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We investigate the impact of nanoparticles (NP) on the fragility and cooperative stringlike motion in a

model glass-forming polymer melt by molecular dynamics simulation. The NP cause significant changes

to both the fragility and the average length of stringlike motion, where the effect depends on the

NP-polymer interaction and NP concentration. We interpret these changes via the Adam-Gibbs (AG)

theory, assuming the strings can be directly identified with the abstract ‘‘cooperatively rearranging

regions’’ of AG. Our findings indicate that fragility is primarily a measure of the temperature dependence

of the cooperativity of molecular motion.
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The addition of a small concentration of nanoparticles
(NP) to glass-forming (GF) polymer materials can lead to
large property changes that are difficult to comprehend by
extension of the effects of macroscopic filler additives.
Depending on system details, changes may be rationalized
by the large surface-to-volume ratio of the NP, chain
bridging [1–3], or NP self-assembly into extended struc-
tures [4,5]. Changes in the glass transition temperature Tg

have been particularly emphasized, and both experimental
and theoretical studies indicate that attractive or repulsive
(nonattractive) polymer-NP interactions tend to increase or
decrease Tg, respectively. Correspondingly, the interfacial

polymer layer around the NP shows a slowing down (in-
creased Tg) or an acceleration of dynamics (decreased Tg),

providing a molecular scale interpretation of the Tg

changes [6–9].
Unfortunately, Tg changes provide only a limited char-

acterization of how NP affect GF polymer melts. We also
expect the T dependence of dynamical properties ap-
proaching Tg, or the ‘‘fragility’’ of glass formation [10],

to be altered. Fragility changes have been argued for on
theoretical grounds [11], based on the finding that changes
in the molecular packing in the glass state (T < Tg) should

also alter the fragility of glass formation. The NP we study
should be particularly effective at modifying molecular
scale packing and motion since their size is roughly com-
mensurate with the nanoscale heterogeneity of fluids near
Tg [12].

In this Letter, we address how polymer-NP interactions
and NP concentration affect the fragility of glass forma-
tion, and how fragility relates to the extent and temperature
dependence of cooperative motion. We demonstrate that
the changes in the relaxation time � can be related to
changes in the average size L of the stringlike cooperative
motion of monomers. The Adam-Gibbs (AG) theory [13]

predicts a specific relationship between the size of hypo-
thetical ‘‘cooperatively rearranging regions’’ (CRR) and
structural relaxation time. If L corresponds to the size of
the CRR, we find that the AG relation holds for all
concentrations � and interaction types considered.
Additionally, the AG theory predicts that fragility is sensi-
tive to the T dependence of the size of CRR, and we
confirm this relationship.
Our findings are based on equilibriummolecular dynam-

ics simulations of a nanoparticle surrounded by a dense
polymer melt, as well as simulations of a pure melt for
comparison purposes. We utilize periodic boundary con-
ditions so that our results represent an ideal, uniform
dispersion of NP. The polymers are modeled by a well-
studied bead-spring model [14], but with the cutoff dis-
tance between pairs extended to include attractive
Lennard-Jones (LJ) interactions. All monomer pairs inter-
act via a LJ potential, and bonded monomers along a chain
are connected via a finitely extensible nonlinear elastic
(FENE) spring potential. The NP consists of 356
Lennard-Jones particles bonded to form an icosahedral
NP; the facet size of the NP roughly equals the equilibrium
end-to-end distance for a chain of 20 monomers. Details of
the simulation protocol and our model potentials can be
found in the supplemental material [15] and in Ref. [8].
We simulate systems with 100, 200, or 400 chains of

M ¼ 20 monomers each (for totals of N ¼ 2000, 4000,
and 8000 monomers) to address the effect of varying the
NP volume fraction. Under constant pressure conditions,
the addition of nanoparticles can give rise to a change in
the overall melt density. A slight change in density can
cause a significant change in the dynamic properties rela-
tive to the pure melt. In order to probe only changes caused
by the interactions between the NP and the polymer melt,
we have matched the density of monomers far from the NP
with that of the pure polymer melt [8].
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To quantify changes in the nanocomposite dynamics,
we evaluate the effect of� and the polymer-NP interactions
on �, measured from the relaxation of the coherent
intermediate scattering function (see supplemental infor-
mation [15]). The effects of interactions on � and Tg for

some � were presented in Ref. [8]; here we provide addi-
tional simulation data and focus our analysis on fragility
and cooperative motion. As expected, Fig. 1 shows that
attractive polymer-NP interactions slow the relaxation (�
becomes larger), while nonattractive polymer-NP interac-
tions give rise to an increased rate of relaxation (� becomes
smaller). The effect of� is more clearly seen by rescaling �
by the value �pure in the puremelt, which shows that � can be

altered by a factor of more than an order of magnitude on
cooling. The effect of the NP is more pronounced at low T.

We next examine how these changes in � affect Tg and

fragility. For reference, the inset of Fig. 1 confirms that Tg

increases when there is attraction, and decreases with non-
attractive interactions. To estimate Tg, we fit the data using

the Vogel-Fulcher-Tammann (VFT) expression [10] � /
expðD=½T=T0 � 1�Þ. T0 is an extrapolated divergence T
of �, while D provides one measure of the fragility. We
use the VFT fit to estimate Tg based on the condition that

�ðTgÞ ¼ 100 s (the canonical definition of the laboratory

glass transition [10]), assuming that one time unit in stan-
dard LJ reduced units corresponds to 1 ps (reduced units
defined in supplemental information [15]).

Since there is no single agreed upon measure of fragility,
we consider several different measures to ensure consis-
tency. First, as indicated above, the parameter D from a

VFT fit to � is widely utilized; specifically, a larger value
ofD indicates a stronger (less fragile) GF fluid so thatD�1

increases with increasing fragility. The most common
definition of fragility is based on the T dependence of �
near Tg, namely [16],

m ¼ dðln�Þ
dðTg=TÞ

�
�
�
�
�
�
�
�Tg

: (1)

For strong GF systems, the rate of change of � with respect
to T is smaller than that of fragile systems; hence m is
larger for more fragile GF fluids. We estimate m using our
VFT fit. Fragility can also be estimated by the ratios T0=Tg

or Tg=Tc. We estimate Tc using the power-law form ��
ðT=Tc � 1Þ�� in an appropriate T range (see supplemental
information [15] for fitting details). T0=Tg and Tg=Tc are

larger in more fragile systems [11].
We summarize the results for the various fragility met-

rics in Fig. 2(a), where we find that—for all definitions—
attractive polymer-NP interactions lead to more fragile
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FIG. 1 (color online). Structural relaxation time � as a function
of T for each � normalized by �pure for the pure melt. The inset

shows the corresponding Tg as a function of concentration �.

Attractive interactions increase � and Tg, while nonattractive

interactions decrease � and Tg. In both cases, the effect is more

pronounced with increasing concentration. The concentrations
are � ¼ 0:0426 (red h and orange b), 0.0817 (green r and
brown 5) and 0.151 (blue 4 and violet c). The pure melt is
indicated in black. The fits of the VFT relation to the data deviate
by at most 0.5%.
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FIG. 2 (color online). (a) Fragility dependence on concentra-
tion � relative to the pure melt. We consider five different
measures of fragility, which are discussed in the text. All
measures of fragility show the same qualitative trend: namely,
the system with attractive polymer-NP interactions becomes
more fragile, while the system with nonattractive interactions
becomes less fragile (stronger). The last measure, related to the
string length L, is discussed later in the text. (b) Demonstration
of the proportionality between Tg and fragility m, as well as the

high-T activation energy E1. The different colors of symbols
indicate the nature of the polymer-NP interactions.
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glass formation as a function of �; conversely, nonattrac-
tive polymer-NP interactions lead to stronger glass forma-
tion. These changes in fragility mirror the changes in Tg

(Fig. 1 inset). In particular, Fig. 2(b) shows that m / Tg,

consistent with experimental trends in pure polymeric
glass formers [17] and analytic calculations based on the
entropy theory of glass formation [18]. Figure 2(b) also
shows that the high-T activation energy E1 is roughly
proportional to Tg. We discuss the implications of these

scaling relationships below.
Our findings for fragility changes are consistent with

experimental studies of polymer-NP systems. Bansal et al.
[6] found that dispersions of NP having repulsive interac-
tions caused Tg to decrease, accompanied by an appre-

ciable broadening of the glass transition region, indicative
of increased strength (decreased fragility) of glass forma-
tion. For fullerenes dispersed in polystyrene, Cabral and
co-workers [19] reported behavior expected for attractive
polymer-NP interactions, namely, an increase in Tg, ac-

companied by an increased fragility. For small �, negli-
gible changes in the fragility have been reported [20], also
consistent with our small � results. Our results are likely
not applicable when the NP-polymer interactions are so
strong that nonequilibrium effects (leading to ‘‘bound’’
polymer) [21] or phase separation dominates.

We next examine how the NP interactions impact
the heterogeneity of molecular motions and how this re-
lates to the observed changes in Tg and fragility. Both

small-molecule and polymeric liquids exhibit pronounced
spatial correlations in mobility, commonly referred to as
‘‘dynamical heterogeneity’’ [12]. In particular, the most
mobile atoms or molecules tend the cluster on a time scale
after the ‘‘breaking of the cage,’’ but before the primary
relaxation �. These clusters of mobile molecules can be
further dissected into ‘‘strings’’ involving particles moving
roughly colinearly [22]; these structures appear to be the
most basic units of cooperative relaxation. The character-
istic size of both the mobile-particle clusters and strings
grow as a fluid is cooled toward Tg. Notably, the stringlike

collective motion is not strongly correlated with chain
connectivity [23], so it should not be confused with repta-
tive motion.

We evaluate the string size LðTÞ following the proce-
dures developed in Ref. [22], which are slightly modified
for the specific case of the bead-spring polymer we study,
as discussed in Ref. [23]. Figure 3 shows L for all T and�,
where we compare systems by normalizing by the value of
L of the pure melt. Given that L grows as � grows on
cooling, we expect that the attractive NP interactions
(which increase � relative to the pure melt) should cause
L to increase relative to the pure melt, and vice versa for
nonattractive NP interactions. Indeed, the variation of L is
consistent with these expectations, and we conclude that
the attractive NP interactions cause an increase in the
degree of correlated molecular motion for fixed T, while
nonattractive NP interactions cause a decrease in L.

Note that the T dependence of L is qualitatively similar
in all cases.
While the changes in L reflect the changes in � for any

given T, how does the T dependence of these changes
compare? In other words, can L be used to predict the
fragility changes in Fig. 2(a)? To answer this question, we
are guided by AG theory, which proposes that relaxation in
GF liquids is dominated by cooperatively rearranging re-
gions (CRR). Specifically, AG argue that � is related to the
average number of particles z in the CRR by a generalized
Arrhenius relation [24],

� ¼ �1 expðzE1=TÞ: (2)

For high T, cooperativity is minimal, so z � 1, and E1
(a constant) can be identified with the high-T activation
energy of the fluid. Accordingly, the T-dependent activa-
tion energy EðTÞ ¼ zðTÞE1 should govern the fragility.
The strings are a natural candidate to describe the ab-

stract CRR of AG. Figure 4 shows that Eq. (2) with z / L
provides an excellent prediction for �, consistent with
identifying L with the CRR of AG [25]. Therefore, the
non-Arrhenius behavior of � can be viewed as a conse-
quence of the increase in L on cooling. Accordingly, L
must encode the fragility of glass formation. In particular,
combining Eqs. (1) and (2) implies a direct relation be-
tween m and L,

m ¼ ðE1=TgÞ½LðTgÞ � TgdL=dTjTg
�: (3)

Since E1 and Tg are proportional [Fig. 2(b)], the prefactor

E1=Tg is roughly constant for all �, and thus does not

impact the nanocomposite fragility relative to the pure
melt. Therefore, the fragility changes measured by m on
adding NP should result from changes to L and TdL=dT at
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normalized by L for the pure melt. Note the parallelism to
Fig. 1. The inset also shows a snapshot of an example string
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Tg. To test this, we extrapolate L to Tg by assuming

consistency between Eq. (2) and the VFT expression.
Figure 2(a) shows that L� TgdL=dT indeed accounts

well for the observed changes in m. In particular, the
contribution to Eq. (3) from TgdL=dT is 3 to 8 times larger

than L, which ranges from 4.5 to 6.5 at Tg. The range for L

is quantitatively consistent with Ref. [11], and qualitatively
consistent with experimental evidence for weak sensitivity
of fragility to the scale of cooperativity [26,27]. Hence,
near Tg, fragility is primarily controlled by dL=dT, rather

than L, consistent with Ref. [28]. Stated more plainly,
fragility is primarily a measure of the rate of change (i.e.,
dL=dT) of the extent of cooperative motion.

The approximate proportionality between m and Tg

observed in our system [Fig. 2(b)], and for many high
molecular mass polymer materials [17], implies an impor-
tant simplification. Specifically, since m� 1=D, the prod-
uctDTg should be nearly constant, and hence � should be a

nearly universal function of (T � Tg). The inset to Fig. 4

shows that such a shift collapses all our nanocomposite
data rather well; this alternate data reduction also indicates
the consistency of our Tg extrapolation. However, we are

careful to point out that the proportionality m / Tg is not

universal [29], and this trend can even be reversed in
polyelectrolyte materials of interest in battery applica-
tions [18,30].

In summary, the addition of NP to a polymer melt can
lead to significant changes in both Tg and fragility, which

can be related to the cooperative stringlike motion.
Our results support the identification of the strings
with the abstract CRR of the AG theory, and complement
tests of the entropy formulation of the AG theory [31].
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