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Effect of copolymer sequence on structure and relax-
ation times near a nanoparticle surface’

Alex J. Trazkovich,*# Mitchell F. Wendt,** and Lisa M. Hall*¢

We simulate a simple nanocomposite consisting of a single spherical nanoparticle surrounded by
coarse-grained polymer chains. The polymers are composed of two different monomer types that
differ only in their interaction strengths with the nanoparticle. We examine the effect of adjust-
ing copolymer sequence on the structure as well as the end-to-end vector autocorrelation, bond
vector autocorrelation, and self-intermediate scattering function relaxation times as a function of
distance from the nanoparticle surface. We show how the range and magnitude of the interphase
of slowed dynamics surrounding the nanoparticle depend strongly on sequence blockiness. We
find that, depending on block length, blocky copolymers can have faster or slower dynamics than
a random copolymer. Certain blocky copolymer sequences lead to relaxation times near the
nanoparticle surface that are slower than those of either homopolymer system. Thus, tuning

copolymer sequence could allow for significant control over the nanocomposite behavior.

1 Introduction

Because many properties of polymeric materials can improved
by the addition of nanoparticles, polymer nanocomposites are in
widespread use in commercial applications and have received sig-
nificant attention in the scientific community. This has included
a large body of simulation work focused on understanding and
controlling the molecular scale features of nanocomposite ma-
terials. 712 A clear picture has developed that near nanoparti-
cle surfaces, there is an interphase in which adsorbed polymer
chains have different dynamics, rheology, and typical conforma-
tions than in the bulk.23"21l Because nanoparticles have a high
surface area to volume ratio, the addition of even a small volume
fraction of particles causes a significant percentage of polymer
chains to be incorporated in the interphase region. Thus the over-
all composite properties are highly dependent on the properties
of the interphase and can be predicted as a function of nanoparti-
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cle volume using analytical theories.2223 Therefore, understand-
ing and controlling the interactions between polymer chains and
nanoparticle surfaces is key to predicting and tuning bulk mate-
rial properties.

A critical factor that helps determine properties of the inter-
phase is the polymer—filler interaction strength, which is depen-
dent on the specific polymer and nanoparticle surface chemistry
and can be further adjusted by functionalizing the nanoparticle
surface. Favorable polymerfiller interactions are key to ensuring
good nanoparticle dispersion; when interactions are unfavorable,
nanoparticles have the tendency to aggregate due to entropic de-
pletion effects, which usually has an adverse affect on the me-
chanical properties of the resulting composite. Therefore, for
many common systems, polymer—filler interactions are favorable.
This allows polymers to adsorb on the surface of the nanoparticle,
and the dynamics of the polymers adsorbed on the nanoparticle
are slowed.2429 This raises the local glass transition temperature
in the interphase, and in more highly-loaded systems, the glass
transition temperature of the overall composite can be noticeably
increased.B933 It is also possible to obtain an interphase region
with faster dynamics than the bulk by selecting components such
that the interaction is unfavorable, which has the effect of low-
ering glass transition temperatures.@'@

One class of systems that has been the subject of increased at-
tention in recent years consists of nanoparticles incorporated into
blocky copolymer systems. In these systems, one component
of the copolymer may interact more favorably with the nanopar-
ticle than the other. These systems have been the subject of
several simulation studies focused on nanoparticle dispersion in
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microphase-separated block copolymers=Z*L a5 well as the effect

of grafted copolymer chain sequence on nanoparticle interactions
and self-assembly.42"44 Sequence effects have also been exten-
sively studied in the context of biological systems, where amino
acid sequence can play a critical role in the interaction between
proteins and nanoparticles.42%47 However, relatively little simula-
tion work has focused specifically on properties of the copolymer—
nanoparticle interphase.

In a recent study,*® Chen and colleagues simulated regular
multiblock copolymer chains of hydrophobic and hydrophilic
monomers adsorbed to a hydrophobic nanoparticle. The au-
thors focused on the formation of micelle-like structures of hy-
drophobic monomers, which could either form adsorbed on part
of a nanoparticle or surrounding the nanoparticle. The au-
thors found that with all pairwise interactions equal to € except
for the hydrophobic-hydrophobic interactions, micelles preferen-
tially formed adjacent to the nanoparticle when the interaction
strength between the hydrophobic monomers was above a criti-
cal threshold close to €. In another study4?, Martin et al. modeled
a nanoparticle grafted with copolymer chains composed of alter-
nating blocks of equal length. When one of the monomer types
had a higher affinity for the nanoparticle, chain conformations
around the nanoparticle were shown to depend on the length of
the blocks used in the copolymer sequence. Generally, as block
length increased, the average distance between the nanoparti-
cle and the monomer type with higher affinity for the nanopar-
ticle decreased while the average distance of the less adsorbing
monomer type increased; however, some systems did not follow
this expected behavior, depending on the strengths of the various
monomer—-monomer interactions as well as which block (high or
low affinity) was grafted to the nanoparticle.

Prior simulation studies of copolymer nanocomposites have
typically considered unfavorable interactions between unlike
monomers; however, a body of theoretical work on copolymer-
nanoparticle systems from the Schweizer group considered
monomers that differ only in their nanoparticle interactions, as
we do here. Specifically, they showed that even when the only
chemical difference between the monomers is the strength of
their interaction with the nanoparticles (so the bulk behaves as a
homopolymer with no tendency to microphase separate), copoly-
mer structure in the vicinity of nanoparticles depends dramat-
ically on the copolymer sequence.?%2 An adsorbed monomer
layer was found to form around each nanoparticle (in which there
was an increased concentration of adsorbing monomers), and the
width of this phase increased with copolymer block length. Ad-
ditionally, in systems with multiple nanoparticles, nanoparticles
that were significantly smaller than the block length were found
to have a much higher tendency to aggregate.

Here, we now use molecular dynamics simulations to show
how copolymer sequence impacts interphase dynamics as well.
This topic was not addressed in the theoretical work described
above. However, a recent experimental study by Helal et al.
presented some evidence that copolymer sequence impacts in-
terfacial glass transition temperature; in a nanocomposite con-
sisting of clay nanoparticles in polystyrene-b-poly(ethylene-co-
butylene)-b-polystyrene, the glass transition temperature in the
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interphase was found to depend on the length of the polystyrene
blocks. 23

We have recently performed a brief simulation study using
a model where the only chemical difference between the two
monomer types was their strength of adsorption to a nanoparti-
cle, and we showed that copolymer sequence affects not only lo-
cal structure and qualitative conformations (Figure[I)) around the
nanoparticle but also end-to-end relaxation times, which tended
to increase near the nanoparticle with increasing copolymer block
size.24 In the current work, we use the same model to study
a larger set of copolymer sequences, and we examine the ef-
fect of copolymer sequence on interphase dynamics by measur-
ing end-to-end autocorrelation function, bond-vector autocorre-
lation function, and self-scattering function relaxation times. All
of these quantities are measured as a function of distance from
the surface of the nanoparticle to show how copolymer sequence
impacts the width and properties of the polymer—-nanoparticle in-
terphase.

Fig. 1 Representative snapshots of selected polymers from two sim-
ulated systems. Pink beads adsorb more strongly to the nanoparticle
(purple) than cyan beads.

2 Methods

Our simulations use the standard Kremer-Grest bead-spring
model.235¢ polymers are linear, freely-jointed chains of N = 100
coarse-grained monomer beads. Therefore, the system is only
lightly entangled; standard Kremer-Grest chains of this length
have fewer than two entanglements per chain on average (note
that we include the attractive part of the LJ interaction and our
systems are slightly denser than the standard repulsive Kremer-
Grest system).” 400 chains are placed in a cubic simulation box
along with a single nanoparticle, and periodic boundary condi-
tions are applied. Copolymer chains contain an equal number of
A and B monomers, which may be arranged randomly or in one of
six regular alternating block sequences of the form [A.B,],, with
x equal to 1, 2, 5, 10, 25, or 50 depending on the system and y
equal to 100/(2x). Thus, x is the block length, which we call By ;
we refer to these systems as “B;, = x”. Although regular multi-
block copolymer sequences are difficult to synthesize experimen-
tally, researchers have had success producing such sequences by
successively reacting multiple carefully-prepared functionalized
diblock copolymers.=28

This journal is © The Royal Society of Chemistry [year]
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Chain sequences in the random copolymer system are individu-
ally generated by randomizing the order of a sequence containing
50 A and 50 B monomers; thus, individual chains in the random
copolymer may have different sequences, although they are re-
stricted to contain 50% of each monomer type. In the specific
set of random sequences used in this work, the average length
of a block containing a randomly chosen B monomer was 2.99,
the average length of the longest B block on each chain was 5.86,
and the length of the longest single B block in the system was 13
(note that, unlike the two previous quantities, the length of the
longest B block would be expected to increase with system size).
Figure [2| depicts a schematic of several of our copolymer systems.
We also simulate homopolymer A and homopolymer B systems
for comparison.

Random

Fig. 2 Schematic of some of the copolymer block sequences used in this
work. Each segment shows half of a N = 100 polymer chain.

We use o, €, and m as our reduced units of length, energy, and
mass respectively. All monomers have a mass equal to 1.0m. The
reduced unit of time is therefore 7 = o (m/g)'/2.

Bonded monomers are coupled by Finite Extensible Nonlinear
Elastic (FENE) potentials:

1 2 r 2
—LkRy?1n 1—(7[)) r<Ro

0 r> Ry

) €3]

UreNE =

where r is the distance between the bonded monomers, Ry is the
bond cutoff, set to 1.50, and k is a constant that sets the strength
of the bond, set to 30e /62 to prevent chain crossing or scission.=®
Monomer-monomer pairwise interactions are modeled by a
standard cut-off and shifted Lennard-Jones (LJ) potential,

e ()" ()] +8 rene

0 r>re

; 2

Unyjjj =

where g; is the strength of the interaction and oj; is the length
scale of the interaction between monomer types i and j. rc is the
cutoff distance, which is set to 2.50; for non-bonded monomers
and 2% c;; for bonded monomers. § is a vertical shift factor chosen
so that Upj(r.) = 0. All monomer sizes and monomer—monomer
LJ potential interaction strengths are equal, so that oap = oap =
opg = 1.00 and epp = epp = €gg = 1.0€.

This journal is © The Royal Society of Chemistry [year]
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The effective diameter of the nanoparticle, oy, is set to 10.0c.
The nanoparticle-monomer interactions follow a radially shifted
LJ potential,

oo r—A<0
UNM = 48NM [(%)12* (&)6] +6 0< I‘*AS}’C, (3)
0 r—A>re

where the shift factor A = (oy — 0)/2 = 4.56. This potential
has been used in several coarse-grained simulation studies of
polymer-nanoparticle composites.24429 The strength parameter
enMm varies with monomer type, M; A monomers have the same
affinity for the nanoparticle as for other monomers (eya = 1),
while B monomers are strongly attracted to the nanoparticle
(eng = 5). This is the only chemical difference between the
monomers. Note that since the nanoparticle is larger than the
monomers, eya = 1 is effectively a slightly repulsive interaction:
as a monomer moves to the surface of the nanoparticle from the
polymer bulk, it loses multiple interactions with other monomers
but gains only a single interaction with the nanoparticle. The
strength of eyg was chosen to produce a significant difference
between the two monomer types while still allowing adsorbed
polymers to desorb over computationally accessible timescales.

We ran MD simulations using the open-source package
LAMMPS with the default equations of motion® and a timestep
o6t = 0.01. Initial chain conformations are random walks except
that they are excluded from the nanoparticle. After an initial soft
pushoff phase to eliminate polymer overlap, we ran an equili-
bration simulation in the isobaric-isothermal (NPT) ensemble. A
Nosé-Hoover thermostat (damping parameter 1.0) held the re-
duced temperature at 1.0, and a Nosé-Hoover barostat (damping
parameter 10.0) held the reduced pressure at 0. The NPT equili-
bration phase ran for 200,000, which was sufficient for the root
mean squared displacement (16.80) to be more than three times
as long as the average radius of gyration (approximately 5.15).
Additionally, this was 10 times the bulk end-to-end relaxation
time and more than 5 times longer than the longest end-to-end
relaxation time observed near the nanoparticle surface. We also
manually confirmed that all polymer chains which were initially
absorbed to the nanoparticle desorbed at some point during the
equilibration phase.

Data was collected during a production run performed in the
microcanonical (NVE) ensemble. The volume was fixed at the av-
erage volume from the final 10,0007 (one million timesteps) of
the NPT equilibration phase. A brief further equilibration phase
of 50,0007 was performed after switching to NVE and before sav-
ing any data for analysis. After equilibration in NVE, The length
of each side of the cubic simulation box was approximately 360,
so the distance from the nanoparticle center to the nearest edge of
the periodic cell was approximately 18c. By all measures consid-
ered, the polymer properties were within 2% of the bulk values
before the edge of the box in every system considered. Specifi-
cally, this 2% threshold was met at approximately 12¢ for radii
of gyration and the end-to-end autocorrelation function relax-
ation time, 90 for bond vector autocorrelation function and self-
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intermediate scattering function relaxation times, and 17 for the
A and B monomer-nanoparticle pair distribution function peak
heights.

Data was saved for analysis according to three different
schemes depending on the quantities of interest. For calculat-
ing static quantities including the radial pair distribution function
and radius of gyration, data was saved every 1007 for 200,0007.
For calculating self-intermediate scattering and bond vector auto-
correlation functions, data was saved at powers of v/2 (rounded
to the nearest integer) in 100 separate trajectories whose initial
configurations were separated by 1,0007, well past the relevant
relaxation times. For calculating the end-to-end autocorrelation
function, data was saved at every power of v/2 in 200 separate tra-
jectories whose initial configurations were separated by 50,0007,
also past the relevant relaxation time.

3 Results

The structure of the interphase of monomers around the nanopar-
ticle is quantified by the monomer-nanoparticle pair distribution
function, gy (r), the relative probability of finding a monomer of
type M at distance r from the nanoparticle compared to the prob-
ability in the bulk. We use the index P to refer to all monomers,
and recall that A refers to nonadsorbing monomers and B refers
to adsorbing monomers. We also calculate ggn(7)/gpn(7), the ra-
tio of the B—nanoparticle pair distribution function to the overall
monomer—nanoparticle radial pair distribution function, which is
equivalent to the probability that a randomly chosen monomer
at distance r is type B (Figure S1 in the Electronic Supplementary
Information reports this same data in terms of the more standard
A-nanoparticle and B-nanoparticle pair distribution functions).
As shown in Figure [3|(a), radial ordering for the copolymer sys-
tems generally falls between that of A homopolymer and B ho-
mopolymer systems. All copolymer systems (which include 50%
B) have noticeably higher first, second, and third peaks in gpn(r)
versus the A homopolymer due to monomer adsorption. These
peaks intensify with block length, and the systems with By, > 10
are nearly indistinguishable from the pure B system.

The ratio ggn(r)/gen(r) is reported in Figure [B|(b); all systems
exhibit a phase around the nanoparticle where the fraction of
B monomers is above 0.5, and for By, > 10, this phase is nearly
pure B. The width of this phase increases with the block length.
Surrounding this first phase, most of the systems exhibit a sec-
ond region where the fraction of A monomers is above 0.5, al-
though this effect is minimal in the random and Bp, = 50 sys-
tems. In the By = 25 system, this secondary A-dominant phase
extends to about 140 from the center of the nanoparticle (the
plot has been cropped for visual clarity). After this secondary A-
dominant phase, all systems’ concentrations converge to the bulk
value (equal concentrations of A and B monomers). Near the
nanoparticle, the fraction of B monomers in the random copoly-
mer system most closely resembles that of the By, = 5 system. This
is consistent with the average length of the longest B block in each
chain in the random system and fact that the longer B blocks will
tend to preferentially aggregate around the nanoparticle. Out of
all the systems, the random copolymer system converges to equal
concentrations of A and B monomers over the shortest length
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Fig. 3 (a) gen(r), the monomer—nanoparticle radial pair distribution func-
tion for the copolymer systems as well as the two homopolymer systems,
as labeled, for comparison. (b) gan(r)/gen(r), the fraction of monomers
at distance r that are type B, for the copolymer systems, as labeled.

scale; this is likely because in the random system, the composition
varies within and between chains, and a long B block adsorbed to
the nanoparticle may not be adjacent to a long A block, so the
secondary A dominant phase is not present.

The fraction of B monomers yields one way to measure the
width of the static interphase. For this purpose, we define the
surface of the nanoparticle as on/2 = 50, and we define the in-
terphase as extending from the nanoparticle out to the last point
where the fraction of B monomers differs from the bulk value
of 0.5 by more than 5%. This yields interphases with widths of
1.50 for the random copolymer system, 2c for By, = 1, 30 for
Br, =2, 3.50 for By, =5, 40 for By, = 10, 70 for B;, =25, and 40
for By, = 50. Note that these values are somewhat sensitive to the
cutoff threshold used.

To characterize polymer chain behavior in the interphase, we
first examine the radius of gyration (Rg) as a function of distance
from the nanoparticle center (see Figure [4]). Specifically, based
on each chain’s center of mass (COM), polymers were assigned to
concentric spherical shells around the nanoparticle.

Far from the nanoparticle, all systems have very similar Rg since

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Average radius of gyration of polymer chains as a function of
distance from the center of the nanoparticle. Polymers are assigned to
shells as described in the text, and shells are centered at the indicated
radius and have a width of 0.50. Adequate statistics were not obtained
to report on the rare cases where a polymer’s center of mass resides at
r<3.750

there is no chemical difference between the monomers in the
bulk. Between about r = 11¢ and r = 80, Ry decreases slightly
with proximity to the nanoparticle, then for r < 85, Ry increases
sharply as r decreases. In this latter region, Ry tends to increase
with By, in the multiblock copolymer systems while the results
of the two homopolymer systems are very similar. Notably, for
By, = 1, Ry is significantly lower than either homopolymer system
throughout this entire region, while for By, > 25, Ry is significantly
higher. The random copolymer system most closely resembles the
By, = 25 system. The By, = 50 system has a significantly higher Ry
than any of the other systems out to a radius of 10o; since the
By, = 50 chains are diblock copolymers, the chain conformation is
more extended when the B block is absorbed and the A block is
outside the B-dominant phase surrounding the nanoparticle. All
the other sequences allow for multiple B blocks on the same chain
to adsorb on the nanoparticle, making a more compact conforma-
tion.

To study the effect of copolymer sequence on chain dynamics
in the polymer-nanoparticle interphase, we calculate vector au-
tocorrelation functions. Specifically, we extract chain- and bond-
scale relaxation times by fitting relevant vector autocorrelation
functions with a stretched exponential model,

(RO)-RO) _ ~(4)" @
(R(0)?) ’
where R is the relevant vector at time 7, g represents the mean
relaxation time of vector R, and fig is a stretching parameter re-
lated to the width of the relaxation time distribution.

When R is the polymer chain end-to-end vector, Ree, the left
side of Equation[4]is the end-to-end autocorrelation function, and
Tee and Pee are parameters describing the mean and width of the
distribution of the end-to-end relaxation times. When R is the

This journal is © The Royal Society of Chemistry [year]
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vector between adjacent bonded monomers, Ry, the left side of
Equation {4 is the bond vector autocorrelation function, and 1,
and By, describe the mean and width of the distribution of bond
vector relaxation times. In this study, 7. and 7,, are of particu-
lar interest because they describes the characteristic timescale of
chain and bond relaxation, respectively.

Prior work has used the end-to-end autocorrelation function to
characterize interphase polymer dynamics as a function of dis-
tance from both flat surfaces''® and nanoparticles.“® Using a sim-
ilar approach, we divide the system into a series of concentric
shells centered on the nanoparticle and assigning each polymer
the shell that contains the chain’s COM at the middle frame of
the autocorrelation window. Polymers may move between shells
during the course of the autocorrelation window, but this effect is
reduced by truncating the trajectories at \/54 4 timesteps (approx-
imately 42,0007), which is approximately 27e of the bulk system.
The data from each shell is fitted with the stretched exponential
model to extract Tee and Pee. Pee Was found to be close to 0.55
and relatively independent of copolymer sequence and distance
from the nanoparticle. On the other hand, 7. was found to de-
pend significantly on both copolymer sequence and proximity to
the nanoparticle, as shown in Figure

45
——B; =50
B, =25
40 ¢ ——B, =10
-+-Random
35
™
12
= 30
g
(5
25
20
15 1 i 1 L L L L 1 1 1

Fig. 5 End-to-end relaxation times of various copolymer and homopoly-
mer systems, as labeled, as a function of distance from the nanoparti-
cle surface. Polymers are assigned to shells as described in the text,
and shells are centered on the indicated radius and have a width of 1o.
Measurement error increases with proximity to the nanoparticle because
fewer polymers reside in closer shells. A 90% confidence interval of
the measurement is approximately +2.5-10°t at 50, +1.5-10°7 at 60,
+1-10°t at 80, and +0.5- 103t at 150. Adaquate statistics were not
obtained to report on the rare cases where a polymer’s center of mass
resides at r < 4.50.

In the A homopolymer system, chain relaxation timescales de-
crease slightly in the vicinity of the nanoparticle, which is con-
sistent with other work that has shown this effect for nanocom-
posite systems with slightly repulsive polymer-nanoparticle in-
teractions. The exception is at the closest reported shell, where
the confining effect of the nanoparticle surface appears to slightly
outweigh the effect of the repulsive interaction. In all other sys-
tems, chain relaxation timescales increase with proximity to the
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nanoparticle. In the blocky copolymer systems, increasing block
length tends to increase relaxation times at a given distance from
the nanoparticle. The lengthscale over which relaxations are
slowed also appears to increase with block length. The interphase
chain relaxation times of the random copolymer system are simi-
lar to those of the By, = 5 and By, = 10 systems.

In contrast to the overall trend, in the closet shell reported,
the B, = 50 system exhibits statistically significantly smaller relax-
ation times than several other systems with shorter block lengths.
In this system, the chain COM is rarely in the shell closest to the
nanoparticle surface because of the tendency of chains to orient
with their A blocks far from the surface. Chains that happen to be
in an unfavorable conformation with COM near the surface will
relatively quickly reorient to a more favorable orientation.

Interestingly, above a threshold of approximately By, = 5, the
interphase chain relaxation times are slower than for the B ho-
mopolymer system despite the fact that the B homopolymer sys-
tem contains twice as many adsorbing B monomers as the copoly-
mer systems. This may be because, in the copolymer systems,
there is an energy barrier associated with swapping an adsorbed
B block with another B block on the same chain, and this energy
barrier increases with the length of the non-adsorbing A blocks
that separate the B blocks. In the B homopolymer system, ad-
sorbing chain segments may be swapped without experiencing
this barrier.

Chain relaxation times provide another method to characterize
the interphase, this time in terms of dynamics. As before, we
define the surface of the nanoparticle as 50, and we now define
the interphase as extending from the nanoparticle out to the last
point where 7. differs from the bulk value of 17.3 x 101 by more
than 10%. This yields interphases with approximate widths of 9¢
for the random copolymer system, 1o for By, = 1, 30 for By, =2,
50 for By, = 5, 70 for B, = 10, 70 for B, = 25, 50 for B, = 50, 30
for homopolymer B, and 0o for homopolymer A.

This analysis of interphase widths (and, in general, all the anal-
ysis of local end-to-end vector relaxation times) is confounded by
the fact that 7e. is a property of the entire polymer chain, so it
represents a physical process that is distributed over an area sig-
nificantly wider that the width of a single shell. Therefore, the
analysis above should be treated only as a rough view of the pro-
gression of interphase dynamics rather than a precise measure-
ment of local properties.

To provide a more localized description of relaxation, we also
measure the bond vector autocorrelation function. Orientational
relaxation of bonds has been similarly studied by others,®L in-
cluding as a function of distance from a nanoparticle surface.’28/62
Importantly, this characterizes dynamics on a length scale that is
close to the width of a single shell.

Figure[f]reports 1, as a function of distance from the nanopar-
ticle surface for each of the systems studied. In this case, fits
to determine t,, are performed using data for ¢+ < 107, during
which time the mean-squared displacement of the monomers is
less than 1, meaning that the majority of monomers should re-
main in or near the shell to which they are assigned during the
analysis time. As with the end-to-end relaxations, bond-scale re-
laxation times in the B homopolymer and all copolymer systems

6| Soft Matter, [year], [vol.], 1-@]

increase with proximity to the nanoparticle, although the length
scale over which this effect occurs is shorter than for the chain
relaxations. Compared to the end-to-end relaxations, there is rel-
atively less variation between the copolymer systems, with the
behavior all of the copolymer systems strongly resembling that of
the B homopolymer for r > 7.

50
..... PureB
45 | ——B_ =50
—=—B; =25
40 ——B;. =10
B.=5
3 -+-Random
L —=-B; =2
E 30 +BL:1
T\
25
200 TS
15 b e
10 1 1 1 1
5 6 7 8 9 10

r|o]

Fig. 6 Bond vector relaxation times as a function of distance from the
nanoparticle surface for the various copolymer and homopolymer sys-
tems, as labeled. Shells are centered at the indicated distance and have
a width of 0.50, and bonds are assigned to shells as described in the
text. Measurement error increases with proximity to the nanoparticle be-
cause fewer bonds reside in closer shells. A 90% confidence interval of
the measurement is approximately +17 at 5.50, +0.57 at 70, and +0.17
at 100 and above.

Bond relaxation very close to the nanoparticle depends primar-
ily on the local percentage of adsorbing monomers (Figure [3p).
For B;, < 10, bond relaxations in the closest shell (r = 5.50) in-
crease with By, as does the fraction of B monomers. For By, > 10,
the relaxation times plateau at nearly the same value as the B
homopolymer system; this corresponds to the copolymer block
length threshold above which the fraction of B monomers in the
phase adjacent to the nanoparticle’s surface is nearly indistin-
guishable from 1. However, the random copolymer system ex-
hibits bond relaxations in the first shell that are nearly equivalent
to those of the longest block length copolymer systems despite
having a locally adsorbed B-dominant phase that is less pure than
that of the B, = 5 system. In the r = 60 shell, several of the shorter
block length systems as well as the random system exhibit signif-
icantly slower bond relaxations than the B homopolymer system.
This may be attributable to the very sharp transitions in the per-
centage of B monomers observed at approximately that distance
from the nanoparticle in the By <5 systems; A-B bonds that are
aligned across that boundary may be disproportionately slow to
relax as a result of the sharp phase transition (the orientation of
bonds with respect to the nanoparticle is reported in the Elec-
tronic Supplementary Information’, Figure S3).

In contrast to what is seen with the chain relaxation data, the
apparent interphase width according to bond relaxation is rela-
tively independent of copolymer sequence, with all systems con-
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verging to the bulk value approximately the same distance from
the nanoparticle surface. For several systems, this is a shorter
lengthscale than the convergence of either the composition or the
chain relaxation times. Note that this is, in large part, a conse-
quence of our particular model, which defines the two monomer
types as identical except for their interactions with the nanopar-
ticle. If inter-monomer interactions were adjusted to vary with
monomer type, then it is likely that the interphase width accord-
ing to local dynamic properties such as bond relaxations would be
more similar to the interphase width according to composition. In
contrast, in our system, the bond relaxation times converge to the
bulk value after about 2.5¢6 from the nanoparticle surface, which
is the cutoff distance of the monomer-nanoparticle interaction
potential, the distance out to which monomer-scale dynamics are
directly impacted by their interaction with the nanoparticle. In
contrast, in the case of chain-scale relaxation times, apparent in-
terphase effects can persist out to distances significantly beyond
the 2.50 cutoff because polymers whose chain centers are beyond
the cutoff distance may still contain some monomers which are
much closer to the nanoparticle. In fact, the widest interphases
according to chain relaxation times were seen to be about 7o,
which is approximately the sum of the cutoff distance and the
radius of gyration.

To characterize local monomer mobility, we use the self-
intermediate scattering function Fs(k,?), defined as

N
(k1) = (Y explik- (1) ~ ,(0))]), ®
J

where r;(7) is the position of monomer j at time #, N is the number
of monomers in the shell, and k is a wave vector.

In contrast to the bond vector autocorrelation, which measures
local bond reorientation, the self-intermediate scattering function
measures monomer translation and has previously been used by
Ghanbari et al. to characterize the polymer-nanoparticle inter-
phase.?% It also effectively encodes the same information as the
mean-squared displacement, which was used by Ndoro and col-
leagues in a similar context.?8 Note that while this formulation of
the self-consistent scattering function is omni-directional, treating
movement in all directions as equivalent, it would also be possi-
ble in future work to consider k vectors normal to the nanoparti-
cle surface in order to characterize monomer motion towards or
away from the nanoparticle.

To characterize the interphase using Fs(k,r) results, we apply
a similar treatment as for the vector autocorrelations: we assign
monomers to shells based on their locations at /2 and then fit
the ensemble average of each shell with a stretched exponen-
tial model (right side of Equation [4). We focus on changes in
1r, (k,1), the characteristic relaxation time of Fg(k,?), across sys-
tems. As with the analysis of bond vector relaxation, fits to de-
termine 7f, (k,7) are performed using data for r < 107. Figure
plots these relaxation times as a function of distance from the
nanoparticle for k = 2n6~!, corresponding to the monomer di-
ameter length scale.

The results for all systems exhibit an oscillatory behavior that
coincides with the fluctuations in the monomer-nanoparticle pair

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 Relaxation times of the self-intermediate scattering function at
|k| = 2m, reported as a function of distance from the nanoparticle sur-
face for the various copolymer and homopolymer systems, as labeled.
Monomers are assigned to shells as described in the text, and shells
are centered at the indicated distance and have width of 0.55. Although
measurement error increases with proximity to the nanoparticle because
fewer monomers reside in closer shells, a 90% confidence interval of the
measurement is less than £0.02 at all radii.

distribution function seen in Figure a); monomers in locations
of high relative density due to structural ordering around the
nanoparticle are seen to be less mobile over short timescales than
the fewer monomers found in areas of low density at the mid-
dle of the time window (these monomers may have been in the
process of moving between higher density locations during the
time window). Except in the A homopolymer system, monomer-
scale motions slow with proximity to the nanoparticle. Generally,
Fs(k,t) relaxation times for the copolymer systems fall between
those of the A homopolymer and B homopolymer systems. Re-
laxation times in the blocky systems are seen to increase with
block length, with the relaxation times of the By, = 25 and By, = 50
systems being nearly indistinguishable from the homopolymer B
system. The behavior of the random copolymer system is most
similar to that of the By, = 5 system.

The apparent interphase width according to the self-consistent
scattering function is approximately 2.5¢ and is relatively inde-
pendent of copolymer sequence. As with the interphase width
according to bond-vector relaxation times (see discussion above),
this is likely linked to the cutoff distance of the monomer-
nanoparticle interaction potential.

4 Conclusions

Using a series of AB copolymer sequences and a simple coarse-
grained model where the only chemical difference between the
A and B monomer is their strength of attraction to a nanoparti-
cle, we examined the effect of copolymer sequence on the struc-
ture and dynamic properties of the polymer—nanoparticle inter-
phase. We compared the results from the copolymer systems to
homopolymer A and homopolymer B systems, finding that, within
the range of copolymers studied, adjusting sequence could tune
the interphase to take on a range of properties between extremes

Soft Matter, [year], [vol.],

14917



Soft Matter

bounded by the homopolymer A and homopolymer B systems.
Moreover, depending on the interphase property of interest, in
some cases it is possible to produce interphase behavior that is
outside the regions bounded by pure A and pure B systems. This
is most clear in the case of end-to-end relaxation times, where
certain copolymer sequences with longer block lengths produce
slower relaxations than even the pure B system. This suggests
that adjusting copolymer sequence is potentially a powerful tool
for controlling the material properties of nanocomposite systems
even in cases where microphase separation does not occur in
the bulk. In future work, we hope to study the effects of un-
favorable interactions between unlike monomers as well as the
effect of modeling two polymers with different glass transition
temperatures, which would allow us to examine how copolymer
sequence affects glass transition temperature in the interphase. It
would also be of interest to extend our analysis to examine other
monomer-nanoparticle interaction strengths, including those that
are strong enough such that the adsorbing monomer type behaves
as if grafted to the nanoparticle. Finally, we plan to examine the
effect of copolymer sequence on other interphase properties, in-
cluding entanglements, local dynamic modulus, and hysteresis in
mechanical response.
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Copolymer sequence affects the size and dynamics of the interphase region around a nanoparticle.
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