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ABSTRACT: We use molecular dynamics simulations to study how the chain length affects the structure and segmental dynamics
of polymer−nanoparticle (NP) composites at semidilute NP concentrations. For NPs having relatively strong interactions with the
polymer, we can approximate the system as an ideal NP dispersion, which isolates the effect of direct interactions among the NPs. By
varying both the chain length N and NP concentration, we examine regimes where the chain size (i.e., chain radius of gyration Rg) is
small compared to the NP separation d (d/Rg > 1), as well as cases where d/Rg < 1, so that chains readily “bridge” between the NPs.
We find that the fraction of such bridging chains in our simulations can be expressed as a universal function of d/Rg. Structurally, the
polymers slightly elongate near the NP interface and the chains tend to align their longest axis with the NP interface. We show that
the effect of NPs on the chain structure is nearly chain length-independent, whereas the effect on chain alignment extends farther
from the NP surface as the chain length increases. Chains that bridge between NPs must significantly elongate when the NP
separation is large compared to the chain dimensions (d/Rg > 1). Although these bridging chains have a longer relaxation time than
nonbridging chains, they do not make a substantial contribution to the overall nanocomposite segmental relaxation time for the
conditions studied because the bridging chains represent only a small fraction of the system. Note that relaxation at the scale of
chains may differ for bridging chains. When NP separation is comparable or smaller than the chain size (d/Rg < 1), bridging chains
are more prevalent, but their properties are more similar to nonbridging chains than when d/Rg > 1. Accordingly, the variation of the
computational glass transition temperature Tg with chain length essentially mirrors the trend for the reference pure polymer melt,
where Tg increases with chain length and roughly saturates at large polymer mass. Overall, for the conditions studied, bridging chains
are found to have a small impact on the segmental dynamics of nanocomposites.

1. INTRODUCTION

The addition of fillers to polymers has long been used to
modify material properties, and thus, understanding the
interactions in polymer composites is important for developing
novel materials of this kind. Compared to larger-scale filler
particles, nanoparticles (NPs) have a higher surface-to-volume
ratio and thus yield a larger volume of interfacial polymer
matrix, so that even a small concentration of NP additives can
create appreciable changes to the dynamical, mechanical,
optical, and electrical properties of materials.1−18 The
processing of these materials commonly occurs in the
amorphous melt state above the glass transition temperature
Tg so that the effect of NP additives on Tg plays an essential
role in both mechanical properties and practical manufacturing

concerns. It is already well-appreciated that attractive
interactions between polymers and NPs favor NP dispersion
and tend to slow the dynamics of the interfacial polymer, thus
increasing the overall Tg of the material.13,19−27 On the other
hand, strong polymer−NP interactions do not necessarily lead
to large increases in Tg. This seemingly paradoxical situation
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has been attributed to the formation of a “bound” polymer
layer having a substantially slower polymer interfacial
dynamics.25,28−32 The bound layer effectively decouples from
the surrounding polymer matrix and shields the matrix from
NP influence when the separation between NPs is larger than
the scale of the bound region. As a consequence, the shift of Tg
saturates for a highly attractive particle−polymer interaction
strength.28−31,33 We caution here that the strong attraction can
drive the interfacial layer around the NP into a nonequilibrium
state in which quasi-thermodynamic measurements (such as
specific heat or thermal expansion) become insensitive to the
very slow relaxation of the interfacial region between the NP
and the surrounding polymer matrix. In other words, the
interfacial layer is thermodynamically “dead” so that the slow
dynamics do not register in these “quasi-dynamic” measure-
ments.34

In addition to interfacial effects on composite dynamics, it
has been argued that “bridging” chains between the NPs (i.e.,
chains that are in contact with at least two different NPs) may
also substantially alter the composite properties. In this
conception of the effects of NPs on the material, there are at
least three regimes:32 (i) the dilute limit, where changes are
due entirely to interfacial effects; (ii) the high concentration
limit, where interfacial regions overlap, which can also lead to
polymer confinement effects; and (iii) a “semidilute” regime
where interfacial regions are distinct, but possibly linked by
chains bridging between the NPs. Previous work has focused
mainly on the dilute NP regime,19,20,22,32,35 and other studies
have demonstrated that interaction between interfacial chains
at large NP concentrations can enhance the mechanical and
dynamical properties of materials.36−42 In this high NP
concentration regime, the interfacial zones of the isolated
particles studied before can overlap, forming a percolating
network of the interfacially connected regions in which the
dynamics are greatly influenced by the NPs, ultimately leading
to significant mechanical reinforcement.38,39 Here, we wish to
examine the case of semidilute concentration, where the NPs
are still well-dispersed and the interfacial layers do not
percolate, but where longer chains can potentially bridge
between different NPs. In the current paper, we use molecular
dynamics simulations to examine to what extent bridging
occurs in an ideal dispersion of NPs in this regime with
strongly attractive polymer−NP interactions, and how bridging
alters the chain structure and the resulting composite
dynamics. The degree of such bridging is affected by both
the NP spacing and chain length. Accordingly, we examine
both the variable chain length and NP concentration (which
alters NP separation).
The results of our simulations indicate that, in the semidilute

concentration range in which the NPs are well dispersed and
their interfacial zones do not strongly overlap, the fraction of
bridging chains is a universal function of the ratio of NP
separation and chain size. Bridging chains between NPs can
have significantly altered conformations and segmental
relaxation times, in comparison to nonbridging chains. In
particular, the bridging chains tend to be extended along the
direction connecting between the NPs, and dynamically, the
bridging chains have a longer relaxation time compared to the
nonbridging chains. However, the structural and dynamical
differences of the bridging chains (compared to the mean) are
only significant when the NP separation becomes comparable
or larger than the chain radius of gyration. In the semidilute
concentration that we study, the fraction of such bridging

chains is small, and consequently, their effect on the overall
properties of the composite is minimal. We also find that the
chain length N does not have a significant impact on the chain
structure at the NP interface, as found before for chains at
planar43 interfaces, but NP interfacial effects on chain
alignment extend farther from the NP surface as N increases.
Regarding the dynamics of composites, we find that the relative
changes in Tg with N track those of the pure polymer melt. Of
course, the polymer−NP composites shift Tg in their own
right, but this shift (relative to the pure melt) is not sensitive to
polymer mass over the range we study; it is a relatively local
effect derived from the impact of the NPs on the polymer
interfacial zone surrounding the particles, as addressed in
previous studies of the “infinitely dilute” limit.44,45 For pure
melts, previous experiments and simulations have shown that
Tg increases and roughly saturates with N. More precisely,
changes in Tg approximately follow a linear relationship with
1/N.46−51 We find the same effect of chain length on the Tg in
our model polymer−NP composites, independent of the
concentration of the NP and unaffected by the presence of
bridging chains. In short, we only find a significant difference in
the properties of bridging chains under the circumstances in
which they must stretch a large distance between NPs, but in
such cases, bridging chains are rare. As a result, chain bridging
does not have a significant impact on the overall structure and
dynamics of composites in the semidilute concentration regime
when the NPs are well dispersed. Our findings are specific to
the case of static well-dispersed NPs, and bridging may have a
different effect when NPs dynamically aggregate and diffuse, an
area for future investigation.

2. METHODS
We model the polymer composites as an ideal, uniform dispersion of
NPs surrounded by the polymer melt; further details about the
nanocomposite model can be found in earlier studies.19,31,32 All
simulations are performed using LAMMPS;52 the Kremer−Grest
bead-spring model is used to model the polymer chains, which are
composed of 5−80 monomers in order to evaluate chain length
effects. Nonbonded monomers interact via a Lennard-Jones (LJ)
potential truncated and shifted at rc = 2.5σ such that it includes
attraction, where σ is the diameter of the LJ potential. Bonded
monomers in a chain are connected by a finitely extensible nonlinear
elastic potential (FENE), with the bond strength k0 = 30. Each NP
consists of 104 beads (identical to the monomers of polymer chains)
to form an icosahedron of edge length a = 4.4σ (4 monomers per
edge) corresponding to a diameter d = 6.6σ for the inscribed sphere.
The NPs and polymers interact via an attractive LJ interaction of
strength ϵp−NP = 1.5ϵ (ϵ is the polymer−polymer interaction
strength), also truncated at rc = 2.5σ. We choose a relatively attractive
polymer−NP interaction strength that would correspond to good
dispersion of NPs and potentially will be favorable for bridging
interactions. We define the NP concentration ϕ = NNP/(NNP + Npoly)
(which roughly equals the volume fraction), where NNP is the number
of NP force sites and Npoly is the number of polymer monomers. We
simulate composites with three different NP concentrations (ϕ = 2.8,
5.5, and 10.4%) by varying the total number of polymer chains. For
each NP concentration, we study seven different chain lengths N = 5,
10, 15, 20, 30, 40, and 80 of the polymers, each case corresponding to
a different total number of chains in the composite. For relatively
short polymer chains (here, N ≤ 20 in ϕ = 2.8% and 5.5% and N ≤ 15
in ϕ = 10.4%), a single NP is fixed at the center of the simulation box
and surrounded by polymers (Figure 1a) with a total number of
monomers Npoly = 3600, 1800, and 900, corresponding to ϕ = 2.8, 5.5,
and 10.4%; by periodic boundary conditions, this single NP mimics an
ideal dispersion of the NP. For longer chains or higher concentrations
(here, when N ≥ 30 in ϕ = 2.8 and 5.5% and N ≥ 20 in ϕ = 10.4%),
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we use a larger simulation cell with eight fixed NPs surrounded by
eight times the number of polymer chains as compared to the single
NP systems (Figure 1b). Accordingly, the total number of monomers
is N = 28, 800, 14,400, and 7200 for the three concentrations ϕ =
2.8%, 5.5%, and 10.4%, respectively. These larger simulations ensure
that the simulation cell size is always more than double the largest
dimension of the chain (defined by the eigenvalues of the radius of
gyration tensor) so that we avoid potential finite-size effects.
Simulations are performed in an NVT ensemble along an isobaric
path with pressure P = 0.1 and temperatures ranging from 0.42 to
0.80, in reduced LJ units T* = kBT/ϵ, where ϵ is the polymer−
polymer interaction strength and kB is the Boltzmann constant. All
results are reported in reduced units of the monomer diameter σ and
interaction strength ϵ that can be approximately converted to real
units for a typical polymer-like polystyrene with Tg ≈ 100 °C by
choosing σ ≈ 2 nm, ϵ ≈ 10 kJ/mol, m ≈ 0.5 kg/mol, and one time
unit ≈15 ps. Using this mapping, the lowest simulated temperature T

≈ 200 °C, which is higher than the experimental Tg due to the
inherent limitations on the longest time scales accessible to
simulation. The chain lengths simulated (N = 5 to 80 monomers)
can be mapped to molecular weights ≈2.5 kg/mol to 20 kg/mol, the
cutoff of LJ potential rc ≈ 5 nm, and the approximate diameter of NP
d ≈ 12 nm.

3. CHAIN STRUCTURE AND ORIENTATION IN
POLYMER−NP COMPOSITES

In this section, we examine the chain length effects on the
orientation and chain dimensions of polymers. Previous work
has shown that interaction of chains with the NP can lead to an
expansion and alignment of polymers near the NP inter-
face.53−60 We show below that such changes to the chain
structure are largely independent of the chain length N,
whereas changes in the chain orientation do exhibit a chain
length dependence. We will also evaluate the structural and
orientational properties of bridging chains and show that they
behave differently from a typical chain in the polymer matrix;
that said, the bridging chains have only a modest impact on the
overall structural properties.

3.1. Overall Chain Structure and Orientation with
Respect to the NP Surface. We first examine the chain
length effect on the overall structural and orientational
properties of polymers. To characterize the structure of
polymer chains, we study the gyration tensor

S
N

r r r r
1

( )( )
i

N

i i
1

cm cm∑= − −α α β β
αβ

= (1)

where N denotes the chain length, ri
α is the position of

monomer i within the chain in the α direction, and rcm is the
center of mass (COM) of the chain. The eigenvalues (λi

2, with
the convention λ1

2 < λ2
2 < λ3

2) of this tensor are evaluated to

Figure 1. (a) A “snapshot” from our simulations, in which we have a
NP fixed at the center of a simulation box and surrounded by polymer
melts. We only show some of the chains here for clarity. (b) To avoid
the potential finite size effect when studying longer chains, we set up
simulations with eight NPs in a correspondingly larger simulation box.
This image shows some of the chains that bridge between the NPs.

Figure 2. NP effects on chain dimensions. We show data from 2.8% NP simulations here as an example. Since the chain dimension is not affected
by temperature, data are averaged over T. (a) Radius of gyration Rg

2 and (b) when scaled by its average value show that Rg
2 increases for chains

approaching the NP surface, independent of the chain length. (c,d) Largest eigenvalue of the gyration tensor λ3
2 increases near the NP surface. (e,f)

Smallest eigenvalue λ1
2 decreases near the NP surface.
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quantify the shape of polymers. We also define the overall
radius of gyration by summing the eigenvalues, Rg

2 = ∑iλi
2.

Figure 2 summarizes the shape variations in terms of Rg
2 and

the largest (λ3
2) and smallest eigenvalues (λ1

2) from
simulations with ϕ = 2.8%, as a function of distance from
the NP center to the chain COM. Figure 2a shows that the
radius of gyration Rg

2 increases for chains approaching the NP
surface. To eliminate trivial chain length effects from these
data, we scale Rg

2(N) by the corresponding average value
⟨Rg

2(N)⟩ for each chain length; this scaling demonstrates that
the normalized Rg

2 is independent of chain length, consistent
with previous studies.19,61 Similar to Rg

2, we show the largest
λ3

2 and smallest λ1
2 eigenvalues of the gyration tensor in Figure

2c,e, respectively, as well as the values normalized by the
corresponding average values in Figure 2d,f. These data show
that λ3

2 increases near the NP surface (like Rg
2), while λ1

2

decreases near the NP surface, an effect that is more prominent
for shorter chains, and nearly disappears at the longest chain
length N = 80. Thus, the overall expansion of the chains can be
attributed to the extension along the long axis of the polymer.
Since the smallest axis simultaneously decreases, the chains
qualitatively change shape from something more egg-shaped to
something more akin to a cigar. The plot for λ3

2 normalized by
the average (Figure 2d) shows that the NP interfacial effects
on the long axis are nearly independent of chain length. The
interfacial changes extend slightly farther from the NP surface
for the longest chains. Meanwhile, Figure 2f of λ1

2 normalized
by its average shows that the changes along the shortest axis
are nonuniversal near the NP surface, as the changes are larger
for the shorter chains. However, the nonuniversal behavior of
λ1

2 does not significantly affect the overall Rg
2 behavior, which

is naturally dominated by the largest eigenvalue λ3
2.

The packing of polymers on the NP surface also causes
changes to the orientation of chains. We evaluate the
orientational order parameter defined by the second Legendre
polynomial

P (cos )
1
2

(3 cos 1)i i2
2θ θ⟨ ⟩ = ⟨ − ⟩

(2)

where θi is the angle between the vector of chain COM relative
to the NP center and the semiaxis eigenvector ei of the
gyration tensor, associated to eigenvalue λi

2. P2(cos θi) = −0.5
if ei is normal to the NP radial direction, and P2(cos θi) = 1
when ei is parallel to the radial direction. When chains are
randomly oriented with respect to the NP center, ⟨P2(cos θi)⟩
= 0 when averaged. Figure 3 shows the orientation of the
smallest e1 and largest e3 semiaxis, as a function of distance
from the NP center to the chain COM. Far away from the NP,
⟨P2(cos θi)⟩ ≈ 0 for all axes, and thus, polymers are oriented
isotropically far from the NP surface. Approaching the NP
surface, ⟨P2(cos θ1)⟩ increases while ⟨P2(cos θ3)⟩ decreases,
demonstrating that chains tend to align their shortest axis
normal to the NP surface (along the radial direction) and the
longest axis along the NP surface. Comparing the orientational
data across different chain lengths, we find that as the chain
length increases, the orientational changes start to appear
farther away from the NP surface and become slightly less
prominent near the surface of the NP. In other words, the
larger chain lengths have orientational effects that extend
farther from the NP interface. Thus, even though the changes
in chain dimension are nearly independent of the chain length,
the changes in chain orientation approaching the NP surface
are more sensitive to the chain length.

3.2. Structure and Orientation of Bridging Chains.We
next examine how the polymer chains that “bridge” between
NPs differ in their structural properties from the polymer
matrix chains. These bridging effects can potentially become
significant for long polymers (N ≥ 30 in ϕ = 2.8% and 5.5%
and N ≥ 20 in ϕ = 10.4%), where the chain length becomes
comparable to the distance between the NP interfaces. We first
examine the degree to which bridging occurs in composites
with different chain lengths and NP concentrations. We define
a bridging chain as a chain with at least one monomer in
contact with the interface of two separate NPs; NP contact is
defined as a monomer closer than the first minimum (r = 4.05)
in the monomer density profile (see Supporting Information,
Figure S1). Figure 4a shows that the fraction of bridging chains
increases when the ratio of the chain length to NP separation
grows; this can be achieved with either increasing chain length
or NP concentration (since increasing concentration reduces
NP separation). At the smallest NP concentration ϕ = 2.8%
(largest NP separation), we find nearly no bridging chains,
even at the longest chain length N = 80; the maximum amount
fraction of bridging chains reaches ≈70% at the highest
concentration ϕ = 10.4% and longest chain length N = 80. For
comparison, we also identify chains in contact with only one
NP. The fraction of chains in contact with one NP generally
increases with ϕ and the chain length (Figure 4b), with the
exception of the longest chain length N = 80 at the highest
concentration ϕ = 10.4%; in this case of long chains and
relatively high concentration, the majority of chains are
bridging chains, so fewer chains are in contact with just one
NP. Note that the fraction of bridging and contacting chains is

Figure 3. Chain alignment with 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.
The data show that the longest axis aligns parallel to the interface
(normal to the NP radius), and the shortest axis aligns normal to the
interface (parallel to the NP radius). In other words, chains tend to
align their longest axis along the NP surface and the shortest axis
normal to the surface. Comparing data of different chain lengths, we
see that changes in both orientation parameters extend farther from
the NP as the chain length increases.
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nearly independent of temperature, and thus, we show the data
collected at T = 0.46 as an example.
Clearly, the fraction of bridging chains depends on the

separation of the NP faces d (which directly relates to the NP
concentration ϕ) and chain radius of gyration Rg (which
directly relates to the chain length N). To quantify this
relationship, we plot the fraction of bridging chains as a
function of the ratio d/Rg for all chain lengths and
concentrations for which bridging occurs (Figure 5).

Apparently, the bridging fraction decreases exponentially with
increasing d/Rg. This behavior can be understood by
considering chain conformation and assuming that chains
with Rg > d bridge. If chains behaved ideally (where Rg follows
a Gaussian distribution), the probability of bridging chains
should vary like d R d R(1 6/ ( / ))exp 3/2( / )g g

2π+ [− ] to the
leading order in d/Rg. However, our chains are not ideal, and

both excluded volume effects and interactions with the NP lead
to chains that are expanded relative to the Gaussian model. If
we assume that the radius of gyration follows a broader
distribution proportional to r r Rexp 12 ( / )2

g[− ], we predict
that the probability for bridging chains varies approximately as

d R d R(1 6( / ) )exp 2 3 ( / )g
2

g+ [− ]. This functional form
describes our data to good approximation (line in Figure 5),
so that we may understand the fraction of bridging chains from
geometric considerations alone. We find that this bridging
fraction is insensitive to temperature, further supporting the
purely geometrical interpretation of the probability of chain
bridging between NPs in a polymer melt. On the other hand,
the chain residence time at the NP surrace is certainly
temperature-dependent.
How do these bridging chains differ from other chains in

structure and orientation? We evaluate the average radius of
gyration ⟨Rg,B

2⟩ and the orientational parameter ⟨P2,B(cos θi)⟩
of the bridging chains to examine their structural properties
(Figure 6). We find that bridging chains are (compared to the
average) more elongated and tend to align the longest
rotational axis normal to the NP surface and the shortest
axis along the NP surface; in other words, bridging chains
extend along the radial direction to connect between NPs. This
property of bridging chains can be quantified by the
observation that bridging chains have a larger ⟨Rg,B

2⟩ and
⟨P2,B(cos θ3)⟩ (and smaller ⟨P2,B(cos θ1)⟩, not shown),
compared to the average overall chains (and nonbridging
chains, not shown). However, the differences in elongation and
orientation are only significant at low NP concentration, where
the separation between NPs is large compared to the chain
dimension (d > Rg), so chains have to stretch out to bridge
between different NPs. In these cases, the fraction of bridging
chains is very low (≤1%). On the other hand, when there is a
substantial amount of bridging chains at large concentration,
the separation between NPs is comparable to Rg, so that the
structure and orientation of bridging chains are not very
different from other chains. Thus, when bridging chains have a
significantly different structure, there are so few of them as to
not strongly affect the average configuration over all polymer
chains, and when there are many bridging chains, their

Figure 4. (a) Fraction of bridging chains as a function of chain length for each ϕ. The inset shows the fraction of bridging chains as a function of ϕ
for each chain length. For systems with the highest NP concentration (ϕ = 10.4%), the separation between NPs is small enough that bridging starts
to occur at chain length N = 20. (b) Fraction of chains in contact with only one NP (i.e., surface chains that do not bridge) generally increases with
the chain length and concentration of the NP.

Figure 5. Fraction of bridging chains behaves as a universal function
of d/Rg, and the inset shows that the functional dependence is
approximately exponential with d/Rg. The line indicates the
approximation d R d R(1 6( / ) )exp 2 3 ( / )g

2
g+ [− ], which follows

from assuming chains are somewhat expanded compared to ideal
Gaussian chains.
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structure is close to that of the average. In either case, the
average chain structure is not significantly altered. We also
note that the chains in contact with only one NP show similar
behavior to the average at all concentrations.

4. POLYMER DYNAMICS IN SEMIDILUTE POLYMER
COMPOSITES

We next examine the sensitivity of dynamics and the
nanocomposite glass transition to the chain length and the
presence of bridging chains in the semidilute NP concentration
regime of well-dispersed NPs. As discussed in the Introduction,
it is well known that Tg increases and roughly saturates with
increasing chain length.49−51 Thus, we aim to examine the
degree to which NPs and bridging chains modify (or not) the
chain length dependence of dynamics of pure polymer melts.
To quantify the composite dynamics, we calculate the self-
intermediate scattering function

F q t
N

( , )
1

e
j

N
q r t r

self
0

i ( ( ) (0))j j∑=
=

· −

(3)

where rj(t) is the position of monomer j at time t relative to a
time origin and q is the scattering wave vector. Following
convention, we examine Fself(q, t) at the wave vector q0 = 7,
which is the approximate location of the primary peak in the
monomer structure factor. Figure 7 shows the self-intermediate
scattering function of composites with different chain lengths
at representative ϕ = 2.8% and T = 0.46; the data show that
the segmental relaxation slows down as chain length increases
(as expected from pure polymer materials) and saturates
approaching the longest chains we study. This pattern is
repeated across different NP concentrations and temperatures.
We define the segmental relaxation time τ from the time at
which when Fself(q, τ) = 1/e. Reflecting the observed behavior
of Fself(q, t), the relaxation time τ (Figure 7 inset) increases
with chain length and approaches saturation for the longest
chain lengths.
To evaluate the effects of bridging on the dynamics, we

compare the segmental relaxation of bridging chains with that
of other chains. We calculate the self-intermediate scattering
function and the corresponding segmental relaxation time τ for

bridging chains (contacting two distinct NPs), chains in
contact with just one NP, and their complements (nonbridging
and noncontacting chains; see Supporting Information, Figure
S5 for raw Fself(q, t) data). Figure 8 shows the relaxation time τ
from the simulations at ϕ = 5.5 and 10.4%, where a substantial
amount of bridging chains can be identified. Bridging chains
clearly have a longer segmental relaxation time compared to
nonbridging chains (consisting of both chains in contact with
one NP and chains not in contact with any NP) and the
average over all chains in the nanocomposite. Contacting
chains also have relatively slower relaxation compared to the
average but not as slow as the bridging chains. As the chain
length increases (and the fraction of bridging chains increases,
see Figure 4), the difference between τ of bridging chains and
that of the average decreases. In other words, the dynamics of
bridging chains only differ significantly when bridging between
NPs requires the chains to be significantly expanded, as

Figure 6. Structure and orientation of bridging chains compared to the overall: (a) Rg
2 averaged over the distance from NPs and (b) the

orientational parameter associated with the longest rotational axis, averaged over the distance from NPs. We show the data from the example chain
length N = 40, and the Rg

2 values convert to 15 nm to 30 nm in SI units. Bridging chains have relatively larger average Rg,B
2, and their longest axis,

on average, aligns more perpendicular to the NP interface. However, the differences are significant only at low ϕ.

Figure 7. We evaluate the self-intermediate scattering function to
extract the relaxation time τ (shown in the inset) for each system.
Here, we show an example of ϕ = 2.8% and T = 0.46 to demonstrate
the chain length effect on polymer dynamics. Evidently, the relaxation
becomes slower as the chain length increases. The glass transition
temperature Tg (Figure 11a) itself follows a similar trend to τ shown
in the inset. In physical units, the longest time scale in this figure
probes to ≈150 ns, and τ ranges from ≈1 to ≈5 ns.
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described in the previous section. In this case, there are
relatively few bridging chains so that their effect on the average
segmental relaxation time is not significant. At a longer chain
length, when there are a substantial number of bridging chains,
their properties do not differ significantly from the averages,
since the chains can bridge without significant changes in
conformation. Consequently, the effects of bridging chains on
the overall dynamics, both when there are few or many
bridging chains, are minimal, similar to what we observed in
the Chain Structure and Orientation in Polymer−NP
Composites section.
We now consider if the chain length effects on dynamics

differ as we change the NP concentration. We first examine the
composite segmental relaxation time τ(T) normalized by the
relaxation of pure polymers τpure(T) for each chain length and
NP concentration (Figures 9 and 10). As expected, the
relaxation is slower at larger NP concentrations. Figure 10
shows that τ follows a nearly logarithmic relationship with NP

concentration ϕ for each chain length, and the inset shows that
τ becomes more sensitive to temperature changes at higher NP
concentrations. However, the chain length effect observed
previously in Fself(q, t) and τ disappears after scaling with
τpure(T), indicating that dependence of the segmental
relaxation time on the chain length stems solely from the
chain length effect in the pure polymer system, since the
influence of NPs on the composite dynamics is independent of
the chain length in the cases studied,44 and thus, bridging does
not have a significant impact on the overall dynamics.
We also evaluate how the chain length and bridging

influence the dynamical glass transition temperature Tg of
composites. To facilitate estimation of Tg, we fit τ to the
Vogel−Fulcher−Tammann (VFT) equation

i
k
jjjjj

y
{
zzzzz

DT
T T

exp0
0

0
τ τ=

− (4)

Figure 8. Segmental relaxation time τ for different types of chains in the (a) 5.5% NP composite and (b) 10.4% NP composite as a function of
chain length, both at an example temperature T = 0.46. We show that bridging chains have slower relaxation compared to the average over all
chains, nonbridging chains, chains that are in contact with one NP, and chains not in contact with the NP. In physical units, τ ranges from ≈2 ns to
≈30 ns for (a) ϕ = 5.5% and ranges from ≈11 ns to ≈120 ns for (b) ϕ = 10.4%. In Figure. S6 in the Supporting Information, we plot the ratio
τbridging/τoverall.

Figure 9. Segmental relaxation time τ of composites scaled by τ of
pure polymer systems, as a function of temperature, plotted for the
three different concentrations ϕ = 2.8%, 5.5%, and 10.4%. Only N = 5
and 30 are shown here as examples for each concentration. The inset
shows τ/τpure as a function of N for each concentration at T = 0.46.

Figure 10. Scaled relaxation time τ/τpure of each chain length, plotted
as a function of NP concentration ϕ at T = 0.46. The inset shows the
composite τ/τpure at different temperatures for an example chain
length N = 40. The change in slope with T depends on the polymer−
NP interaction.44 This type of variation of the relative change in
relaxation time of NP-filled films with temperature has recently been
observed experimentally.62
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and define a dynamical Tg from the VFT fit when τ reaches
10,000 in LJ units (or ≈150 ns in lab units). This is a relatively
short time scale from an experimental perspective; however, we
avoid extrapolating the fit to experimental timescales, since the
fit becomes unreliable when extrapolating more than a factor
≈10 beyond the largest τ value. We note that prior
computational studies show that such a computational Tg
has a roughly proportional variation to a Tg value obtained by
extrapolating to experimental time scales on the order of 100
s.31,63 Similar results can be obtained using alternate forms to
fit τ. Figure 11a shows Tg(N, ϕ) plotted as a function of chain
length for each NP concentration. Clearly, the computational
Tg increases with ϕ, but the chain length dependence for all
NP concentrations generally follows the trend in the pure
polymer systems, where Tg grows with N and saturates at N ≈
20, consistent with previous experiments and simulations on
pure polymer melts.46−49 We also show that Tg(N = ∞) −
Tg(N) has an approximately linear relationship with 1/N
(Figure 11b) regardless of NP concentration, as long-observed
in pure polymer melts.50,51,64−66 We can control the chain
length effect in pure polymer systems by scaling Tg(N, ϕ) by
Tg(N)pure (Figure 12); the scaled Tg(N, ϕ)/Tg(N)pure shows
no chain length dependence in the effect of concentration on
Tg. This result demonstrates again that any chain length effect
that we observe on the composite dynamics originates from the
chain length effect already present in the pure systems. Also,
since the segmental relaxation of bridging chains only differs
from the overall relaxation significantly when the fraction of
bridging is small, the dynamical Tg is not affected by bridging
chains, a result in accordance with that on the overall chain
structure.

5. CONCLUSIONS

We examined how the configurational and segmental
relaxation properties of a polymer−NP composite are altered
as we move from the dilute limit to a semidilute NP
concentration range where chains start to bridge between
NPs, but where the interfacial zones around the NP are not
percolating. We find that the bridging chains can differ
significantly from other chains under the conditions where they
must elongate considerably to link the NPs. However, since the
fraction of such bridging chains is small, their effect on the

composite properties is correspondingly limited. When the
chains are long enough to readily bridge between NPs without
a substantial conformational change, their properties do not
differ significantly from other chains, so we again see a minimal
effect of bridging chains. Accordingly, the effect of the chain
length on Tg of composites is not significantly affected by the
presence of bridging chains, and the changes in Tg stem from
the chain length effects found in pure polymer systems, where
Tg increases and roughly saturates with the chain length. Tg(N
= ∞) − Tg(N) linearly decreases with 1/N, which conforms
with the long-established argument that the longer chain
length leads to fewer free chain ends and lower free volume,
thus resulting in a higher Tg.

50,51 Of course, as previously
established in many studies, Tg can be substantially altered by
varying the interaction strength between the polymers and
NP.19,20,22,25−27

Figure 11. Glass transition temperature Tg of 2.8%, 5.5%, and 10.4% NP composites compared to that of the pure polymer system. The effect of
the chain length on Tg remains consistent across different NP concentrations. (a) Tg as a function of chain length N. We show that the chain length
effect in composite systems generally follows the trend in pure systems. (b) We show that Tg(N = ∞) − Tg(N) has a linear relationship with 1/N.

Figure 12. Glass transition temperature Tg of composites scaled by
that of the pure systems with the corresponding chain lengths, as a
function of NP concentration ϕ. We do not see significant chain
length differences in the effect of concentration on Tg. The inset
shows the composite Tg without scaling. Note that the sign of the
change in Tg with NP concentration depends on the polymer−NP
interaction: Tg increases with ϕ in our systems with relatively
attractive polymer−NP interaction but Tg would decrease with ϕ for
nonattractive interactions.19,44
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We also characterized the geometrical structure and
dynamics of both bridging and nonbridging chains. Near the
NP surface, the interfacial chains tend to elongate and align
their longest axis along the NP surface. While the structural
changes of the chain at the NP interface are nearly
independent of the chain length, NP interfacial effects on
chain alignment extend farther from the NP surface as the
chain length increases. Bridging chains naturally tend to be
extended along the direction connecting NPs and have slower
relaxation compared to other chains, but, as noted above, the
differences are only substantial when NP separation is large
and the fraction of bridging chains is small. In general, the
interfacial effects of the NP dominate the effects of bridging
chains for all NP concentrations. When NP concentration is
small and the distance between the NPs is large, bridging
chains form with difficulty because of the high energetic cost of
stretching. Ultimately, we conclude that bridging chains do not
have significant effects on the properties of the segmental
relaxation of NP composites in the semidilute concentration
range we study, under the conditions that the polymer−NP
interaction is relatively attractive so that the NPs remain well
dispersed (as in the dilute limit). Future work should examine
the role of bridging chains in the case where NPs can diffuse in
the matrix and potentially aggregate, as bridging may have
different effects in this case. In addition, the effect of bridging
chains can differ at high NP concentration where the interfacial
zone around the NPs starts to macroscopically percolate. We
note that our conclusion that bridging chains play a minimal
role in our polymer nanocomposite simulations does not
extend to overall chain relaxation processes (as opposed to
segmental relaxation) that involve the displacement of the
polymer chains on the scale of their average size. Such
relaxation processes are highly relevant to the polymer
nanocomposite in the melt state, just as in the case of the
neat polymer material. Such chain relaxation processes and the
impact of polymer bridging may be studied at higher
temperatures than the present study, where such a large scale
displacement would be computationally accessible.
Although our results are “negative” in the sense that the

often suggested hypothesis that chain bridging influences
nanocomposite properties is not supported by our simulations,
our results are, at the same time, highly “positive” in the sense
that they support the applicability of our former nano-
composite model, in which changes in segmental dynamics
were modeled by simply assuming a single NP in a box of
varying size to capture concentration variation. To the leading
order, this simplified model applies because each NP
contributes nearly additively to the changes of the segmental
dynamics. This finding suggests that we should be able to
model NPs of complex shape and even extended NPs, by a
similar “infinite dilution” polymer nanocomposite model, an
approximation that makes such computations more tractable.
Of course, this approach clearly has limitations as the
concentrated NP regime is approached or if mobile NPs
directly interact at low concentration. Model calculations in
this concentration regime should be explored in the future.
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