperature than convex pores, indicating slower
dynamics for concave pores.*6 This work* further suggests that the polymer dynamics in
nanoparticle assemblies are not easily extrapolated from the more well-defined nanopore structures
examined in other works. Further experimental work investigated polymer infiltration rates into
nanoparticle assemblies, and the authors found that the polymer infiltration rate significantly
slowed as the degree of confinement increased.** Interestingly, the extent of infiltration was
independent of the confinement degree with strongly confined to even more strongly confined
polymers achieving a similar extent of infiltration.** Thus, one would expect the majority of the
changes to polymer dynamics to occur when the degree of confinement is closer to one, indicating
similar polymer and pore size. Molecular dynamics (MD) simulations were employed to
investigate the polymer infiltration into a disordered nanoparticle assembly while varying
polymer-nanoparticle interactions.>® Interestingly, these authors found that adjusting the
nanoparticle-polymer interaction resulted in two different diffusion modes. A strongly attractive
nanoparticle-polymer interaction resulted in adhesion-dominated transport where the adsorbed
polymers slowly but steadily work their way into the assembly, and a weakly attractive
nanoparticle-polymer interaction resulted in dissolution-dominated transport where the polymer
rapidly diffused through the nanoparticle pores.>® The authors found an intermediate interaction
strength had the fastest diffusion because too strong polymer-nanoparticle attraction results in
polymer adhesion/sticking to nanoparticle.>® Other MD work examined the impact of polymer
concentration (polymer filler fraction) on these high filler loading PNCs for both unentangled and
entangled polymer chains for attractive polymer-nanoparticle interactions.*> The authors found
that the higher the number of nanoparticle contacts, the larger the slowdown in monomer

segmental dynamics.*> Additionally, confinement reduced the density of entanglements matching
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previous work that found high confinement reduced entanglements (eventually leading to polymer
disentanglement).* While the previous work focused on polymer structure and dynamics in
majority nanoparticle PNCs (no solvent),!3: 3730 there is a lack of understanding on how strong
confinement affects polymer solution structure and dynamics.

In this article, we seek to understand (minority component) polymer chains’ structure and
dynamics in polymer solutions within a hexagonally close packed (HCP) crystalline arrangement
of (majority component) nanoparticles with diameters significantly larger than the polymer chains’
radii of gyration. We first elucidate the change in polymer chain structure and dynamics going
from a bulk solution (no nanoparticles) to a confined state (around nanoparticles packed in a
hexagonally close-packed crystalline arrangement). We focus on polymer chains with radii of
gyration similar to the pore radius between the nanoparticle crystals. For sufficiently large polymer
confinement, we find that polymer structure is most collapsed for the dilute polymer with semi-
dilute polymers maintaining larger sizes and that semi-dilute polymer dynamics no longer decrease
with increasing polymer concentration. We examine how the type of HCP pore, tetrahedral or
octahedral, significantly impacts the localization of polymer beads inside the pore and dynamics
of polymer beads moving between pores. We further investigate how polymer structure and
dynamics in individual tetrahedral and octahedral pores are similar or different from those in an
HCP crystal.

The paper is organized as follows. In Section II, we describe the model, MD simulation
details, analyses performed, and the parameter space explored. In Section III, we present and
discuss the simulation results. In Section IV, we provide concluding remarks based on key results

in this work.
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IL. Computational Approach
A. Model:

We employ a coarse-grained (CG) approach to model the polymer, solvent, and
nanoparticles. We represent the polymer as a linear flexible bead-spring’! chain (Figure 1a). A
polymer is comprised of N number of CG beads each of diameter 1 d equal to the Kuhn length of
the polymer. We study three chain lengths of N =10, N = 114, and N = 228 Kuhn segments that
are selected to have polymer sizes (radius of gyration) well below (N = 10), around (N = 114) and
almost twice (N = 228) the pore sizes in the HCP nanoparticles. These CG beads are connected
together using the finitely extensible nonlinear elastic (FENE) bond potential with spring constant
(k = 30 kT/d?) and maximum spring extension (ry = 1.5 d).>! The FENE bond potential is used as
it has been shown to correctly capture polymer dynamics.’? For these explicit solvent simulations,
we model the solvent as CG beads of diameter 1 d. Depending on the density of the solvent
represented, one can convert 1 CG bead to the n solvent molecules it collectively represents. We
set the mass of each polymer CG bead as m = 1 (normalized units). The mass of the solvent CG
bead is scaled based on the density of the polymer and solvent; in this study we use polyvinyl
alcohol in water as an example, making the mass for each solvent CG bead equal to 1.25 m. Each
50 d diameter nanoparticle is modeled as a rigid body collection of 0.5 d diameter beads; for
simplicity these 0.5 d beads are arranged in a hexagonally close packed (HCP) crystal (Figure 1a);
the 0.5 d bead size enables the nanoparticles to have fewer edges and be more curved. In the cubic
simulation box of size 80 d, multiple 50 d nanoparticles are placed in an HCP arrangement (Figure
1b). For an ideal HCP crystalline arrangement, the pores are either tetrahedral or octahedral, where
the tetrahedral pores are smaller in volume but more numerous than the octahedral pores. Both the

tetrahedral and octahedral pores possess a concave shape due to the pore being formed around
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spherical nanoparticles. Tetrahedral pores have a pore radius that is ~22.5% of the nanoparticle
radius, and octahedral pores have a pore radius that is ~41.4% of the nanoparticle radius (ESI
Table S1).>3 The pore radius is defined from the largest sphere centered in the pore that does not
overlap the surrounding nanoparticles.’® The simulation box size of 80 d is selected to be
sufficiently large to obtain structural and dynamical information about the polymer within multiple
pores of the HCP crystal and small enough to be computationally feasible to simulate polymer

solutions with explicit solvent representation.

.«— Solvent

3

Polymer
Nanoparticle

Figure 1: a) CG model of nanoparticle (of diameter 50 d), solvent (of diameter 1 d), and a polymer
chain (of 1 d diameter beads), drawn to scale. b) Two views of the simulation set up of the
nanoparticle hexagonal close packing with each nanoparticle individually colored for better
visualization. The side length of the simulation box of the nanoparticle crystal is 80 d.

For the polymer and solvent CG beads, we model non-bonded, pairwise interactions using

the expanded form of the Lennard Jones>* (LJ) potential with &; = 1.0, 6;; = 1 d, and A set to 0 d

based on the diameters of the pairs of beads considered. For the polymer-solvent and solvent-

10
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solvent cases, we set Iy = 2.5 o, and for the polymer-polymer case, we set 1o, = 26 65 (purely
repulsive) to mimic a condition where the solvent is a good solvent for the polymer. We use the
expanded LJ potential for interactions between the polymer and solvent with the nanoparticle
subunits (0.5 d beads). We set g; = 1.0, ;; = 1 d, A;j to -0.25 d based on the diameters of the
polymer, solvent, and nanoparticle subunit beads, and 1, to 2!/¢ 6;; to model repulsive polymer-
nanoparticle and solvent-nanoparticle interactions. We use the expanded LJ potential form because
it allows all interactions to maintain the same “hardness” regardless of whether we study bulk
polymer solutions or polymer solutions under confinement. The expanded LJ potential form
ensures the same "hardness" by maintaining the same o; to ensure the potential slope is consistent
for all interactions and uses the A; to shift the potential minimum to account for different bead

sizes (see ESI Figure S1) .

B. Simulation Method:

We perform molecular dynamics (MD) simulations using the LAMMPS package. For the
unconfined (i.e., no nanoparticles) ‘bulk’ simulations, we use a cubic simulation box with side
length of 78 d, which is greater than three times the radius of gyration of the longest polymer chain
considered (N = 228) to prevent unphysical polymer self-interaction. We determine the total
number of CG polymer and solvent beads by calculating the number of 1 4 diameter beads required
to achieve a 0.7 d bead number density to mimic a liquid. Once we know the total number of CG
beads, we then determine the number of polymer chains of length N to achieve the correct polymer
volume percent of 1%v, 10%v, or 25%v (where the exact percent may vary slightly as every

polymer chain must be N beads long). The remaining beads are designated as solvent beads. To
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determine whether the polymer solution is dilute or semi-dilute, we calculate the polymer overlap

concentration ¢ as:

3N

c'=——n (1)

- am(R %)

RgOZ — N% )
with v found to be ~0.61 by fitting Equation 2 to the simulation results, in agreement with scaling
exponent of polymers in good solvent seen in previous work.%-!! For each system, we calculate the
polymer bead concentration ¢ as the number of beads per chain times the number of chains in the
simulation box divided by the total available volume. We call a system dilute if ¢/c” is less than
one and we call the solution semi-dilute if ¢/c* is above one. For reference, the N = 10 systems are
dilute for 1%v, 10%v, and 25%v. The N =114 and N = 228 systems are dilute for 1%v and semi-
dilute for 10%v and 25%v.

For these bulk simulations, the polymer chains and solvent beads are randomly placed in
the cubic simulation box and undergo an energy minimization for ~1x10* timesteps (each timestep
dt = 0.005 7) to remove any overlaps before equilibration. This timestep size is chosen because a
larger timestep size causes the simulation to crash due to bond breaking, and a smaller timestep
size increases the number of timesteps required for equilibration without any additional benefit.
We equilibrate the system for a number of timesteps equal to at least ten times the time needed for
the polymer end-to-end vector to become uncorrelated. To do this, we calculate the polymer chain

end-to-end vector (R..) autocorrelation function (ACF):

Ree(t) ) Ree(o)

ACF(R,.) = Rea(0) - Reo(0) o

where R¢.(0) is the polymer chain end-to-end vector at the initial time # =0 and R..(#) is the polymer

chain end-to-end vector at time ¢. The time needed for the ACF to approach zero is taken as the

12
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time needed for the system configuration to be uncorrelated. The longest time is ~5,000 t for the
N =10 systems, ~150,000 t for the N = 114 systems, and ~500,000 t for the N = 228 systems.

After the equilibration, we sample configurations during the production stage for ~5x103
timesteps at 7* = 1 in the NVT ensemble with a Nose-Hoover thermostat with the LAMMPS
thermostat damping parameter 74,,, = 0.5 7. The exact number of timesteps during sampling is
based on the time needed to sample a sufficient number of uncorrelated structures at regular time
intervals to determine the polymer dynamics. For all bulk simulations, we perform three
independent trials for each condition.

For the systems of a polymer solution confined within the HCP nanoparticle crystal, we
generate a simulation box centered around one of the nanoparticles with a cubic box side length of
1.6 times the nanoparticle diameter or 80 d, and we remove any parts of the crystal that extend
beyond the simulation box. This box size is large enough for the polymer chains to sample multiple
pores in the HCP nanoparticle crystal without any simulation box size effects on structure and
dynamics and at the same time small enough for these simulations with explicit solvent to be
computationally feasible. For simulations of the individual tetrahedral and octahedral pores, we
center a simulation on a single pore with the simulation box set to 5 d larger than the pore diameter
to fully encompass the pore (ESI Table S1 and ESI Figure S2). To understand the long-time
diffusion of the polymer in the individual tetrahedral and octahedral pores, we allow the simulation
box to be periodic whereby the polymer exiting from one end of the pore reappears on the other
end of the simulation box. To focus on the polymer structure and dynamics, we restrict the
nanoparticles from moving as they are already assembled into a crystal.

For both the entire HCP simulation and the individual pores simulations, we determine the

total number of CG solvent beads to achieve the correct number density required to mimic a liquid
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solvent by progressively adding solvent beads into the simulation box and equilibrating until the
solvent-solvent pair correlation function g(r) in confinement matches the solvent-solvent g(r) for
an unconfined, bulk liquid solvent. Once we determine the total number of CG solvent beads, a
fraction of those CG solvent beads is replaced with the number of CG polymer beads that leads to
the correct polymer volume fraction. Then from that number we find the number of polymer chains
of length N to achieve the desired polymer volume fraction. The CG polymer beads and solvent
beads are randomly placed in the simulation box avoiding overlap with the nanoparticles. The
system undergoes an energy minimization for ~1x10* timesteps (each timestep dt = 0.005 7) after
placement to remove any bead overlap. An equilibration occurs for ten times the polymer end-to-
end vector de-autocorrelation time (which as stated above depends on the chain length V), and
then, we perform sampling for ~5x10% timesteps. All simulations are conducted at 7* = 1 in the
NVT ensemble using a Nose-Hoover thermostat with the LAMMPS thermostat damping
parameter 7 .., = 0.5 7. As with the bulk simulations, the exact number of timesteps is varied to
ensure we sample the long-time, diffusive polymer regime. For all confined simulations, we
perform three independent trials for all systems except we conduct ten independent trials for the N
=228, 1 vol% system because it possesses few polymer chains, requiring more trials to achieve
good statistics.

For both bulk and confined systems, we confirm equilibration by simulating for at least 10
times the polymer end-to-end vector relaxation time and by ensuring the polymer center of mass
(COM) diffuses at least twice the squared radius of gyration.’® We also ensure that our bulk
polymer solutions reproduce the well-known structural (radius of gyration) and dynamical
(polymer relaxation time) scaling as the polymer solution concentration (%v) and chain length (V)

are varied.”!! We provide the relevant validations in ESI Section SII and ESI Figure S3.

14
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C. Analyses:
We calculate the polymer chains’ conformation through their squared radius of gyration
(R.?); changes in the R,? value going from bulk to the confined systems describe the conformational
change caused by confinement. We calculate the polymer COM mean squared displacement
(MSD) to determine how the polymer diffusion coefficient varies in confinement compared to
bulk. Using the MSD, we calculate the polymer COM diffusion coefficient (D) using the Einstein

diffusion relationship?®

1. d
D =gllm E(

t—>o0

1

T (COM(t) — COM(0))?) (4)

Npolymer™i = 1
with N,opmer the number of polymers in the system and COM(() the i-th polymer center of mass at
time ¢.

To quantify the extent of polymer confinement in the HCP nanoparticle crystal, for each
chain length N, we calculate the ‘confinement ratio’ (CR) as the bulk polymer R, (calculated from
bulk MD simulations) divided by the tetrahedral and octahedral pore sizes (ESI Table S1) within
the HCP crystal (Table 1). When polymer chain moves between the tetrahedral and octahedral
pores, it experiences confinement equal to the inter-pore size as the radius of the hole in the plane

formed by the three touching nanoparticles.

2
Rinter —pore = (M - 1)RNanoparticle (5)
Table 1: Conzmement ratio ﬁCRZ exeerienced bZ Eolzmer L‘or all systems in this work.
N %V
<R,*> bulk
(pOIYmer (POlymef g Y CR Tetrahedral CR Octahedral CR Inter-pore
: [d°]
length) concentration)
10 1 3.02+0.82 0.31 0.17 0.45
10 10 297 +0.81 0.31 0.17 0.45
10 25 2.85+0.80 0.30 0.16 043
114 1 90.4 + 63.8 1.69 0.93 2.49

15
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114 10 74.6 £ 54.8 1.54 0.84 2.25
114 25 60.1 £43.3 1.38 0.76 2.03
228 1 210.0+151.3 2.58 1.41 3.77
228 10 158.9+119.6 2.24 1.23 3.29
228 25 123.6 + 88.1 1.98 1.08 2.89

To understand the polymer behavior in the HCP confined simulation systems, we
determine the type of pore (tetrahedral or octahedral) that each polymer bead is closest to
(accounting for the different pore sizes) for each snapshot. This allows us to understand which
pores have the highest polymer bead localization as well as which pores tend to exchange more
polymer beads between snapshots. To understand polymer bead motion between pores, we
determine which polymer beads are closest to a different pore after the snapshot time interval of
156,250 t and mark the original and new pore as having a polymer bead move in/out of the pores.
We quantify the number of solvent beads contacting the polymer by counting the number of unique
solvent beads that were within 1.5 d of the polymer beads in the polymer chain. For all plots, error
bars represent the standard error of the mean for all replicates across all simulation outputs. All

visualizations are provided using the VMD software.>’

III.  Results and Discussion
We first discuss the results comparing the polymer structure and dynamics under
confinement in the HCP nanoparticle crystal to bulk polymer structure and dynamics. Initially, we
consider the overall polymer structure and dynamics in the HCP before elucidating the polymer
localization and movement between the tetrahedral and octahedral pores within the HCP
nanoparticle crystal. Finally, we compare the polymer structure and dynamics from simulations of
a specific tetrahedral and octahedral pore to the structure and dynamics of the polymer within the

HCP nanoparticle crystal.

16
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A. Comparing polymer structure and dynamics under HCP confinement to bulk:

We consider the polymer structure, quantified by the polymer R,?, for all polymer lengths
and polymer concentrations in this study in Figure 2. We first examine the shortest polymer length
(N = 10) that has the smallest confinement effect; for the 10-mer at all concentrations, the CR is
0.15-0.45 (Table 1) meaning the polymer is smaller than all pore radii within the HCP. In Figure
2a and Figure 2b, both the R,’ probability distribution and the ensemble average <R,”>
demonstrate that the polymer structure does not change much going from bulk to HCP crystal
simulations for all polymer concentrations. We note that the <R,*> for the confined polymer
solutions is slightly below that for the bulk polymer solutions. The <R,?> trend with increasing
concentration is consistent for both confined and bulk systems with <R,>> decreasing with

increasing polymer concentration.
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Figure 2: Polymer radius of gyration for bulk polymer solutions and confined polymer solutions.
a), ¢), and e) provide the squared polymer radius of gyration probability distribution as a function
of the squared radius of gyration. b), d), and f) depict the ensemble averaged radius of gyration
squared. a) and b); c) and d); and e) and f) are for N = 10, N = 114, and N = 228 polymer solutions
respectively. The red and orange colors are the 1%v polymer solution in bulk and under HCP
confinement respectively. The dark purple and magenta colors are the 10%v polymer solution with
the dark purple representing the bulk and the magenta representing the confined systems. The dark
blue and cyan colors are for the 25%v polymer solution in bulk and confinement respectively. The
bulk systems in a), c), and e) are plotted with a dot-dash line. The error bars for b), d), and f) are
the standard error of the mean of 3 independent replicates except for the N = 228, 1%v polymer
concentration under HCP confinement where it is the standard deviation of 10 independent
replicates.
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In Figure 2c¢ and Figure 2d, we consider the intermediate polymer length (N = 114) that
experiences a CR of ~0.8-1.5 in tetrahedral and octahedral pores (Table 1) which means the
polymer <R,> is commensurate with the tetrahedral and octahedral pore radii. At this CR, we
expect the confinement to induce a perturbation from the bulk polymer structure especially at lower
polymer concentration. The R, probability distribution (Figure 2¢) indicates that the 114-mer
polymers tend to adopt a smaller conformation under confinement, and the lack of a secondary
peak at large R,” suggests that the polymer conformation is not bimodal with two distinct groups
of polymers with different structures. Further, the known trend of bulk polymer R’ decreasing
with increasing concentration®!! no longer holds under HCP confinement; the HCP <R,*> of the
114-mer at 1%v concentration is lower than HCP <R,?> of the 114-mer at 10%v concentration.
The <R,*> of the 114-mer exhibits the largest percent decline going from bulk to HCP at the 1%v
concentration (declining 44.5%) and the smallest percent decline at the 25%v concentration
(decreasing 20.1%).

In Figure 2d, the <R,”> trend with increasing concentration is now non-monotonic for the
confined system with <R,?> smallest for low concentration, highest for intermediate concentration,
and then decreasing at higher concentration. The decrease in the <R,”> from 10%v to 25%v for
the confined system follows a similar trend as in bulk; however, the increase in the <R,”> for the
confined system from lowest polymer concentration 1%v to 10%yv differs from the trend in bulk.
We believe this is because of the stronger confinement effect at the lowest polymer concentration.
In bulk, in a good solvent at the lowest polymer concentration, one would expect to see extended
polymer chains with minimal crowding from other chains; in contrast, in confinement, these
polymer chains now are geometrically frustrated by the repulsive walls of the pore driving them

to collapsed configurations to fit within the space between nanoparticles (since the CR is near
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unity). Furthermore, given the same repulsive polymer-nanoparticle and solvent-nanoparticle
interactions, we expect solvent beads to preferentially segregate near the pore wall as compared to
the polymer beads; this is based on past literature on binary polymer blends of differing lengths
near an interface demonstrating that the shorter polymer concentrates at the interface with the
degree of segregation increasing as the longer chain length to shorter chain length ratio increases.>®
Thus for our polymer solution, we expect a similar situation with the solvent preferentially
segregated to the pore surface, forcing the polymer to collapse within the center of the pore. Also,
as will be discussed in Figure 3, the lowest polymer concentration systems possess the slowest
diffusivity, meaning the polymer chains remain collapsed within the HCP pores instead of
stretching out to move between pores, further explaining the reduced <R,?>. As the polymer
concentration increases, due to the presence of other polymer chains in solution, the polymer
chains are driven out of pores (in extended configurations) rather than collapsing in the center of
the pore. These are the likely reasons causing the non-monotonic behavior in 114-mer polymer
<R *> for chains in HCP confinement with varying polymer concentration.

We also examine the number of solvent beads contacting the polymer chain in bulk and in
HCP confinement (ESI Figure S4). We find that in the bulk for all N, the number of solvent bead
contacts per chain decreases with increasing polymer concentration, as one may expect. However,
under HCP confinement, that trend is reversed with the number of solvent bead contacts per chain
increasing with polymer concentration for all N considered. Furthermore, the average number of
solvent bead contacts is higher for the confined polymer than the bulk polymer with the greatest
deviation at the highest polymer concentration. We explain these counter-intuitive trends of
decreasing <R,”> going from bulk to HCP along with increasing solvent contacts going from bulk

to HCP as follows. Because we model a polymer in a good solvent (attractive polymer-solvent
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interaction) with repulsive polymer-nanoparticle and repulsive solvent-nanoparticle interactions,
we attribute these trends to the solvent beads forming a layer around the polymer to shield the
solvent and polymer beads from the repulsive nanoparticle. Thus, the large decrease in <R,*>under
confinement does not result in a subsequent decrease in solvent-polymer contacts.

The final polymer length considered (N = 228) has a CR above unity (Table 1) indicating
this polymer R, is larger than all the HCP pore radii. Similar to the other polymer lengths
considered, the N =228 polymer has a unimodal R, distribution as seen in Figure 2e. Similar to
the N =114 polymer, this N = 228 polymer undergoes the largest decrease of <R,*> from bulk to
HCP confinement at the lowest concentration (Figure 2f); the <R,”> for the 228-mer 1%v system
declines by 56.7% going from bulk to confined while the <R,”> for the 25%v system decreases by
14.4% going from bulk to confined.

Thus, as the CR increases between the N = 114 and N = 228 polymer systems, the <R,”>
for the 1%v concentration exhibits a greater percent decline for the polymer with the higher CR,
and the <R,?> for the 25%v concentration polymer solution undergoes a smaller percent decline
for the polymer with the higher CR.

In Figure 3, we compare the COM polymer diffusion coefficient, D, in bulk and under
HCP confinement. When we examine polymer diffusion, we find that even the least confined N =
10 polymer experiences a reduction in its diffusion rate under HCP confinement as seen in Figure
3a. For the bulk solutions, D monotonically decreases with increasing polymer concentration as
one would expect;’-!! however, for the HCP confined solutions, the polymer exhibits a completely
different trend with increasing polymer concentration. Under confinement, the 1%v concentration
system exhibits a drastically reduced diffusion rate that is substantially less than the 10%v and

25%pv systems while the 10%v and 25%v polymer solutions achieve similar diffusion rates. We
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attribute this difference at low polymer concentrations (1%v) to an insufficient 'drive' to force the
polymer to stretch out and transition between pores. At low polymer concentrations, most polymer
contacts are the energetically favorable polymer-solvent contacts, balancing the entropic penalty
of remaining in a pore; at higher polymer concentrations, there are an increasing number of
repulsive polymer-polymer contacts and macromolecular crowding that then help 'drive' the
polymer between pores. Thus, going from 10%v to 25%v, we likewise observe a slight increase in
polymer diffusivity. When we consider longer polymer chains in Figure 3b and Figure 3¢, we
observe a similar trend as that found in the N = 10 system with a more pronounced confined
diffusivity increase at higher polymer concentration than the N = 10 system. We note that the
relative decline in the polymer diffusion going from bulk to HCP confinement decreases as the N
increases. As shown in ESI Figure S5, these trends seen with D are consistent with the polymer

MSD curves.
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Figure 3: Polymer diffusion coefficient (D) for bulk polymer solutions and confined polymer
solutions. a), b), and c) are the polymer diffusion coefficient for N = 10, N = 114, and N = 228
polymer solutions respectively. The red and orange colors are the 1%v polymer solution in bulk
and under HCP confinement respectively. The dark purple and magenta colors are the 10%v
polymer solution with the dark purple representing the bulk and the magenta representing the
confined systems. The dark blue and cyan colors are for the 25%v polymer solution in bulk and
confinement respectively. The error bars are the standard error of the mean of 3 independent
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replicates except for the N = 228, 1%v polymer concentration under HCP confinement where it is
the standard deviation of 10 independent replicates.

To understand the role of the tetrahedral and octahedral pores in the HCP confined system
on the polymer localization and dynamics, we determine the closest pore location for all polymer
beads (Figure 4). We focus on polymer lengths of N = 114 and N = 228 and polymer
concentrations of 10%v and 25%v as these polymer lengths experience the greatest degree of
confinement in the HCP crystal, and the higher polymer concentrations exhibit unexpected
behavior under confinement. Furthermore, the thermal blob size for this system is ~7.3 d (ESI
Section SII) which is larger than the R, of all N = 10 systems indicating that the N = 10 systems
are not in the swelling regime.

We first consider which type of pore, on average, the polymer beads tend to be closest to.
We show the results for ‘all” and ‘full’ pores; ‘full’ pore is one that is not cut-off by the simulation
box while ‘all’ pores are both ‘full’ pores and pores partially cut-off by the simulation box. In
Figure 4 we show the results for ‘all’ and ‘full’, and in ESI Figure S6, we provide the results for
‘partial’ pores. Because the simulation box is cubic and symmetrically centered, all ‘partial’
tetrahedral or octahedral pores are the same size (a small fraction of the ‘full’ pore). Overall, the
“full’ pores contain significantly more polymer than the “partial’ pores, and the ‘partial’ pore trends
are not drastically different from the respective ‘full’ pore trends. We note that the average and
error are calculated by taking the average and standard deviation from ‘all’, just ‘full’, and just
‘partial’ tetrahedral and octahedral pores, respectively. The ‘partial’ pores values are much lower
than the ‘full’ pore values, so the ‘all’ pore error bars are substantially larger than the error bars
for just the “full’ and ‘partial’ pore because the ‘all’ pore error bars show a large deviation between

the ‘full’ pore and ‘partial’ pore values.
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The ‘all’ pore and ‘full’ pore data for ‘Fraction of polymer beads in a pore’ in Figure 4a
and Figure 4b, respectively, show that the N = 114 polymer at both concentrations is more likely
to be found near an octahedral pore rather than a tetrahedral pore. In the 'full' pore, the fraction of
polymer beads in an octahedral pore is roughly thrice that in a tetrahedral pore; the 3:1 ratio of
fraction of polymer beads in the pores is smaller than the ~6:1 ratio of volume of octahedral pore
to tetrahedral pore. It is likely that some polymers concentrate in the smaller tetrahedral pores to
enable other polymers in the octahedral pore to possess higher entropy with fewer polymer chains
crowding the pore than the volume ratio would suggest. We also see that the larger polymer
concentration increases the polymer localization in the smaller tetrahedral pores.

We examine the relative movement of the N = 114 polymer beads into and out of the
different pores in Figure 4¢ and Figure 4d. The pore type and polymer concentration both
drastically affect the number of polymer beads that move in or out of a pore. The larger octahedral
pore with more polymer beads, not surprisingly, has a greater number of polymer beads moving
in or out over the time interval shown. Likewise, higher polymer concentration systems possess
more polymer beads enabling a larger average number of polymer beads to move between pores.
When we normalize the data presented in Figure 4¢ and Figure 4d by the polymer concentration,
we find that the normalized number of polymer beads moving between pores becomes
indistinguishable between the two concentrations, for both chain lengths (ESI Figure S7). In
Figures 4e-4h, the results for the N =228 polymer length follow the same trends seen for the N =
114 polymer in Figures 4a-4d. For a fair comparison between the two chain lengths, we normalize
the number of polymer beads moving between pores by the polymer length (ESI Figure S7); we
find that at the same concentration, the shorter polymer has significantly more movement between

pores than the longer polymer. This finding is consistent with the polymer diffusivity decrease

25



Soft Matter

observed with increasing the polymer length in Figure 3, and the result suggests that inter-pore

polymer movement is less constrained for the N = 114 systems compared to the N = 228 systems.

Inter-pore polymer movement contributes more significantly to the overall polymer diffusion for

the N =114 systems.
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Figure 4: Determination of polymer localization into nearest tetrahedral or octahedral pore, and
the polymer movement between pores. a), b), e), and f) describe the average fraction of all polymer
beads classified as being near to a tetrahedral or octahedral pore. They provide information on
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which pores tend to have more polymer beads. Because the simulation box cuts through the HCP
crystal, b) and f) elucidate the polymer localization into full pores (pore not interrupted by
simulation box edge). a) and e) are then an average of both the full and partial pores. c), d, g),
and h) quantify the number of all polymer beads that either enter or leave a pore over an interval
of 156,250 t. Similar to b) and f), d) and h) categorize the polymer beads movement between pores
for only full pores. c¢) and g) are then an average of both the full and partial pores. a)-d) are for N
= 114, and e)-h) are for N = 228. The error bars for all plots are the standard error of the mean
of 3 independent replicates.

To understand the impact of each specific type of pore — tetrahedral and octahedral — on
the polymer structure and dynamics, we perform simulations of a single tetrahedral and a single
octahedral pore to compare the results from the single pore simulations to the entire HCP
simulation results described so far. We focus the following section on the N =114 and N = 228
polymer lengths because these systems have the largest CR (Table 1) and the 10%v and 25%v

polymer concentration systems because the 1%v concentration is too low to simulate for the

individual tetrahedral or octahedral pores.

B. Elucidating polymer structure and dynamics in individual tetrahedral and octahedral
pores:

We quantify the polymer structure using the polymer radius of gyration in the individual
tetrahedral pore and octahedral pore in Figure 5. Figure 5a and Figure 5b show that the N =114
polymer at 10%v and 25%v possesses a similar P(R,?) profile in the octahedral pore as that in the
entire HCP crystal previously shown in Figure 2. The P(R,?) profile in the tetrahedral pore exhibits
one peak at smaller R,” and a secondary shoulder at larger R,’. This profile shape results in the
<R *> for the tetrahedral pore being greater than the <R,”> for the octahedral pore and the entire
HCP crystal in Figure Sc. The CR for this polymer length is below one (indicating the polymer

size is smaller than the pore size) for the octahedral pore and above one for the tetrahedral pore.
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Thus, we would expect the polymer in the tetrahedral pore to further collapse as indicated by the
peak at lower R, or extend as it moves in or out from the tetrahedral pore, as indicated by the
secondary peak at higher R,°.
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Figure 5: Polymer radius of gyration for HCP confined, individual tetrahedral pore confined, and
individual octahedral pore confined polymer solutions. a), b), d), and e) provide the squared
polymer radius of gyration probability distribution as a function of the squared radius of gyration.
¢), and f) depict the ensemble averaged radius of gyration squared. a), b), and c) are for N = 114
polymer solutions; d), e), and f) are for N = 228 polymer solutions. The dark purple, magenta, and
light pink colors are the 10%v polymer solution in the full HCP confinement, in the individual
tetrahedral pore and in the individual octahedral pore respectively. The dark blue, cyan, and light
blue colors are for the 25%v polymer solution in the full HCP confinement, in the individual
tetrahedral pore and in the individual octahedral pore respectively. The error bars for all plots
are the standard error of the mean of 3 independent replicates.
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Figure 5d, Figure Se, and Figure 5f illustrate the polymer R,’ for the longest polymer
considered of N =228 with a greater CR than the N = 114 solutions; 228-mer has a CR above one
for both the tetrahedral and octahedral pores with the CR being larger for the smaller tetrahedral
pore (Table 1). Under this stronger confinement, the P(R,?) profile at larger R,’ values for the
tetrahedral pore more closely matches the P(R,?) profile at larger R, values from the entire HCP
for both the 10%v and 25%v polymer concentrations. At smaller R,” values, the P(R,?) profile from
the octahedral pore more closely matches the entire HCP confined. For both N =114 and N = 228
polymer chains, the overall polymer structure most closely resembles the polymer structure in an
octahedral pore. For the N = 114 polymer that has a CR below one for the octahedral pore and
above unity for the tetrahedral pore, the polymer is more extended in the tetrahedral pore than it is
in the overall HCP system.

Next, we study the polymer diffusion in the entire HCP crystal compared to the individual
tetrahedral and octahedral pores in Figure 6. The N = 114 polymer exhibits significantly slower
diffusion in the individual tetrahedral and octahedral pores compared to the entire HCP crystal
(Figure 6a and Figure 6b). Not surprisingly, the polymer achieves a higher diffusion rate in the
larger octahedral pore compared to the smaller tetrahedral pore due to the difference in the pore
sizes. Even though the 10%v and 25%v polymer concentration systems have numerically similar
diffusion rates in entire HCP, the 25%v system diffuses slightly faster than the 10%v in both the
tetrahedral and octahedral pores. The minor effect of concentration on diffusivity is similar to that
seen in the diffusivity results from the entire HCP system as the degree of confinement plays a
more impactful role on polymer diffusion than the concentration does. The N = 228 polymer with
higher CR exhibits similar diffusion in the entire HCP as it does in the individual pore simulations

(Figure 6¢ and Figure 6d). Both polymer lengths in the tetrahedral pore achieve similar diffusion
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rates while the longer N =228 polymer in the octahedral pore diffuses slower than the shorter N =
114 polymer. The difference in polymer length dependence of diffusion in the different pores is
caused by the polymer CR where the polymer CR in the tetrahedral pore is greater than one for
both polymer lengths (~1.5 for N=114; ~2.1 for N = 228) while the polymer CR in the octahedral
pore increases from below one (~0.8) for N = 114 to above one (~1.2) for N = 228.

These findings suggest that for the N = 114 polymer, diffusion between pores (i.e., inter-
pore diffusion) accelerates the overall diffusion rate for the confined HCP system while for the N
= 228 polymer, the polymer diffusion in the entire HCP is dominated by the diffusion within the
tetrahedral or octahedral pores with minor inter-pore diffusion. This observation follows the results
from Figure 4 and ESI Figure S7 where a larger fraction of the polymer chain enters or leaves a

pore for the N = 114 systems compared to the N = 228 systems.
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Figure 6: Polymer mean squared displacement (MSD) and diffusion coefficient (D) for HCP
confined, individual tetrahedral pore confined, and individual octahedral pore confined polymer
solutions. a) and c) provide the mean squared displacement (MSD) of the polymer COM over the
simulation time t. b), and d) depict the diffusion coefficient for each system extracted from the
MSD plot. a) and b) are for N = 114 polymer solutions; c) and d) are for N = 228 polymer
solutions. The dark purple, magenta, and light pink colors are the 10%v polymer solution in the
full HCP confinement, in the individual tetrahedral pore and in the individual octahedral pore
respectively. The dark blue, cyan, and light blue colors are for the 25%v polymer solution in the
full HCP confinement, in the individual tetrahedral pore and in the individual octahedral pore
respectively. The error bars for all plots are the standard error of the mean of 3 independent
replicates.

IVv. Conclusion

31



Soft Matter

In this work, we explore the effect of strong confinement on polymer solutions to
understand how the polymer structure and dynamics change compared to bulk polymer solutions
as the polymer length and concentration are varied. We focus on the good solvent regime in a
hexagonally close packed (HCP) nanoparticle-based confinement with the nanoparticle sizes
significantly larger than the polymer Kuhn segment sizes and with the polymer chain sizes on the
order of the crystalline pore size. We show how polymer dynamics under strong HCP confinement
result in trends with changing polymer concentration and lengths differing from those in the bulk.
We find that in HCP confinement, polymer chains in dilute polymer concentrations exhibit
significantly slowed dynamics while the polymer chains in semi-dilute polymer concentrations
obtain similar polymer diffusion rates. For longer chain lengths, the overall polymer diffusion is
dominated by intra-pore diffusion instead of the inter-pore diffusion that dominates at shorter chain
lengths. We present a detailed view on how the structure and dynamics of polymer solution in
HCP confinement is the result of an intricate interplay of individual tetrahedral and octahedral
pores and the degree of confinement felt by the polymer in these pores. These results improve the
understanding of polymer solution structure and diffusion through large and densely packed

nanoparticle assemblies.
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