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We briefly review our findings on the relationship between the fragility of glass
formation and cooperative motion, focusing on a simple glass-forming polymer
melt. We identify string-like cooperative motions with the hypothetical ‘cooper-
atively rearranging regions’ of the Adam-Gibbs (AG) description, thereby pro-
viding a molecular basis for this interpretation. Moreover, these strings can
be described as equilibrium ’living polymers’. Based on this correspondence, we
combine the AG model with a theory for living polymerization to provide a more
complete theoretical description of the temperature dependence of relaxation,
and thus fragility. Accordingly, the variation in the scale of cooperative motion
controls changes in fragility. We expect this description is general, including
small molecule, non-polymeric glass-forming fluids. We consider the robustness
of these ideas by examining fragility changes in polymer-nanoparticle compos-
ites and ultra-thin polymer films, systems of practical importance where the
fragility can be varied in a controlled way.

17.1 Introduction

One of the central mysteries of glass formation is the origin of the dramatic
increase of relaxation times approaching the glass transition temperature, Tg,
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which is commonly interpreted as an increase of the effective activation free
energy. Austen Angell was a leader in recognizing that the temperature depen-
dence of the activation free energy approaching Tg – termed the “fragility” of
glass formation [1] – can vary substantially among glass-forming fluids. Since
the low temperature (T ) activation energy typically exceeds the energy of a
chemical bond, it is natural to associate this activation process with the reor-
ganization of multiple atoms or molecules. Indeed, there is general agreement
that glass-forming liquids are dynamically heterogeneous, exhibiting a signif-
icant fraction of particles with extreme high or low mobility relative to the
mean, whose positions are spatially correlated [2, 3, 4]. Consequently, one ex-
pects that the fragility of glass formation should be intimately connected with
the nature of heterogeneity.

Nearly 50 years ago, Adam and Gibbs [5] (AG) suggested a molecular
picture of this kind, along with specific predictions for the relation of the con-
figurational entropy Sconf to the relaxation dynamics. In particular, they pro-
posed that reorganization in a liquid occurs via hypothetical “cooperatively
rearranging regions” (CRR), where the activation energy for relaxation is ex-
tensive in the number of atoms or molecules that make up the CRR. The AG
model attributes the rapid growth of relaxation time approaching Tg to the
progressive growth of the CRR size on cooling. However, the AG theory does
not include a microscopic description of the CRRs, or a concrete prescription
for identifying them. AG further argued that the configurational entropy per
CRR is roughly independent of temperature so that the CRR mass is inversely
proportional to the configurational entropy of the fluid – a quantity that can
be estimated experimentally by the difference of the total and vibrational en-
tropies. Consequently, the entropy formulation of the AG theory postulates
that the temperature-dependent activation energy for relaxation is inversely
proportional to Sconf (the “Adam-Gibbs relationship”). This model has proven
to be highly successful to describe the T dependence of relaxation in both ex-
periments [6, 7, 8] (where Sconf is estimated from specific heat measurements)
and computational studies [9, 10, 11, 12, 13, 14, 15, 16] (where Sconf can be
formally evaluated from an energy landscape approach).

Unfortunately, AG offered no prescription for how to define the abstract
CRRs from a molecular perspective. Fortunately, the intervening years have
offered a more quantitative view on the nature of cooperativity. In particular,
simulations [17, 18, 19, 20, 21, 22, 23] and colloidal experiments [24, 25, 26]
have both consistently shown that highly mobile particles typically move in a
cooperative, string-like fashion, consistent with theoretical arguments [27, 28,
29, 30]. Recent works argue that the characteristic peak string size can be used
as a proportional measure of CRR size [31, 32, 33]. Moreover, these strings share
many of the properies expected for equilibrium, or ‘living’ polymerization.

In this brief review, we discuss how we can combine ideas from Adam-
Gibbs, dynamically heterogeneous motion (in the form the string-like excita-
tions), and a living polymerization theory to arrive at a quantitative model
to describe the temperature dependence of relaxation. We test these ideas us-
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ing a simple bead-spring type model for polymer chains. The fragility of glass
formation is of particular interest for polymeric systems, since it plays a vital
role in real-world polymer processing. In particular, the glass transition and
fragility of polymer-nanoparticle composites and ultra-thin films can be signif-
icantly altered. Hence, we examine these as important systems where fragility
can be altered in a systematic fashion by altering interfacial interactions and
confinement scales.

17.2 Dynamical Scales and Relaxation

Throughout this review, we focus on molecular dynamics simulations of a melt
containing “bead-spring” polymers, each chain consisting of either 10 or 20
monomers [34], interacting via the simple Lennard-Jones potential. At this
length, the chains are unentangled. Neighboring monomers along a chain also
interact via a FENE spring potential to create covalent bonds. The FENE
parameters are chosen to create a mismatch in the length scale of bonded and
non-bonded interactions, thus frustrating crystallization and making the model
a good glass former [35]. The dynamics of this model have been extensively
studied in previous simulations [35].

The basic object of study is the T dependence of the activation free energy
∆G(T ) for structural relaxation τ . If one makes a natural assumption that
relaxation is an activated process, transition state theory [36, 37, 38] indicates
a general Arrhenius temperature dependence

τ = τ0 exp[∆G/T ], (17.1)

that is often observed in condensed phase relaxation process and in the rates
of chemical reactions. At high T , ∆G(T ) ≡ ∆GA, a constant, giving the
widely known Arrhenius form. At lower T , this relation defines a generalized
T -dependent activation free energy

∆G(T ) = T ln (τ/τ0) , (17.2)

which we show for our data in Fig. 17.1. This provides a simple parametric
description of the problem at hand: how can we understand an activation barrier
the grows on cooling to a value that is several times larger than its high-T
limit? The key element to explain the increase of ∆G(T ) is to recognize that
such values cannot be readily reconciled on the basis of single particle motion.

17.2.1 String-Like Cooperative Motion

It is widely appreciated that, below the onset temperature TA for complex
liquid relaxation, the dynamics become increasingly spatially heterogeneous
approaching Tg. Regions with either enhanced mobility or diminished mobility
form in a spatially correlated manner, and the motions within mobile regions
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Figure 17.1: Temperature dependence of the activation free energy ∆G(T ),
evaluated from the relaxation time according to eq. (17.2). The dashed line
indicates the high T asymptotic value ∆GA = 2.2. The inset shows values of
∆G, string mass L, and mobile cluster mass nM normalized by their values at
TA to facilitate comparison of the growth of these quantities on cooling.

can be further dissected into more elementary groups that move in a string-
like, cooperative fashion, as illustrated in Fig. 17.2. In this section, we consider
the properties of these “strings”. To identify string formed by mobile particles,
we follow the procedures originally developed in refs. [17, 18]. Since we study a
polymeric system, it is worth noting that the string-like collective motion is not
strongly correlated with chain connectivity [18], so it should not be confused
with reptation-like motion.

For reference, we first show the average length (number of monomers)
of a string L(t) for all T studied (Fig. 17.3. As expected, L(t) has a peak at
a characteristic time which we label tL, and the time scale and amplitude of
this peak grow on cooling, indicating increased cooperative motion nearing Tg.
Since the strings are subsets of the mobile particle clusters, the peak value of
L is significantly smaller than that of the mobile particle clusters. The inset of
Fig. 17.1 compares the relative growth of ∆G with those of the clusters and
string sizes.

17.2.2 The Adam-Gibbs Scenario

The AG approaches builds on the activation picture for dynamics. For most
fluids, the high T (i.e. T > TA) dependence of relaxation is given by eq. (17.1),
where ∆G = ∆GA. AG associated this high T activation barrier with uncorre-
lated, single-particle motion. On cooling toward Tg, AG argued that motion be-
comes dominated by CRR, and that the barrier ∆G is extensive in the number
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Figure 17.2: Illustration of a typical configuration of string-like cooperative
regions for the time interval when ⟨L(t)⟩ is maximal. Each string is shown by
large spheres in a different color. The polymer melt is also shown transparent.
For purposes of the clarity, we only render strings of length larger than 4.

z of rearranging monomers in a CRR, so that

τ = τ0 exp[z∆GA/T ]. (17.3)

AG further argue that the fluid can be decomposed into N/z such CRR, each
of which has a configurational entropy sconf , so that the total

Sconf =
N

z
sconf . (17.4)

Consequently, the relaxation can be directly relating Sconf via

τ = τ0 exp[A/(TSconf)], (17.5)

where the free energy A subsumes previous constants. This configurational
entropy picture has proved highly successful in capturing the T dependence of
many supercooled fluids [6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16].

Although the relation between configurational entropy and relaxation
(eq. 17.5) proposed by AG is not their starting point, this is the most com-
monly tested and most broadly supported prediction of the theory. Hence we
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Figure 17.3: The dynamical string length L(t) for all T studied. The inset shows
the T dependence of the characteristic peak value, simply denoted as L.

Figure 17.4: Confirmation that the entropy representation of the AG theory
(eq. 17.5) is valid for the present system. The inset shows the T dependence
of Sconf and the extrapolating vanishing temperature TK , which is consistent
with T0 of the VFT fit (eq 17.9) to τ .

first wish to test whether this relation is also valid in our system. Fig. 17.4
verifies the validity of eq. 17.5.

We now continue to examine the proposal laid out by AG by considering
the possible relation of τ to a heterogeneity scale. Since the CRR are not defined
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Figure 17.5: Testing the mobile particles cluster and string sizes for consistency
with the AG prediction that the activation energy is linear in the size z of
CRR. The cluster size nM grows too rapidly on cooling to fit with the AG
picture, the string size L appears consistent. See also Figure 17.1 for a direct
comparison of L and nM to the relative change in ∆G with no free parameters
in the comparison.

by AG, previous works have considered whether the string mass L [39, 31] or
the mobile particle cluster mass nM [40, 39] might be appropriate measures.
For water, it was shown that nM has the desired behavior, but over a relatively
limited range of τ [41]; for a simple spherically symmetric model, both L and
nmobile show the desired relation to z, but over an even more limited range [39].
More recently, motivated by description of AG that CRR are the most basic
units of reorganization, refs. [31, 32] found L is an appropriate measure of z,
but did not consider cluster size nM . Unfortunately, none of these works could
definitively exclude other measures for z. It has also been appreciated that other
length scales associated with heterogeneity, such as from a four-point density
correlation function, would be too large at Tg to be consistent with z [42].

Here, we check the plausibility of both cluster and string size as a measure
of z over a substantially broader range of τ than previous works to provide im-
proved clarity. We thus consider substituting for z the peak string size L/L(TA)
or the peak mobile particle cluster size nM/nM (TA), where we normalize by
the value at TA so that z has the expected value near unity for T ≥ TA. Fig-
ure. 17.5 shows that, for T . TA log τ is linear if we use L as a proxy for z, but
not using nM . The deviation from cluster size is a consequence of the fact that
the mobile particle cluster size grows noticeably more rapidly than the effective
activation free energy, a fact already appreciated in the inset of Fig. 17.1.
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The string length L appears to be the most quantitatively consistent choice
for the CRR, and is also consistent with the qualitative philosophy of AG.
Specifically, recall that AG envision the CRR are dominated by the smallest
group of cooperatively moving monomers. The physical motivation for this is
that probability of such a group will diminish exponentially with the size, so
that the smallest possible group that allows for rearrangement will dominate
the relaxation. The strings are both the smallest such unit, and also the only
candidate in which all particles move in a cooperative fashion. While the par-
ticles of mobile particles clusters are obviously spatially correlated, there is
no a priori cooperativity in their displacements. The strings are precisely the
manifestation of mobile particle cooperativity. However, we should be careful
to point out that, while the qualitative language of AG is appealing, in the end
the quantitative predictability is the most important measure. Although we do
not discuss it here, we have shown [33] that strings can also be consistently used
as the ‘mosaic scale’ in the random first-order transition theory [43, 44, 45].

17.3 Quantitative Model for String Size

In order to explain the T dependence of the strings, and thus of ∆G, we consider
the theoretical implications of the hypothesis that these strings can be consid-
ered as dynamic polymers that form and disintegrate in equilibrium [29, 30].
Accordingly, we consider a model for equilibrium polymerization by Dudow-
icz et al. [29], which assumes that chain formation is governed by two simple
reactions:

2M + 2I →M2I2, (17.6)

M2I2 +M 
M2+iI2 i = 2, 3, ...,∞, (17.7)

where reaction of the monomer species M , mobile particles in the context of
glass-forming liquids, requires an energetically excited initiating species I. The
living polymerization model offers explicit predictions for the T dependence of
L(T ). Unfortunately, L(T ) cannot be expressed in a simple analytical form, but
its full behavior is described in Ref. [29]. It is useful to mention the approximate
high T expansion,

L ≈ LA

(
1− ΦA

2

)(
1 +

ΦA
2

(
1 + ϕ0 exp

[
−∆Gp
kBT

]))
, (17.8)

which exhibits the expected Arrhenius T dependence of L for equilibrium poly-
merization models at high T . The free energy ∆Gp = Hp − T∆Sp describes
the thermodynamics of polymerization (string formation) where ∆Hp and ∆Sp
are the enthalpy and entropy of chain assembly, respectively. The volume frac-
tion of mobile particles ϕ0 = f0(π/6) = 0.034, using a mobile particle fraction
f0 = 0.065 determined in earlier work [40]. We expect Eq. 17.8 to be valid
in the range Tc . T . TA, where Tc is the crossover temperature frequently
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associated with the mode-coupling theory of supercooled liquid dynamics [46].
In practice, Tc is obtained by empirically fitting τ to a power-law in T − Tc
over a restricted T range and, in the present work, Tc = 0.35 [33].

We show the T dependence of L predicted by the full theory, as well
as the high T approximation in Fig. 17.6(a) and we obtain ∆Hp = −1.55
and ∆Sp/kB = −0.46. Both the complete expression and high T expansion
can then account for the T dependence of the available data for L, but show
dramatically different behavior when we consider extending the predictions to
lower T . The high T expansion predicts unbounded string growth, but by the
nature of the approximations required, this estimate is not reliable at low T .
In contrast, the complete model predicts that L(T ) reaches a plateau L(T →
0) = LA(

2
ΦA

− 1) ≈ 4.1, with a radius of gyration Rg = 1.6σ ≈ 1.6 nm to
3.2 nm, a length scale consistent with empirical CRR size estimates obtained
from specific heat measurements in small molecule liquids and estimates of
the change in the activation energy in GF liquids [47, 48, 49]. This range of
length scales is also in accord with the ‘cooperative scale’ from Boson peak
and NMR measurements [50], and the string model provides a rationale for a
quasi-universal heterogeneity scale in the glass state.

Combining our predicted form for L(T ) together with AG relation
(eq. 17.3, assuming z = L) we can further explore τ(T ) at T below temper-
atures accessible by equilibrium simulation (Fig. 17.6b). Using the common
laboratory definition of Tg as τ(Tg) ≈ 100s, and taking 1 reduced time unit
≈ 1 ps, we find Tg = 0.16 for the full string model. This is lower than the Tg
value that we estimate by fitting the simulation results with a Vogel-Fulcher-
Tammann (VFT) equation, which yields Tg(VFT) = 0.23 (and an extrapolated
VFT divergence temperature, T0 = 0.20). In both cases, the data depend upon
a fit to τ relatively far from Tg, and differences might be smaller if data at lower
T were available. The variation in Tg estimates is primarily a consequence of
the fact that L plateaus at low T , resulting in slower growth of τ than would
be anticipated from the VFT relation.

The plateau of L(T ) at low T has another consequence for the low T
behavior of τ . Specifically, such a plateau implies a return to an Arrhenius
temperature dependence, as illustrated in the inset of Fig. 17.6(b) inset. Con-
sequently, the fragility based on the string model is clearly smaller than values
estimated from a VFT fit to data well above above Tg. The ‘fragile-to-strong’
crossover in the string model occurs rather close to the expected Tg for the
system. Given the extrapolation required to assign a precise value for Tg, it
is plausible that this crossover behavior occurs roughly on entering the glass
state. Such Arrhenius dependence near Tg has been observed in a variety of
GF fluids [51], and recent experimental aging results in a 20 million-year-old
amber sample show Arrhenius behavior continuing significantly below Tg [52].
Thus, the predicted plateau in L at low T is physically plausible.

Based on the inverse scaling relation between L and Sconf , we can also
use L from the polymerization model to anticipate the low T behavior of Sconf ,
shown in Fig. 17.6(c). The low T plateau of L corresponds to the saturation of
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Figure 17.6: (a) Temperature dependance of L(T ) from numerical simulations
in comparison with the full model for string T dependence, as well as the high T
expansion. (b) Temperature dependance of τ(T ) from simulation data, as well as
the string model prediction when combined with the AG expression (eq. 17.3).
The VFT fit is also shown for comparison. The horizontal dashed blue line
illustrates the value where τ ≈ 100 s, which typically defines the glass transition
temperature, Tg = 0.16. The inset shows τ as a function of Tg/T in order to
highlight the predicted return to Arrhenius (strong) behavior in the vicinity
of Tg. (c) Configurational entropy Sconf(T ) from numerical simulations [33] in
comparison with the predicted variation from the string model.

Sconf to a residual low T residual value that is about one-quarter of its value
near TA. Consequently, the Kauzmann entropy ‘catastrophe’ [51], in which Sconf

of the fluid would be negative for T → 0, is naturally avoided in the string
polymerization model. The residual entropy is determined by ΦA and LA, and
in the living polymerization model these parameters control the sharpness of
the polymerization transition. If we consider the extrapolation of the high T
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expansion to estimate Sconf at low T (Fig. 17.6(c)), we see the extrapolation
predicts a Kauzmann temperature T0 = 0.2 (i.e., where Sconf = 0). This is
consistent with the VFT extrapolated divergence temperature, and our earlier
simple polynomial extrapolation of Sconf based on a simple polynomial fit [33].

17.4 Modifying Polymer Glass Formation with
Nanoparticles

The addition of nanoparticles (NPs) to polymer melts can substantially improve
mechanical, electrical, and optical properties of polymer materials, both under
melt processing conditions and in the solid state [53, 54, 55, 56]. The resulting
materials have a vast range of applications, from commodity polymer materials,
to advanced materials aerospace, medical, and electronics industries. The glass
transition is one of the most important phenomena for amorphous polymer
processing. Both experiments and theoretical studies have shown that Tg and
the viscosity increase for sufficiently attractive NP surfaces and decrease for
non-attractive NP surfaces [57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69,
70, 71, 72], provided the strength of these interactions are not very strong,
so that effects associated with non-equilibrium interfacial layers and particle
aggregation do not predominate.

While Tg certainly plays an important role in describing the dynamical
changes on adding NPs to a polymer melt, it does not capture changes to the
fragility of glass formation. Moreover, there is some discussion in the literature
as to whether changes in fragility upon adding NPs are significant. For exam-
ple, some experiments report a negligible change of fragility [73], while other
experiments [65, 74, 75, 76] report appreciable fragility changes, leaving the
question of fragility changes ripe for further examination.

Here we investigate polymer-NP composites via equilibrium molecular
simulations with either attractive or excluded-volume only (or non-attractive)
polymer NP interactions in order to distinguish the changes due to the steric
constraints from those due to NP attraction. We consider to NP mass fractions
(concentration) ϕ = 0.0218, 0.0426, 0.0817, and 0.151.

17.4.1 Tg and Fragility Changes

To evaluate changes to Tg and fragility, we examine the characteristic relaxation
time with variable ϕ and T along an isobaric path, and compare those changes
with previous results along an isochoric path [57, 31]. We use our data for τ
to estimate the glass transition temperature Tg and the fragility of the glass
formation by fitting τ(T ) with the Vogel-Fulcher-Tamman [1] equation

τ = τ0 exp

[
DT0
T − T0

]
, (17.9)



348 17. Fragility and Cooperative Motion in Polymer Glass Formation

where T0 is the temperature at which the extrapolated relaxation time diverges,
and D encodes the T dependance (fragility) of τ . Note that in some works,
k ≡ D−1 is taken as definition of fragility since this quantity increases with
fragility as measured by other properties. To estimate Tg, we use the common
laboratory definition of Tg, τ(Tg) = 100s, and we map reduced units to units
relevant to real polymer materials by approximating that 1 time unit ≈ 1 ps.

We find that Tg increases as ϕ increases for attractive polymer-NP in-
teractions, as expected from earlier studies [57, 58, 68, 59]. For non-attractive
polymer-NP interactions, the ϕ dependence of Tg is very small, which is ex-
pected since τ is nearly ϕ independent along our isobaric path; this contrasts
the isochoric behavior, where Tg decreases with ϕ.

To quantify fragility, we primarily consider a common definition based on
the logarithmic slope of relaxation near Tg,

m =
d ln τ

d Tg/T

∣∣∣∣
Tg

. (17.10)

We estimate m using the same VFT fit to τ used to evaluate Tg. Figure 17.7b
shows that, like Tg, m increases as ϕ increases for attractive polymer-NP in-
teractions (like isochoric results [31]); for non-attractive interactions, m shows
no a substantial change with ϕ, except at the largest ϕ where there is a small
decrease in m – while isochoric results [31] show a stronger decrease of m with
ϕ. The fact that fragility changes are much weaker along isobaric paths means
that, at small ϕ, changes in fragility are nearly undetectable. This is consistent
with experiments [73], where there is no discernable fragility change at small
NP concentration (comparable to 1 % by mass); these studies also had the com-
plication that the NPs had polymer chains grafted onto their surface, an effect
that may reduce the impact of NP on the melt. At larger NP concentrations,
changes of fragility have been reported. Bansal et al. [65] found that repulsive
interactions caused Tg to decrease, accompanied by an appreciable broaden-
ing of the glass transition region, indicative of increased strength (decreased
fragility) of glass formation. Cabral and co-workers [74, 75, 76] reported be-
havior expected for attractive polymer-NP interactions, namely an increase in
Tg, accompanied by an increased fragility for fullerenes is a polystyrene matrix.
Notably, these effects disappeared when the particles exhibited appreciable ag-
gregation, suggesting that the fragility change is a specifically nanostructural
effect on the polymer melt dynamics.

It is experimentally known that, for many polymers, m and Tg vary in
an approximately proportional way [77]; proportionality has also observed in
our previous simulations of polymer composites along an isochoric path [31].
Consequently, we check for such a possibility, and Fig. 17.8(a) confirms that the
relative Tg andm for NP composites systems – both along isochoric and isobaric
paths – vary proportionally. Moreover, by scaling these quantities relative to the
pure melt, all data fall onto a single master line. However, recent simulations of
thin polymer films using the same polymer model show that this proportionality
can fail in very thin films [78]. This demonstrates the limitations of using Tg as
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Figure 17.7: (a) Glass transition temperature Tg and (b) fragility m relative to
the pure melt for both attractive and non-attractive NP interactions. The filled
diamond symbols and dashed lines are for an isochoric approach to Tg [57, 31],
where the effect is more pronounced than along an isobaric path (circle symbols
with solid line). The black symbols are for attractive NP interactions and the
red symbols are for non-attractive NP interactions. The values presented are
average values obtained by VFT fits using seven different T ranges of data that
include or exclude points at the margins of the non-Arrhenius regime of τ . From
these fits, we also obtain the uncertainties, which we show as error bars in the
graph.

a predictor for fragility changes, and this finding also suggests that “mapping”
between nanocomposites and thin films must be done with caution for ultra-
thin films or large NP concentrations.

17.4.2 Effect of NP on Cooperative Molecular Rearrangement

To quantify the effects of NPs on cooperative dynamics, we evaluate the string-
like motion of the most mobile particles following the methods established in
previous work [17, 18]. Based on our above discussion, we can expect that Lmay
quantify the size z of CRR within the AG framework. It is normally assumed
that ∆G is independent of T , i.e. ∆G is purely enthalpic. The applicability
of AG to hard sphere simulations [11, 12, 13], where energy plays no role,



350 17. Fragility and Cooperative Motion in Polymer Glass Formation

Figure 17.8: (a) Parametric plot of relative fragility m/mpure Tg/T
pure
g . The

isochoric data are normalized by the pure system at density ρ = 1; similarly, the
isobaric data are normalized by the pure system at pressure P = 1. The dotted
line is the best fit linear relation, showing an approximate proportionality for
the range of NP concentrations and interactions investigated. (b) A similar plot
showing the proportionality between Tg and the high-T activation energy ∆Ga.

calls this assumption into question. From thermodynamics and transition state
theory [36, 37, 38] we more generally expect a free energy of activation,

∆G = ∆H − T∆S, (17.11)

which has both enthalpic ∆H and entropic components ∆S. Thus, an assump-
tion that ∆G is T -independent corresponds to assuming that ∆S makes a
negligible contribution to ∆G; this is the usual stated form of the AG model.

When we add nanoparticles, the traditional enthalpy dominated AG ex-
pression exhibits modest curvature for the polymer-NP results (as opposed to
the behavior in Fig. 17.5). In contrast, when we use the more general form
of the free energy with both enthalpic and entropic components, we obtain a
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Figure 17.9: Check of the Adam-Gibbs relation, assuming L represents the size
of CRR. We consider a more general case of AG, in which we include both
entropic ∆S and enthalpic ∆H contributions to the free energy. The inset
shows the variation of ∆S and ∆H for different NP concentrations. The slope
of the line define a ‘compensation temperature’ Tcomp = 0.21.

rather accurate description of the data (Fig. 17.9). By construction, the param-
eters ∆H and ∆S will depend on NP concentration. Interestingly, the inset of
Fig. 17.9 shows a linear relationship, the slope of which defines a ‘compensation’
temperature Tcomp = 0.21 – very close to the previously identified Kauzmann
temperature. These observations mean that previous examinations of AG the-
ory may need to be reassessed to include entropic contributions to ∆G.

There are general theoretical reasons that we might expect entropy to
be a highly relevant term. Dyre and coworkers argued that scaling consistency
requires ∆G to be purely entropic for fluids interacting with purely repulsive
power-law interactions, which they argue provide the predominant interaction
in many van der Waals liquids [79, 80]. Consequently, they have criticized the
general use of the enthalpic form of AG for molecular fluids with van der Waals
interactions. Note that, by extension their reasoning also excludes the Arrhe-
nius temperature at high temperatures, which itself lacks a rigorous theoretical
foundation. It is ironic to note that the original observations [81] that stimu-
lated Adam-Gibbs to develop their theory were empirically fit by the equivalent
of a purely entropic version of the AG relation.

17.4.3 Cooperativity and Fragility

Consistency of the string size with the AG expression has important implica-
tions for the molecular scale interpretation of fragility. Specifically, combining
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eqs. 17.10, 17.3, and 17.11 yields

m =
1

Tg

[
∆H z(Tg)− Tg (∆H − Tg∆S)

dz

dT

∣∣∣∣
Tg

]
. (17.12)

Considering the enthalpy dominated case where ∆G ≈ ∆Ga, this reduces to

m =
∆Ga
Tg

[
z(Tg)− Tg

dz

dT

∣∣∣∣
Tg

]
, (17.13)

which indicates a direct relationship between fragility and the scale z of coop-
erative motion, as noted in ref. [31]. In eq. 17.13, the ratio ∆Ga/Tg scales the
overall value of fragility. If ∆Ga is proportional to Tg, as found for this model
and often found to be the case for a restricted classes of substances [66], then
this prefactor is irrelevant to changes ofm. Consequently,m is primarily a mea-
sure of the extent of cooperative motion with T near Tg. In addition, ref. [31]
showed that z(Tg) < Tg |dz/dT |Tg , so that m ≈ ∆Ga|dz/dT |Tg is primarily
controlled by the differential change in the size of cooperativity.

The empirical proportionality of m, Tg, and ∆Ga leads to a great simpli-
fication in the description of dynamics in the AG formulation. This proportion-
ality applies to a significant class of materials (metallic glasses, polymer glasses
with simple van der Waals interactions) [77]. In particular, proportionality of
m and Tg requires that the product DT0 in the VFT equation is constant,
thereby reducing the number of free parameters. This means that τ (and pre-
sumably viscosity) only depend on the difference of temperature between T
and T0 (effectively Tg) [31]. The proportionality between Tg and m in the VFT
equation also leads to the Williams-Landel-Ferry equation [82], and explains
its ‘universal’ parameters for polymer materials.

17.5 Fragility of Ultra-thin Polymer Films

Ultra-thin polymer films have ubiquitous technological applications, ranging
from the electronic devices to artificial tissues. There has been extensive exper-
imental [83, 84, 85, 86, 87, 66, 65, 88, 89] and computational [90, 60, 91, 20, 92,
35] studies of polymer films aimed at trying to understand the large property
changes that are frequently observed under nanoconfinement in relation to bulk
materials.

From prior studies on the effects of confinement on polymer dynamics and
Tg in ultra-thin films (< 100 nm), it is appreciated that attractive interfacial
interactions typically slow polymer dynamics near the surface and increase
Tg [90, 86, 87, 88, 93, 35, 94, 66, 84, 95, 65, 91]. However, simulations of a smooth
attractive substrate show that mobility near the surface can be enhanced [96,
90, 88, 87, 85], demonstrating that surface roughness also affects interfacial
mobility change significantly. Neutral or repulsive interfacial interactions – such
as near a free surface – consistently lead to enhanced polymer dynamics [92] and
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normally decrease Tg. For supported films with a free surface [95, 84, 93, 35, 92,
97, 94, 87], these effects can compete, resulting in Tg changes (or a lack thereof)
that can be difficult to rationalize without a molecular scale understanding of
the local dynamical changes within the film.

The molecular picture often invoked to explain Tg changes in thin films
envisions that the the film can be split up into the contributions of independent
polymer “layers”, so that the effect of film thickness is understood as a conse-
quence of perturbing the polymer layers near the film interfaces. A significant
drawback characterizing dynamical changes by a local Tg in the layer picture
is that it does not account for possible variations in the fragility of glass for-
mation. Changes in the fragility of glass formation can significantly alter the
properties of the film both above and below Tg. Consequently, Tg alone pro-
vides a limited metric to describe confinement and surface induced changes the
dynamics in polymer films.

Here, we discuss the results of molecular dynamics computer simulations
of supported polymer films to systematically characterize the effects on Tg
and fragility, both for the entire film and locally. The films we model consist
of dense, unentangled polymer on a smooth, impenetrable attractive surface
and a free surface (corresponding to zero external pressure). To address the
effect of varying the scale of confinement, we simulate thicknesses in the range
from approximately 4 to 32 monomer diameters, using a lateral system size
Lx = Ly = 20σ ≈ 14Rg, where Rg is the chain’s radius of gyration Rg.

17.5.1 Thickness Dependence of Tg and Fragility

We first quantify the overall changes to glass formation with changing film
thickness to establish the basic parameters in question. To characterize the
dynamics of films, we evaluate the relaxation time τ of the film in equilibrium
as a function of temperature T approaching Tg from above. Relative to the
pure system, we find that τ decreases as we decrease the thickness of the film
(Fig. 17.10(a)). Significantly, the data for τ show that τ increases more rapidly
on cooling for the thinnest film. Thus, both the shift and the T dependence of
τ must play a significant role in Tg changes.

To estimate changes of Tg and fragility, we fit τ with the Vogel-Fulcher-
Tamman (VFT) form and define Tg by the T at which τ reaches 100 s.
Fig. 17.10(b) shows that Tg decreases relative to the bulk for all systems. How-
ever, Tg varies non-monotonically with film thickness: Tg initially decreases
for smaller confinement, but then grows for the thinnest film suggesting that
competing effects of the solid and free interface are at play in our supported
films [94].

We also calculate the fragility m (eq. 17.10, which describes how rapidly
τ changes with temperature near Tg. Figure 17.10(c) shows similar non-
monotonic behavior of m (relative to the bulk). As a consistency check, we also
consider an alternate definition of fragility k = D−1, which shows the same
trend. As in the case of a free standing film having fixed thickness [96, 20, 90],
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Figure 17.10: Effect of film thickness on the glass transition temperature and
fragility. (a) The temperature dependence of relaxation time τ(h, T ) from the
intermediate scattering function F (q0, t). In this T range, τ decreases as we
decrease the thickness of the film. The inset shows a magnification of the low T
behavior τ . (b) Glass transition temperature Tg and (c) fragility m relative to
the pure melt as a function of the thickness hg ≡ h(Tg); the determination of
hg is explained when we present the film density profile. We find a depression
of Tg and fragility up to a critical thickness, where the behavior is reversed.
The inset of (c) shows a magnification of the data at large hg.

Tg and fragility of our supported films decreases relative to the pure melt. The
fragility reduction in our supported film is relatively modest in comparison to
previous simulations of a free-standing polymer film [20]. Our results for Tg
and m are qualitatively in agreement with experimental fragility changes in
polystyrene films [85].

The trends of fragility and Tg for our supported films are similar, which is
not surprising since experimentally m is often found to be proportional to Tg
for polymers [77]. Consequently, the reduction of Tg can be primarily associated
with a reduction of fragility. However, from Figs. 17.10(b) and (c) it is apparent
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that the ratio Tg/m as a function of film thickness hg is not constant for the
thinnest films, so the quantitative correspondence between Tg and m is not as
clean as in pure polymers [77] or polymer nanocomposites [31]. Consequently,
Tg alone is not sufficient to capture dynamical changes in thin films due to
confinement; since fragility governs the rate of change of relaxation with T and
can vary independently of Tg, it must also be specified.

17.5.2 Local Variation of Tg and Fragility

To more clearly explain the non-monotonic behavior dependence of Tg and m
with film thickness, we consider the dependence of Tg and m as function z,
based on the T -dependence of τs(z). To extract Tg(z) and m(z), we fit τs(z, T )
using Eq. (17.9), just as we did before for τ of the entire film; Fig. 17.11 shows
the resulting Tg(z) and m(z), respectively.

For relatively thick films, Tg and m near the film center are relatively
weakly affected by confinement. At the free surface, τ is reduced compared to
the center, and varies more slowly with T . Correspondingly, near the free surface
Tg and m are reduced. Near the substrate, there is a seemingly paradoxical
finding that τs near the substrate decreases relative to the film center, while
Tg near the substrate increases. This is a direct consequence of the strongly
increased fragility m near the substrate – apparent from the inversion of τs for
the substrate relative to the free surface. That monomers near the attractive
substrate have a lower Tg (relative to the bulk), but higher Tg relative to the
film center, is consistent with the experimental observations on polystyrene
films [87], providing an example of a situation where fragility and Tg can be
anti-correlated – again emphasizing the importance of both quantities.

Fig. 17.11(b) shows that the spatial variation of the fragilitym(z) is similar
to that of Tg(z), except that m(z) increases more rapidly near the substrate.
If fragility were constant, the enhanced surface relaxation should only yield
Tg decreases, and so we would not observe non-monotonic behavior of Tg(z).
Thus, non-monotonic behavior of Tg(z) is dependent on similar non-monotonic
behavior of fragility m(z). These affects are reflected in the overall thickness
dependence of Tg. This emphasizes the practical importance of quantifying m
variations, in addition to Tg. We also see that the fragility at the free interface
drops by a factor of nearly 2, so that the dynamics of the free surface progres-
sively approaches Arrhenius behavior, an effect noted in recent experimental
studies [98]. This effect can be expected to lead an acceleration of the aging
dynamics of thin polymer films and will also contribute largely to the overall
film dynamics.

17.6 Conclusion

We have reviewed the interrelation between heterogeneity scales and the scale
envisioned by the Adam-Gibbs descriptions of glass formation. We argue the
strings provide a consistent description of the CRR, and we quantitatively



356 17. Fragility and Cooperative Motion in Polymer Glass Formation

Figure 17.11: Effect of film thickness on the local variation of Tg and fragility.
(a) Tg and (b) fragility as function of distance z from the wall. The region closest
to the attractive wall has a locally increased Tg, resulting from an increasing
fragility near the wall. Hence, high fragility near the supporting surface has a
large effect on the overall film dynamics.

model these dynamical strings as a kind of equilibrium polymerization. The
combined AG-string polymer relationship provides a quantitative theory for
the temperature dependence of string size and relaxation. In other words, we
have a potentially predictive theory for fragility variation.

As a practical extension of this reasoning, we have examined changes to
glass formation in polymer nanoparticle composites and ultra-thin films. These
practically important systems apparently offer the possibility to tune fragility
in a controllable fashion. Moreover, they also affirm the relation between the
scale of string-like motion and the temperature dependence of relaxation. At the
same time, these results emphasize the importance of examining both entropic
and enthalpic contributions to activation free energy.
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