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ABSTRACT: The modification of interfacial polymer behavior is one of the primary sources
of property modifications of polymer−nanoparticle (NP) composites (PNC). For strongly
favorable polymer−nanoparticle interactions, large NPs exhibit a “bound” polymer layer which
has a much longer relaxation time than the surrounding polymer matrix. The difference
between the relaxation time of the bound polymer and matrix decreases as the NP size
decreases. Using molecular simulations, we explore the degree to which the interfacial polymer
structure, and thus the bound layer properties, depends on the size of NP. We find that for
larger NPs, chains orient with their longest axis parallel to the NP interface, an effect which
diminishes for small NP. We also find that the strength of interfacial interaction does not have
a significant effect on the structural changes, which suggests that the change in the polymer
chain structure is entropically driven.

■ INTRODUCTION

Polymers are one of the most ubiquitous materials and have
numerous useful mechanical and electrical properties.1,2

Improving and controlling these properties is important to
produce materials with novel properties. One common
approach to control modification of polymer material proper-
ties is the addition of nanoparticles. It has been shown that
polymer−nanoparticle composites (PNC) can have substan-
tially altered dynamical, mechanical, electrical, or optical
properties,3−10 as compared to traditional composites with
much larger scale additives.11−13 This is thought to be, in large
part, due to the increased surface-to-volume ratio of nanoscale
additives compared to traditional additives. Thus, NP size is
expected to play a role in the changes in PNC properties.
For many applications, property modifications are improved

by having NPs that are well-dispersed within the compo-
site.14−16 To ensure dispersion at equilibrium, favorable
polymer−NP interactions are usually needed.17 It has been
shown that strongly attractive interactions can lead to the
creation of a “bound” layer near the NP interface with
relaxation times that are orders of magnitude slower than that
of the surrounding polymer matrix.18−23 Although it is
commonly expected that this slowed relaxation should be
manifest in an increase in the overall glass transition
temperature Tg of PNCs, many experiments report little or
no change of Tg, even with favorable NP−polymer interaction.
Our recent simulations suggest that the bound layer can
“shield” the NP, so that the interfacial interactions of the
bound layer with the surrounding polymer matrix are screened
by the bound layer, leading to little apparent changes in the

polymer matrix behavior.24 In this limit of bound polymers, the
Tg of the bulk polymer, whose dynamics are decoupled from
the bound layer, can become nearly independent of polymer−
NP interaction strength.
In previous work,22 we examined the effect of particle size on

the dynamics of the polymer layer especially the bound layer.
We showed that, as the NP size decreases at the constant
volume fraction, the surface-to-surface distance between NPs
decreases; as a result, the bound layers on different NPs can
overlap, leading to a significant increase in Tg. In effect, there is
little or no matrix polymer, so that Tg becomes essentially
entirely associated with the much slower bound layer.
In this paper, we study the effects of NP size on the structure

of the interfacial polymer chains and how this relates to the
dynamics of the PNC as a whole. We show how both the
polymer shape (quantified by the gyration tensor) and its
alignment with the NP are altered as one approaches the
surface of the NP. We see that both the shape and alignment
change near the interface and that the effects become weaker
as the NP size decreases. Our data suggest that the NP impact
on the structure is greatly diminished when it becomes smaller
than the radius of the chain of gyration Rg. Moreover, these
changes appear to be entropically driven by the packing of
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polymer chains around NP, because there is almost no effect of
the polymer−NP interaction strength on the changes of chain
structure. Overall, for small NPs, the “cloaking” by bound
polymer is less effective. However, the strongly bound layer
makes the glass transition temperature of the composite more
sensitive to NP interactions. As it has been mentioned in our
previous work,22 this sensitivity is a result of the increase in the
surface-to-volume ratio, at a fixed volume fraction, as the NP
size decreases. At sufficiently small NP size, all of the polymer
chains become interfacial.

■ METHODS
The polymer composite is modeled as an ideal, uniform dispersion of
a single NP within a polymer matrix, following the simulation
parameters and protocol we have used in earlier work; we summarize
these details briefly but refer to earlier works for further details.24,25

Polymer chains are modeled via the Keremer−Grest bead−spring
model,26 where each chain consists of 20 monomers, each of diameter
σ. Nonbonded monomers interact via a Lennard−Jones (LJ) potential
that is truncated and shifted beyond a cutoff distance rc = 2.5σ (which
thus includes attraction among monomers). Bonded monomers are
linked by the finitely extensible nonlinear elastic (FENE) potential,
where the bond strength k0 = 30 and the maximum extension R0 =
1.5; with these parameters, the typical bond length is ≈0.97σ. Each
NP consists of a collection of beads (identical to the monomers of
polymer chains) that are linked to form an icosahedral NP with a
specified size. We study three different NP sizes that consist of 356,
104, or 12 beads, respectively, which corresponds to an icosahedron
of edge length a = 6.6σ (six monomers per edge), 4.4σ (four
monomers per edge), or 2.1σ (two monomers per edge), respectively.
This size can be converted to an approximate diameter by the

expression = +d a(3 5 )3
6

, which corresponds to the diameter of

an inscribed sphere that touches the faces of the icosahedron; the
resulting diameters are d = 10.0, 6.6, and 3.3, respectively. The facet
area from the largest simulated NP to the smallest are Afacet = 19.55,
8.69, and 2.17σ2, respectively. To model the interaction between the
NP and polymers, we use an attractive LJ interaction, also truncated
beyond 2.5σ. We use a variable polymer−nanoparticle interaction
strength εp−np. Interfacial dynamics depend strongly on this
parameter. Recently, the use of amorphous NPs with an
approximately spherical shape has become quite common, rather
than polyhedral NP (such as used here). Given the high degree of
symmetry of an icosahedron, we expect that the average structure of
polymer chains near our NP will be very similar to the changes that
would occur with a nearly spherical NP.27,28 At the same time, one
should be careful to distinguish comparisons between spherical NPs
represented in simulations by a single large force site, versus a NP
composed of many smaller force sites linked together (similar to our
icosahedral particle). A single-site large NP presents a smooth,
unchanging interface, while a multiple-site composite particle can
incorporate a nonuniform interface with variable stiffness. These
different representations can have profound differences in their
interfacial dynamics, a point more thoroughly studied in the case of
polymer films.29

Each simulation consists of a single NP surrounded by 400 polymer
chains, and periodic boundary conditions are used in all directions to
map the system to an ideal cubic lattice dispersion of NP. This
simplification allows us to easily probe the distance dependence of the
relaxation from the NP surface, which is critical to explain the changes
in the dynamics and glass transition of the overall composite.
Simulations are performed in the NVT ensemble along an isobaric
path (P* = Pσ3/ε = 0.1) at temperatures T* = kBT/ε ranging from
0.40 to 0.80, where ε is the well depth of the intermonomer LJ
potential; the interaction strength between NP and polymers ranges
from 0.1 ≤ εp−np ≤ 3.0, where εp−np is defined relative to the
polymer−polymer interaction strength ε. Because the NP size varies
while the number of chains and chain length are fixed, the
concentration, or filling fraction ϕ varies ϕ = 0.042 (d = 10.0),

0.0128 and 0.043 (d = 6.6), and 0.0015 (d = 3.3). To study the effects
of volume fraction on the bound layer relaxation time, for d = 6.6 NP,
we performed an additional simulation with 115 chains leading to ϕ =
0.043. The small filling fraction for the smallest NP is motivated by
our desire to avoid polymers bridging between the NPs (or bound
regions overlap), which gives rise to additional effects that complicate
our interpretation. In other words, we perform the simulations in the
“dilute” limit. The dilute limit can be characterized by the ratio of the
surface-to-surface distance d of NPs to the radius of gyration of the
polymer chains. In our simulations, d/Rg = 3.3 is the smallest ratio.
This surface-to-surface distance between NPs is larger than the
propagation length of the change in the dynamics of polymer chains
as a result of the presence of NP. All results are reported in reduced
units of the monomer diameter and interaction strength. These
reduced units can be approximately converted to real units, where σ =
1 nm, ε0 = 1 kJ/mol (equivalent to Tg ≈ 100 °C) and the time is in
picoseconds for a simple polymer such as polystyrene.

■ STRUCTURE OF INTERFACIAL POLYMERS
Our primary focus is to address the role of the NP size on the
structure and consequently relaxation of the bound layer. In
this section, we focus on the effect of the NP size on the
orientation and chain dimensions of polymers as a function of
their distance from the NP surface. In particular, we shall show
that changes to the chain dimensions and orientation are
strongly dependent on NP size but only weakly dependent on
the strength of NP interactions; in other words, changes to the
chain structure are results of the packing of polymer chains
around the NP. Different particle sizes have different
curvatures, which affects the packing of polymer chains around
them differently, leading to measurable differences in structure.
As a first step, we show the monomer density profile as a
function of distance from the NP surface in Figure 1 at a

reference interfacial interaction strength εp−np = 2.0 and T* =
0.46. The monomers form relatively well-defined layers near
the NP surface, as known from previous work.24 The
amplitude of these density peaks increases modestly with
increasing εp−np (not shown). Notably, the density of
monomers nearest the NP surface is larger for small NPs. A
naive free volume argument based only on local density would
suggest that the relaxation should then be slowest for polymer

Figure 1. Monomer density profile as a function of distance from the
NP surface for the three NP sizes considered. The distance from the
surface is defined by the distance from the center, minus the diameter
of the inscribed sphere of the NP. The inset shows the same data as a
function of distance from the center of the NP (i.e., without
subtracting the NP size).
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segments near the smallest NP; however, as we have already
demonstrated, this is the opposite of the actual behavior of the
mean interfacial relaxation time, which decreases for smaller
NP.22

Numerous earlier works have examined how interfaces can
alter chain dimensions.27,30−36 Here, we focus on the role NP
size and to what degree the NP interactions are important. To
quantify the polymer shape, we use the gyration (shape) tensor

∑= − −αβ
α α β β

=

S
N

r r r r
1

( )( )
i

N

i i
1

cm cm
(1)

where N is the number of monomers per chain, i is the
monomer index, α and β indicate axis directions, and rcm is the
center of mass of the chain. We evaluate the eigenvalues of this
tensor λi

2 (and use the convention λ1
2 < λ2

2 < λ3
2). The sum of

eigenvalues defines the overall chain radius of gyration
λ= ∑R i ig

2 2. The differences in λi
2 provide information on

the shape anisotropy of the chain. Because our simulations
show that the change in the shape of the polymer chains is T-
independent (at lower simulated temperatures), to improve
the statistics of the calculated values, we report the average
values of λi of the systems at T* < 0.50 for each NP size and
εp−np. Figure 2 shows the Rg

2, along with the largest (λ3
2) and

smallest (λ1
2) eigenvalues of the gyration matrix as a function of

the distance of the chain center of mass from the NP center for
all NP sizes studied for a representative strong and weak
interfacial interaction εp−np. As we approach the NP surface,
the value of the overall Rg

2 increases, indicating a modest
expansion of the chains near the NP surface. The increase of λ3

2

and decrease of λ1
2 indicates that the polymers closer to the NP

are stretched along the longest principal axis and compressed
along the shortest principal axis. The net effect of the
stretching and compression leads to a more anisotropic object.
All of these changes are essentially independent of the
polymer−NP interaction strength. Thus, changes in the
polymer structure near the NP interface are related to the
packing of polymer chains around the NP arising from the
packing constraints for the NPs with different surface
curvatures.
It is natural to expect that the packing constraints at the NP

surface that cause changes in polymer shape should also give
rise to changes in the orientation of polymers relative to the
NP surface. To this end, we evaluate the orientational order
parameter defined by the angle θi between the chain center of
mass position vector rcm relative to the NP center and the
semiaxis eigenvector ei of the gyration tensor (associated with
eigenvalue λi). Mathematically, the orientation is defined by
the second Legendre polynomial

θ θ⟨ ⟩ = ⟨ − ⟩P (cos )
1
2

(3 cos 1)i i2
2

(2)

By construction, ⟨P2(cos θi)⟩ranges from −0.5 (normal to
the radial direction) to 1 (parallel to radial direction), and
⟨P2(cos θi)⟩ = 0.0 when the vectors are uncorrelated (random
relative orientation). Figure 3 shows the orientation of the
eigenvectors e1 and e3, corresponding to the smallest (λ1

2) and
largest (λ3

2) chain dimensions, respectively, at large distance
from the NP, ⟨P2(cos θi)⟩ ≈ 0 for all axes, demonstrating that
chains in the matrix are randomly oriented. Similar to the
change in the shape, the reported values of the ⟨P2(cos θi)⟩ are
the average of all systems with T* < 0.50 for each NP size and
εp−np. The polymers close to the NP tend to align their long

axis (e3) normal to the radius of the NP, demonstrated by the
decrease in ⟨P2(cos θ3)⟩, because alignment along the surface
implies a perpendicular orientation relative to rcm. In addition,
⟨P2(cos θ1)⟩ increases near the NP surface, indicating that the
smallest polymer axis aligns perpendicular to the surface of NP.
Similar to the changes in chain size, the orientation effects are
not dependent on the strength of polymer−NP interactions
and thus are similarly entropic in origin. Also similar to the
chain size, the amplitude of the orientation changes diminish
for smaller NP. In the case of the largest NP (d = 10.0σ) the
edge length of the icosahedron is roughly equal to the end-to-
end distance of polymers, so that polymer interface is locally
flat. For smaller NPs, the facets do not promote alignment as
strongly. This is probably not surprising, because in the limit
where the NP size is comparable to the monomer size, there
should be little to no effect on chain dimensions or orientation.
The effects of the size of the icosahedral NP on chain
dimensions and orientation are similar to those previously
reported for polymers near an ideal spherical NP.27,30,36 We
graphically illustrate the consequences of the chain alignment
with the NP in Figure 4, where we render the chains having at
least one monomer in contact with the NP surface.

Figure 2. NP effects on chain dimensions and orientation. (a) The
radius of gyration Rg

2 increases for chains approaching the NP surface.
For each NP size, we show both the case of weak polymer−NP
interaction strength (εp−np = 0.25, triangles) and a strong interaction
(εp−np = 2.0, circles); the similarity of these different strengths shows
that the changes are dominated by the packing of polymer chains
around the curved surface. The blue and black lines correspond to d =
3.3σ, the red and orange lines correspond to d = 6.6σ, and the green
and brown lines correspond to d = 10σ systems. (b) The largest
eigenvalue of the gyration tensor λ3

2 increases near the interface, while
(c) the smallest eigenvalue of gyration matrix λ1

2 decreases (as does λ2
2,

not shown). The value of Rg
2/Afacet ≈ 0.24, 0.54, and 2.17 for d = 10σ,

6.6σ, and 3.3σ, respectively.
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■ DEPENDENCE OF DYNAMICS ON NP SIZE
In this section, we study how the changes in chain shape and
orientation, studied in the previous section, correlate with the
behavior of the relaxation time of the bound layer. To probe
the dynamics of the polymer composite, we focus on the self-
intermediate scattering function

∑=
=

· −F q t
N

e( , )
1

j

N
i tq r r

self
0

( ( ) (0))j j

(3)

where rj(t) is the position of monomer j at time t (relative to
an arbitrary time origin), and q is the wave vector. Following
convention, we present results for q0 ≈ 7, the location of the
primary peak in the monomer structure factor. The
intermediate scattering function F(q0, t) for the system as a
whole for different NP sizes is shown in Figure 5 for T* = 0.46
and εp−np = 2.0. Note that the dynamics observed here are
different from those reported in our related work22,24 because

we study a lower NP concentration to ensure we are in the
dilute limit. The bound polymer contribution to F(q0, t) is
apparent from the additional relaxation process at large t, most
readily seen on a double-logarithmic representation. Such a
bound polymer is only apparent when the polymer−NP
interaction strength exceeds that of the polymer−polymer
interactions (εp−np ≳ 1). The data show that the amplitude of
the bound layer contribution to F(q0, t) decreases for smaller
NP. However, we note that this effect is primarily due to the
change in NP concentration, not the NP size; for example, for
d = 6.6σ systems at T* = 0.46, Ab (the amplitude of bound
layer contribution), defined in eq 4, is 0.024 and 0.093 for
systems with ϕ = 0.013 and ϕ = 0.043, respectively. We shall
next show how the size affects the bound relaxation.
For systems with a distinct bound relaxation, F(q0, t) can be

quantitively described by including an additional relaxation
process, specifically,24,37,38

= − + −

+

τ τ

τ

− −

−

α
β

β

F q t A e A A e

A e

( , ) (1 ) ( )t t

b
t

self
( / )

b
( / )

( / ) b

s
3/2

b (4)

There are three different relaxation processes, vibrational
relaxation with relaxation time τs, the primary or α relaxation
with relaxation time τα, and bound layer relaxation with
relaxation time τb. Using this functional form, we extract the fit

Figure 3. Chain alignment relative to the NP interface. We evaluate
the orientational parameter (eq 2) for the eigenvectors e1 and e3 of
the gyration tensor, corresponding to the smallest and largest
semiaxis, respectively. The data show that the longest axis aligns
parallel to the interface (normal to the radial direction), and the
shortest axis aligns normal to the interface (along the radial direction).
In other words, the inherently asymmetric chains align their longest
axis roughly parallel to the NP surface. We show data for two different
polymer−NP interaction strengths (εp−np = 2.0 circles, and εp−np =
0.25 triangles) to show that the effect is nearly independent of
polymer−NP interactions. The blue and black lines correspond to d =
3.3σ, the red and orange lines correspond to d = 6.6σ, and the green
and brown line correspond to d = 10σ systems.

Figure 4. Snapshots of the MD simulation for a representative T* = 0.46 for systems with different NP sizes. For clarity, we show only the polymer
chains with at least one monomer in contact with NP surface. Note that the scale of the three panels is different. (a) The system with particle size d
= 3.3σ. (b) The system with NP size d = 6.6σ. (c) The system with NP size d = 10.0σ. Most of the polymer chains are aligned parallel to the
surface, and a few of extend away from the NP interfacial region. When the particle size is on the order of the polymer chain size, they have enough
space to strongly align with the NP surface. For the NP size smaller than polymer chain, the polymer chains align less effectively with the NP
surface.

Figure 5. Intermediate scattering function for a representative T* =
0.46 for different NP sizes: black is d = 3.3σ, red is d = 6.6σ, and blue
is d = 10.0σ. The lines are fits using eq 4. The data are for systems
with polymer−NP interaction strength ϵp−np = 2.0. The volume
fraction for different sizes is ϕ = 0.042 (d = 10.0), 0.0128 (d = 6.6),
and 0.0015 (d = 3.3).
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parameters (A, Ab, τs, τα, τb, β, βb), and we show the resulting
bound layer relaxation time τb in Figure 6. τb decreases as the

NP size decreases. In other words, smaller NPs are less
effective at creating a potentially nonequilibrium surface layer.
Because the NP concentration varies with NP size in our
simulations, a potential point of concern is that the changes in
τb might be connected to the changes in ϕ. To address this
concern, we also calculate the bound relaxation time for NP
size d = 6.6σ for two different filling fractions, ϕ = 0.042 and ϕ
= 0.013; both concentrations are in the dilute limit. In this
case, we find that the bound layer relaxation time is
independent of the volume fraction (see Figure 6). The effect
of concentration is primarily to change the fraction of the
bound layer, quantified by Ab. This suggests that, provided
there is no effect of chains bridging between NPs, or of bound
regions overlapping, the relaxation properties of the bound
layer are independent of NP volume fraction.

■ CONCLUSION
We explored the effect of NP size on the structure and
dynamics of interfacial polymers. Polymers are shown to align
themselves along the surface for the largest NP size that we
studied, resulting in chains that are localized at the surface.
Polymer chains close to the surface of the NP are also
elongated along the largest principal axis. This alignment
diminishes for smaller NP size. However, these changes are not
significantly affected by the interaction strength between NP
and polymer chains εp−np over the wide range of simulated
interaction strengths 0.1 < εp−np < 3.0. Given this fact, the
interfacial free energy is apparently entropically dominated,
and the main driving force for the changes is the geometry of
the interface between the NP and polymer chains. It is possible
that chain structure might be altered at larger interaction
strength, but the interfacial relaxation, in this case, will become
so large that we will not be able to access the equilibrium
behavior of interfacial chains in our simulations; in such a case,
we could not assess whether changes in chain structure are due
to a lack of equilibrium or associated with genuine changes in

equilibrium structure. These changes in polymer shape and
alignment are accompanied by a slower interfacial layer. The
dynamics of this bound layer and matrix dynamics decouple
when there is a significant separation between the relaxation
time of the interfacial layer and polymer matrix. For the larger
NP size, this decoupling occurs at lower interaction strength
(εp−np = 1.0) compared to the smaller NP (εp−np = 1.5).
It is natural to ponder the relationship between these

structural and dynamic changes in the interfacial polymer. The
enhanced slowing of the interfacial dynamics for larger NP can
be attributed to two different effects. First, the stronger
alignment of polymer chains along the surface of the larger NP
leads to a greater number of contacts between the polymer
chain and the surface of the NP; this larger number of contacts
naturally increases the efficacy of the NP to slow down
monomer dynamics. Second, the larger the number of sites at
the NP interface a monomer interacts with, the larger the total
interaction strength; a larger NP has a larger volume and
smaller curvature (relative to the smaller NP) that results in
larger number of NP bead neighbors for a monomer on the
surface. Thus, the net interaction for each monomer of the
polymer chain close to the surface of the NP is stronger for
larger NP than for smaller NP (and saturates as the radius of
curvature of the NP grows and approximates a planar
interface). Quantitatively, the ratio of force F on a surface
monomer can be expressed as (R1

3(1 + R1)(1 + 2R2)
4)/(R2

3(1 +
R2)(1 + 2R1)

4) to leading order, if we approximate the NP as a
sphere. Naturally, a stronger attraction to the NP surface leads
to a larger relaxation time. Thus, our results help explain why
the relative size of NP and polymer chains plays an important
role in determining interfacial layer dynamics.
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