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ABSTRACT: To understand the role of collective motion in the often large changes in
interfacial molecular mobility observed in polymer ﬁlms, we investigate the extent of collective
motion in the interfacial regions of a thin supported polymer ﬁlm and within the ﬁlm interior by
molecular dynamics simulation. Contrary to commonly stated expectations, we ﬁnd that the
extent of collective motion, as quantiﬁed by string-like molecular exchange motion, is similar in
magnitude in the polymer−air interfacial layer as the ﬁlm interior and distinct from the bulk
material. This ﬁnding is consistent with Adam−Gibbs description of the segmental dynamics
within mesoscopic ﬁlm regions, where the extent of collective motion is related to the
conﬁgurational entropy of the ﬁlm as a whole rather than a locally deﬁned extent of collective
motion or conﬁgurational entropy.

■

INTRODUCTION
It is generally appreciated that thin supported polymer ﬁlms,
and other polymeric nanoconﬁned materials (nanocomposites,
spherical polymer nanoparticles, polymer nanotubes, etc.),
exhibit large gradients of mobility in their interfacial regions
that can greatly inﬂuence their end-use properties.1−5
Typically, depending on the type of the interface and the
nature and magnitude of the interaction strength and the
material properties of the surrounding medium, the scale of the
interfacial regions6 with altered mobility is in the order of a few
nanometers, and the relaxation time in the interfacial region of
glass-forming materials can diﬀer from the overall relaxation
time of the ﬁlm by a factor7−11 as large as 107. As mobility
gradients in thin ﬁlms can evidently be quite large, it is not
surprising that this phenomenon has elicited signiﬁcant
research interest from both theoretical and practical
perspectives.
Changes in mobility of this magnitude can be rationalized
within a widely utilized framework for understanding the
slowing down of relaxation in bulk glass-forming liquids
introduced by Adam and Gibbs (AG).12 Speciﬁcally, a
dramatic enhancement of mobility might be interpreted in
terms of a reduction of the scale of collective motion in thin
ﬁlms, and some evidence for a reduced degree of collective
motion has been reported based on molecular dynamics
simulations.13,14 However, this former work did not consider
how collective motion is altered in the interfacial region, but
only for the ﬁlm as a whole. In particular, Shavit and
Riggleman15 observed the scale of collective motion in thin
polymer ﬁlms to decrease somewhat as the ﬁlms were made
thinner, a trend notably contrary to what one might naively
expect from the Gibbs−DiMarzio model of glass formation,16
© 2019 American Chemical Society

where a reduction of system dimensionality should lead to a
reduction of the conﬁgurational entropy Sc of ﬂuid,17 and thus
to a corresponding increase of the glass transition temperature.
The fact that many experimental studies indicate an apparent
depression of the glass transition temperature Tg is often taken
as a point against the conﬁgurational entropy description of
glass formation.18 However, this criticism does not apply to the
AG model where structural relaxation time depends both on
the activation free energy in the high-temperature ﬂuids (Δμ)
and Sc. We shall see below that Δμ plays a central role in
understanding the dynamics of our thin ﬁlms.
The identiﬁcation of large structural relaxation times with a
relatively high degree of collective motion has often been taken
to imply that collective motion in the polymer−air interfacial
region should be greatly suppressed with respect to the interior
of the ﬁlm,19−22 and Forrest and co-workers19,23 have recently
introduced a model of the interfacial dynamics of glassy
materials based on a combination of the AG model and the
free volume model24 of glass formation, in which a direct
relation between local density and mobility is postulated. A
number of authors have reported relaxation in the polymer−air
interfacial region to be more nearly Arrhenius than the
relaxation of the ﬁlm as a whole,10,25,26 seemingly supporting
this interpretation of high interfacial mobility. However, this
attractive interpretation of the mobility gradient in the
interfacial regions of polymer materials raises a fundamental
question with regard to the AG model of glass formation
because the scale of collective motion (deﬁned by the number
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of molecules involved in cooperative rearrangement) is
predicted to scale inversely with the conﬁgurational entropy,
arguably a property of the ﬁlm as a whole (as opposed to being
deﬁned locally). We might instead expect that the scale of
collective motion to be the same in the ﬁlm interfacial regions
and the ﬁlm interior.
Based on these considerations, it is a matter of theoretical
and practical interest to quantify how cooperative motion,
identiﬁed in many earlier works as string-like particle exchange
motion,27−33 varies in the interfacial and interior regions of
model thin supported polymer ﬁlms. We consider a range of
ﬁlm thicknesses and polymer substrate interaction strengths to
evaluate the extent to which AG ideas apply in highly conﬁned
materials. We ﬁnd that, while the average string length L is
reduced relative to the bulk material, L varies only weakly
when averaged over the interfacial region compared to that of
the ﬁlm interior.
Thus, the large mobility gradients in the ﬁlm proﬁle are not
accompanied by a corresponding variation in cooperative
motion. Evidently, the large mobility gradient in the interfacial
regions arises from the spatial variation of the activation
enthalpy and entropy within the f ilm, an eﬀect that persists even
at elevated temperature,5 which depends on the boundary
interaction strength and ﬁlm thickness. These activation free
energy parameters then exert a signiﬁcant inﬂuence on changes
of the dynamics observed in thin ﬁlms, as observed in an earlier
study.34
Because the idea of a gradient in the extent of collective
motion near interfaces is a heuristically appealing concept, we
also explore the degree of collective motion layer by layer by
binding the strings according to their center of mass positions
normal to the interface to deﬁne a “local” measure of the extent
of collective motion in the inset of Figure 1. Unfortunately, this
measure of local collective motion does not seem to inform
about layer by layer variations of segmental mobility. This
ﬁnding is reminiscent of our previous observation35 that the
local density, as deﬁned by local Voronoi volume neighborhoods, is also not predictive of local molecular mobility.
Moreover, previous work has also shown that the gradient of
the local density in the interfacial region of ﬁlms does not
correlate strongly with the interfacial mobility gradient.34,36

Figure 1. (a) Relaxation proﬁle of the polymer ﬁlm with some
representative polymer−substrate interaction strength ε values at T =
0.45. The thin polymer ﬁlm in the picture has a thickness of roughly
12 nm with a strong substrate−polymer interaction strength ε = 2.0.
The inset image also shows a schematic deﬁnition of free interface,
middle, and substrate layers, and the solid supporting the substrate
(turquoise), where a snapshot of the chain conﬁgurations is indicated.
(b) Dynamical string length L(t) for the free interface, middle, and
substrate layers of the ﬁlm, and ﬁlm as a whole. The characteristic
peak denotes the time scale or “string lifetime”37 and the peak string
size, deﬁning that string length L is similar for diﬀerent parts of the
ﬁlm, despite the signiﬁcant relaxation gradient within the ﬁlm. The
dashed line shows L for the bulk polymer under pressure P = 0. The
inset shows the string size as a function of its center of mass position.
It shows that the variation of string size is relatively small, and the
string size is nearly the same when averaged over the interfacial
regions. The blue and red regions indicate the substrate and free
interfacial region, respectively.

collective motion in the form of string-like collective segmental
exchange events,29,34 much as AG has argued for intuitively in
their theory of glass formation.12 We have found that this
“string model” of glass formation quantitatively describes
relaxation over the computationally accessible temperature
range for a broad range of systems (bulk polymers, thin
supported ﬁlms, and nanocomposites), as well as variable
material conditions (ﬁxed pressure,42,43 constant volume,44 and
variable cohesive interaction45). The present work extends this
approach to consider relaxation in local regions within a model
glass-forming liquid.
We ﬁrst examine the time dependent extent of string-like
collective motion L(t) in thin polymer ﬁlms as a function of
both substrate interaction strength ε and thickness h, following
procedures developed in earlier works.27,28 It has been shown
that the string-like cooperative motion is a candidate to
quantify cooperatively rearranging regions (CRRs), which
follows the growth of the relaxation activation energy37 and the
average length of the strings L, deﬁned by its peak value has
been found to scale inversely to the conﬁgurational entropy to
a good approximation,37 consistent with basic assumptions
made in the AG model of glass formation when L is equated to
the hypothetical CRR of this model. We consider the
average string length L(t) for the ﬁlm as a whole as well as
in the free interfacial region, middle region, and substrate
region, as shown in Figure 1. From the approach described in

■

RESULTS AND DISCUSSION
Our ﬁndings are based on an analysis of molecular dynamics
simulations of thin polymer ﬁlms with variable polymer−
substrate interaction strength ε and ﬁlm thickness h. These
simulations have been described in earlier work.38−40 In brief,
we study simulated supported ﬁlms composed of a collection
of coarse-grained polymers. These polymer ﬁlms consist of
320, 400, 480, or 600 polymer chains with ﬁlm thicknesses h ≈
8σ, 10σ, 12σ, and 15σ, respectively. We refer to these ﬁlms as h
= 8, 10, 12, 15 for simplicity. Details of our modeling and
simulations are described in the Modeling and Simulation
Details section. The reduced Lennard-Jones (LJ) units can be
mapped onto physical units, such as for polystyrene, by taking
σ ≈ 1−2 nm, 1 time unit ≈ 9−18 ps, and ε/kB ≈ 490 K.41
In previous studies on polymer thin ﬁlms and nanocomposites, we focused on the relation between the degree
of collective motion within the material and the structural
relaxation time, as estimated from the intermediate scattering
function. In particular, the T dependence of the activation free
energy from relaxation time was determined from simulation,
and this quantity was found to be consistent with the extent of
5936
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ref 39, the thickness of the substrate layer hsub nearly saturates
for ﬁlm thicknesses h ≳ 8. For simplicity, we choose substrate
layer thickness hsub = 4.17 or ≈4−8 nm in physical units for the
range of ﬁlm thickness in this study. In the case where there is
no bound layer38 near the substrate (ε < 1.0), we use the same
value for hsub, so that we can have a comparable scale to deﬁne
the substrate layer relaxation and string length. The thickness
of the “free” or polymer−air interfacial layer is deﬁned by the
top part of the ﬁlm having a thickness of 3.5σ, corresponding
to 3.5−7 nm. This layer has nearly the same relaxation time for
ﬁlms with diﬀerent thicknesses h and polymer−substrate
interaction strengths ε. The middle layer is deﬁned by the
remaining part of the ﬁlm (i.e., the ﬁlm excluding the free
interfacial and substrate layers). Our choice for the thickness of
each region is made based on the variation of τ and L near the
interfaces (see Figure 1a and inset of Figure 1b). The thickness
of each region is suﬃciently thick to include the variations of τ
and L near the boundary.
To examine the average string length L in diﬀerent regions
of the ﬁlm, we ﬁrst identify the strings from the whole ﬁlm and
sort these strings spatially based on the position of the center
of mass of each string. As illustrated in Figure 1 the cooperative
motion scale L(t) and the timescale (tL) at which string length
peaks in each region are nearly the same for the free interface,
middle, and substrate layers, in spite of diﬀerences in the ratio
of local relaxation time between the substrate layer and the free
interfacial layer being as large as 105. As a consequence, the
average value for L of the ﬁlm as a whole depends weakly on
the details of the interfacial interactions; accordingly, we expect
that free-standing or capped ﬁlms would show an average
string size that is only modestly altered from these supported
ﬁlms. This observation is consistent with the notion that the
thermodynamic CRR size is not a locally deﬁned quantity. We
note that in previous work based on the present polymer
model in the bulk, it was shown that L scales inversely
proportional to Sc to a good approximation over the
computationally accessible T range.37
It is important to clarify that the near uniformity of the scale
of collective motion in our supported polymer ﬁlms does not
imply that “dynamical heterogeneity” within the ﬁlm is
uniform. We support this statement by considering a common
metric of dynamical heterogeneity, the non-Gaussian parameter
α2(t ) =

3⟨Δr 4(t )⟩
−1
5⟨Δr 2(t )⟩2

Figure 2. Non-Gaussian parameter α2(t) for free interface, middle,
and substrate layers of the ﬁlm, and the ﬁlm as a whole at T = 0.5. The
thin polymer ﬁlm has thickness that roughly equals to 12σ with a
strong substrate−polymer interaction strength ε = 2.0. We use the
same ﬁlm and layer deﬁnition as that in Figure 1.

means is not Gaussian.26 The interpretation of α2(t) is thus
more complicated in thin ﬁlms, and other materials having
mobility gradients than the case of bulk materials.33,37
From an AG perspective, collective molecular motion is
important for understanding the structural relaxation in glassforming systems. Naively, the apparent near invariance of
string size to location in the ﬁlm would lead us to expect that
the AG picture cannot be extended to understand the extreme
variations in local relaxation. However, as we now discuss, the
physical situation is more subtle. To apply the AG approach
locally, we examine the dynamics of each ﬁlm region using
string model of relaxation in glass-forming materials,29,47 a
modern extension of the AG model founded on simulation
evidence
ÅÄÅ
ÑÉ
Å L(T ) Δμ(T ) ÑÑÑ
ÑÑ
τ(T ) = τ0(ε , h) expÅÅÅÅ
ÅÅÇ LA
kBT ÑÑÑÖ
(2)
where τ0 = τβ(ε,h) exp[−Δμ(TA)/kBTA] with τβ ≡ τ(TA) and
Δμ(T,ε,h) = ΔH(ε,h) − TΔS(ε,h); TA is the onset
temperature of glass formation,29,37 and ΔH and ΔS are the
high-temperature enthalpic and entropic contributions of the
free activation energy, respectively; τβ is the fast β relaxation
time, which equals the α-relaxation time τα at TA.48 In the bulk
material, ΔH is directly related to the activation energy Ea
determined from ﬁtting relaxation time over the hightemperature region where relaxation is Arrhenius.44 We utilize
a ﬁxed onset temperature TA = 0.65 for thin ﬁlms, as estimated
in ref 47 because its value is relatively insensitive to polymer
ﬁlm thickness and polymer−substrate interaction strength. LA
≡ L(TA) is the string length at the onset temperature TA, the
residual collective motion in the high-temperature liquid.34
Note that both LA and τA depend on ﬁlm thickness h,
polymer−substrate interaction strength ε, as well as in the
diﬀerent regions of the ﬁlm with, but the range of the value is
not large, LA = 1.40 ± 0.02 and τA = 2.3 ± 1.0.29 We emphasize
that τ0 is not a free-ﬁtting parameter, but τ0 rather is
determined34 by ΔH and ΔS. It is also notable that τ0 varies
signiﬁcantly with ﬁlm thickness h, along with the supporting
boundary interaction strength and stiﬀness.34
Although the approximate invariance of string size to
location within the ﬁlm does not explain the large variations
in relaxation time within ﬁlms, we may use eq 2 to understand
the dynamics of the thin polymer ﬁlm for both ﬁlm as whole

(1)

where ⟨Δr2(t)⟩ is the mean-square displacement of the
monomers. This quantity peaks at a characteristic time t*,
related to diﬀusion in small-molecular liquids37 and deﬁnes a
segmental mobility time scale for polymers.42 In general, t*
exhibits a power-law scaling in relation to the segmental
relaxation time τα, that is, t* ∝ ταξ, where ξ < 1, a phenomenon
termed “decoupling”.34,46 As expected from the pronounced
gradient of mobility, t* and the height of the non-Gaussian
parameter both vary strongly with their location in the ﬁlm in
Figure 2. Note that α2(t) does not vanish at large t for the ﬁlm
as a whole, or in the interfacial regions, owing to the gradient
in mobility that persists over all time scales.26 More speciﬁcally,
there are two major contributions to α2: (i) locally
heterogeneous dynamics that are intrinsic to the glass-forming
materials and (ii) the mobility gradient across the ﬁlm proﬁle
because a superposition of Gaussian functions with diﬀerent
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and local regions within it and the relation of ﬁlm relaxation to
that of the bulk material. Figure 3 shows that there is a linear

whole, then the string model prediction for the segmental
relaxation time can be formally written
τα(z) ijj ταfilm yzz
zz
= jj
τ0(z) jk τ0film z{

Δμ(z)/Δμfilm

ÄÅ
É
Å L(T ) Δμfilm ÑÑ
where ταfilm = τ0film expÅÅÅ L k T ÑÑÑ is the relaxation time for the
ÅÅÇ A B ÑÑÖ
ﬁlm as a whole. The large gradient in the relaxation time τα
within the polymer ﬁlm within this model can thus be traced to
a gradient in Δμ rather than a variation of the extent of
collective motion as a function of distance within the ﬁlm.
Moreover, by averaging over interior and interfacial regions of
the ﬁlm, we obtain an extension of eq 3 that relates the ratio of
interior and polymer−air interfacial relaxation times to the
diﬀerence in the mean activation free energy in these regions,
namely, we have the relaxation time ratio
ÄÅ
É
ÅÅ L(T ) (Δμ − Δμ ) ÑÑÑ
τmid
τ0mid
mid
int Ñ
Å
Å
ÑÑ
= int expÅÅ
ÑÑ
ÅÅÇ LA
kBT
τint
τ0
ÑÖ
(4)

Figure 3. Test of the string model for cooperative relaxation. Reduced
relaxation time as a function of the reduced activation free energy for
diﬀerent ﬁlm thicknesses and regions of the ﬁlm (free interfacial,
middle and substrate layer). Hollow, dotted, and solid symbols stand
for ε = 0.5, 1.0, and 2.0, respectively. The inset shows the entropy−
enthalpy compensation plot, obtained from ﬁt to eq 2.

where L(T) is again the characteristic string length of the ﬁlm
as a whole. This relation is potential of a signiﬁcant practical
value because the ratio τmid/τint is experimentally accessible,
and recent measurements have indicated that this mobility
ratio can be as large as 107 near Tg.9,10 Note that eq 4 can be
well approximated as a Vogel−Fulcher−Tammann function24
over the computationally accessible temperature range, and we
previously found this ratio to extrapolate to a value in the order
of 6(1011) as T approaches Tg.26
While the extent of collective motion clearly changes with
ﬁlm thickness, we may still approximately relate relaxation
within the ﬁlm to relaxation of the bulk material. Provided the
ratio L/LA remains nearly the same in thin ﬁlm and bulk
material with Lbulk/Lbulk
≈ Lfilm/Lfilm
A
A (see Figure 4), we then
have the approximate relation,

relationship between the reduced relaxation time ln(τ/τ0) and
the reduced activation energy

L(T ) Δμ
LA kBT

(3)

for various polymer−

substrate interaction strength ε, ﬁlm thickness h, and diﬀerent
local regions. A remarkable universal collapse of τ in term of
string length was found in refs29,32,34 for both thin polymer ﬁlm
and polymer nanocomposites. Note that in the case of the
extremely thin ﬁlm with thickness h = 5, the free interfacial and
substrate layer are not well deﬁned, so Figure 3 does not
include these interfacial regions. We thus ﬁnd that the string
model of glass formation47 can also quantitatively describe
local ﬁlm dynamics. The values of ΔH and ΔS (ﬁtting
parameters) that result from the application of eq 2 are shown
in the inset of Figure 3, which, when plotted parametrically,
show that an entropy−enthalpy compensation relation (ΔS =
ΔS0 + TcompΔH, where Tcomp ≈ 0.21) holds for diﬀerent ﬁlm
regions as well. The value of Tcomp obtained here is consistent
with a previous estimate obtained from thin ﬁlm and polymer
nanocomposite simulations based on the same polymer
model.29
Large gradients and an entropy−enthalpy compensation
relation have also been observed in the interfacial dynamics of
crystalline Ni49 and Cu,50 so that this phenomenon apparently
arises in both crystalline and noncrystalline materials. Note
that ΔH and ΔS estimates in the inset of Figure 3 near the
solid substrate can be negative. This counter-intuitive
phenomenon has been observed in the kinetics of highly
conﬁned ﬂuids when the interaction between the molecule and
the boundary is strongly attractive.51 Entropy−enthalpy
compensation and negative values of ΔH and ΔS are also
commonly observed in the thermodynamics of molecule
binding,52 a counter-intuitive phenomenon associated with
competitive molecular interactions. Previous work investigating
the mobility gradient near the free interface of a crystalline
material (Cu)50 has quantiﬁed the mobility gradient in terms
of a gradient in the activation free energy Δμ, and we likewise
consider the segmental relaxation time τα and activation free
energy as a function of distance from the ﬁlm free surface. In
particular, if we take z = 0 to denote the position of the
polymer interface and L to be the average value of the ﬁlm as a

τα(z) ijj ταbulk yzz
zz
≈ jj
τ0(z) jk τ0bulk z{

Δμ(z)/Δμ bulk

(5)

Figure 4. Characteristic string length L(T) for polymer ﬁlms as a
whole with some representative polymer−substrate interaction
strengths (ε = 0.5, 1.0, and 2.0), and bulk polymer. The inset
shows L(T) normalizes by their corresponding string length at the
onset temperature LA (LA ≡ L(TA)). Although conﬁnement and
polymer−surface interaction strength inﬂuence the scale of collective
motion, the relative change in L is rather insensitive to their
conﬁnement and interfacial variables.
5938
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Figure 4 shows that the relative change in collective motion L/
LA is indeed similar in magnitude in the bulk and thin ﬁlm for
the temperature range and polymer−substrate interaction
strength range. We emphasize that eq 5 is only suggested to be
a reasonable approximation over the computationally accessible
temperature range. Nonetheless, eqs 4 and 5 allow for an
alternate understanding of previously observed computational
evidence for a phenomenological power law or “decoupling”
relation linking the relaxation time of the ﬁlm as a whole to the
relaxation times within the interfacial regimes and between the
ﬁlm as a whole and the bulk material.53−55 The near constancy
of L/LA between the bulk and thin ﬁlms, along with the
normally reduced molecular cohesive interaction strength at
the polymer−air boundary, also naturally explains the nearArrhenius relaxation in the interfacial region, its relative high
mobility in comparison to the bulk. It will be interesting to see
whether the “decoupling” relation between wave-vector
dependence of the relaxation time τ(q) from the intermediate
scattering function to τα can likewise be understood in a similar
fashion because the scale of collective motion must also be
independent of the observational scale over the T range
investigated.

known. This is good news because if one had to instead
determine the degree of collective motion locally to understand local mobility variations, then the theory would be
essentially intractable from a practical standpoint. The
deduction of simple power-law relations between the
segmental relaxation of the ﬁlm as a whole only exists in the
string model of glass formation when the string length
parameter of this model has no depth dependence. This is
apparently the origin of both the decoupling relation in the
string model of glass formation and the success of this model in
ﬁtting our simulation data for the relaxation time as a function
of depth over a wide range of temperatures. The fact that the
spatial dependence of the cooperativity scale is not needed
provides a readily implemented framework for studying
mobility variations in glassy materials.
Of course, the general validity of this extended string model
of glass formation requires further conﬁrmation in polymer
nanocomposites and other types of nonuniform glass-forming
materials to test the validity of this model. There is also a need
to better understand the root physical causes of the gradients
in the activation energy parameters given their large inﬂuence
on the mobility gradients in thin ﬁlms. In bulk materials, the
high-temperature activation enthalpy correlates very strongly
with the cohesive energy density of the ﬂuid, suggesting that
these gradients in activation energy may derive physically from
gradients in the potential energy density near the interfaces,
which we are currently investigating. Further eﬀorts are also
required to understand the ubiquitous enthalpy−entropy
compensation relation linking the activation enthalpy to
activation entropy in the dynamics of many condensed
materials. We suggest that more theoretical and experimental
eﬀorts should be devoted to understanding these fundamental
energetic parameters.

■

CONCLUSIONS
Our investigation of collective motion in relation to the
internal dynamics of the thin supported ﬁlm provides further
evidence of the importance of variations of the cohesive
interaction strength in thin ﬁlms for understanding both
changes in relaxation in relation to the bulk and mobility
gradients with these ﬁlms. Changes in the cohesive interaction
strength in the interfacial region are important because they
alter the activation free energy Δμ, which aﬀects even the
liquid regime far above the glass transition temperature.29,34
We ﬁnd that many important aspects of the dynamics can be
understood from interfacial changes of Δμ rather than changes
in the scale of collective motion. Speciﬁcally, we ﬁnd (i) a
greatly enhanced mobility at the polymer−air interface in
comparison to the bulk material, (ii) a near invariance of
enhanced interfacial mobility with changes of ﬁlm thickness,
and (iii) the phenomenon of enthalpy−entropy compensation
in the activation free-energy parameters, ΔH and ΔS. The
observation of a similarity in the degree of cooperative motion
within the polymer−air interfacial region and the ﬁlm interior
is also theoretically interesting because it provides guidance
regarding how to extend the AG model to describe local
mobilities within mesoscopic regions in glass-forming polymer
ﬁlms and potential nanocomposites. We plan to extend the
analysis of the present paper to describe nanocomposites and
to understand the physical origin of the width of the interfacial
zones on the scale of collective motion found previously for
both polymer ﬁlms and nanocomposites.
An important practical implication of our work is the
suggestion that local changes in the segmental dynamics can be
understood primarily from change dynamics of the Arrhenius
activation free-energy parameters characteristic of the ﬂuid
dynamics at elevated temperatures. Perhaps surprisingly, the
extent of collective motion within the ﬁlm does not vary
substantially across the ﬁlm proﬁle and accordingly does not
contribute signiﬁcantly to spatial variations in the local
dynamics. Consequently, knowing the extent of collective
motion for the material as a whole appears to be suﬃcient to
understand change of material dynamics with conﬁnement, if
the changes to local activation parameters are additionally

■

MODELING AND SIMULATION DETAILS
Our results are based on molecular dynamics simulations of
thin supported polymer ﬁlms. We simulate supported thin
polymer ﬁlms with variable ﬁlm thickness h and strength of
attractive interaction ε between the substrate and polymer
employing molecular dynamics simulations. The polymer ﬁlm
model is the same as that used in refs.34,38 The polymer ﬁlms
have 320, 400, 480, or 600 polymer chains; these ﬁlms have
thicknesses h ≈ 5σ, 8σ, 10σ, 12σ, and 15σ, respectively, which
decrease approaching Tg. These ﬁlms are referred to as h = 8,
10, 12, and 15. Above the ﬁlm is free (empty) space, so the
ﬁlm is eﬀective at pressure, P = 0. As a reference for the
thermodynamic and dynamic properties, we also simulated a
bulk polymer with periodic boundary conditions in all
directions at pressure P = 0.
Polymers are modeled as unentangled chains of 10 beads
linked by harmonic springs. We use the harmonic spring
potential Ubond = (kchain/2)(r − r0)2 to connect nearestneighbor monomers within a polymer chain. The equilibrium
bond length is r0 = 0.9, and the spring constant is kchain =
1111.34 To inhibit crystallization of the ﬁlm, we choose r0
smaller than that chosen in ref 56. We use the same substrate
model as that in ref 38 for all the ﬁlms studied. The substrate
consists of 528 particles arranged in a triangular lattice [the
(111) face of a face-centered cubic lattice]. We tether substrate
particles via harmonic potential Vsub(r) = (k/2)(r − r0)2, where
r0 is the ideal lattice position and k = 50 is the spring
constant.57,58 We use LJ interactions between nonbonded
monomers and substrate particles. The interactions are
5939

DOI: 10.1021/acs.jpcb.9b04155
J. Phys. Chem. B 2019, 123, 5935−5941

Article

The Journal of Physical Chemistry B
truncated at pair separations 2.5σij, where σij is equivalent to
the particle diameter in the LJ potential, and the subscript ij
indicates the possible combinations of interactions (ss
substrate−substrate, ps polymer−substrate, and pp polymer−
polymer). All units are given relative to the strength ε and size
σ of nonbonded polymer−polymer interactions. Consequently,
T is in the unit of ε/kB, where kB is Boltzmann’s constant,

(5) Hesami, M.; Steffen, W.; Butt, H.-J.; Floudas, G.; Koynov, K.
Molecular probe diffusion in thin polymer films: Evidence for a layer
with enhanced mobility far above the glass temperature. ACS Macro
Lett. 2018, 7, 425−430.
(6) Napolitano, S.; Glynos, E.; Tito, N. B. Glass transition of
polymers in bulk, confined geometries, and near interfaces. Rep. Prog.
Phys. 2017, 80, 036602.
(7) Zhu, L.; Brian, C.; Swallen, S.; Straus, P.; Ediger, M.; Yu, L.
Surface self-diffusion of an organic glass. Phys. Rev. Lett. 2011, 106,
256103.
(8) Paeng, K.; Richert, R.; Ediger, M. D. Molecular mobility in
supported thin films of polystyrene, poly(methyl methacrylate), and
poly(2-vinyl pyridine) probed by dye reorientation. Soft Matter 2012,
8, 819−826.
(9) Brian, C. W.; Yu, L. Surface self-diffusion of organic glasses. J.
Phys. Chem. A 2013, 117, 13303−13309.
(10) Zhang, Y.; Fakhraai, Z. Decoupling of surface diffusion and
relaxation dynamics of molecular glasses. Proc. Natl. Acad. Sci. U.S.A.
2017, 114, 4915−4919.
(11) Bell, R. C.; Wang, H.; Iedema, M. J.; Cowin, J. P. Nanometerresolved interfacial fluidity. J. Am. Chem. Soc. 2003, 125, 5176−5185.
(12) Adam, G.; Gibbs, J. H. On the Temperature Dependence of
Cooperative Relaxation Properties in Glass-Forming Liquids. J. Chem.
Phys. 1965, 43, 139−146.
(13) Shavit, A.; Douglas, J. F.; Riggleman, R. A. Evolution of
collective motion in a model glass-forming liquid during physical
aging. J. Chem. Phys. 2013, 138, 12A528.
(14) Riggleman, R. A.; Yoshimoto, K.; Douglas, J. F.; de Pablo, J. J.
Influence of confinement on the fragility of antiplasticized and pure
polymer films. Phys. Rev. Lett. 2006, 97, 045502.
(15) Shavit, A.; Riggleman, R. A. Physical aging, the local dynamics
of glass-forming polymers under nanoscale confinement. J. Phys.
Chem. B 2014, 118, 9096−9103.
(16) Gibbs, J. H.; DiMarzio, E. A. Nature of the glass transition and
the glassy state. J. Chem. Phys. 1958, 28, 373−383.
(17) Xu, W.-S.; Douglas, J. F.; Freed, K. F. Entropy theory of
polymer glass-formation in variable spatial dimension. Adv. Chem.
Phys. 2016, 161, 443−497.
(18) Jackson, C. L.; McKenna, G. B. The glass transition of organic
liquids confined to small pores. J. Non-Cryst. Solids 1991, 131−133,
221−224.
(19) Salez, T.; Salez, J.; Dalnoki-Veress, K.; Raphaël, E.; Forrest, J. A.
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(23) Arutkin, M.; Raphaël, E.; Forrest, J. A.; Salez, T. Cooperative
strings in glassy nanoparticles. Soft Matter 2017, 13, 141−146.
(24) Williams, M. L.; Landel, R. F.; Ferry, J. D. The temperature
dependence of relaxation mechanisms in amorphous polymers and
other glass-forming liquids. J. Am. Chem. Soc. 1955, 77, 3701−3707.
(25) Yang, Z.; Fujii, Y.; Lee, F. K.; Lam, C.-H.; Tsui, O. K. C. Glass
transition dynamics and surface layer mobility in unentangled
polystyrene films. Science 2010, 328, 1676−1679.
(26) Zhang, W.; Douglas, J. F.; Starr, F. W. Dynamical heterogeneity
in a vapor-deposited polymer glass. J. Chem. Phys. 2017, 146, 203310.
(27) Donati, C.; Douglas, J. F.; Kob, W.; Plimpton, S. J.; Poole, P.
H.; Glotzer, S. C. Stringlike cooperative motion in a supercooled
liquid. Phys. Rev. Lett. 1998, 80, 2338.

pressure is in the unit of ε/σ3, and time in units of mσ 2/ε .
The LJ parameters are σpp = 1.0, ε ≡ εpp = 1.0, σ ≡ σps = 1.0,
σss = 0.8, and εss = 1.0, and we use interaction strengths
between monomers and substrate particles εps = 0.1, 0.25, 0.5,
0.75, 1.0, 1.25, 1.5, 2.0, 2.5, and 3.0. Beause we only vary εps,
we simply refer to this quantity as ε.
Periodic boundary conditions are used in the directions
parallel to the substrate with a box length 19.76σ (determined
by the lattice spacing of the triangular lattice substrate). We
conducted all simulations using the LAMMPS59 simulation
package with a time step dt = 0.002. For cooling and heating
simulations of the bulk polymers, we use an NPT ensemble at
P = 0. We performed at least three independent heating and
cooling runs for both the pure polymer and polymer ﬁlms at
the same rate 10−5. To generate trajectories from which we
study the dynamics at ﬁxed T, we carry out NPT simulations
starting from conﬁgurations taken from the heating runs at T >
Tg with pressure P = 0. For the supported polymer ﬁlms, we
use an NVT ensemble, where the box dimension is in the zdirection which. is large compared to the ﬁlm thickness. The
temperatures are varied from 0.45 to 0.65, above (the heating
rate-dependent) Tg(h = 15) ≈ 0.40 of the thickest polymer
ﬁlm.38 We equilibrate each trajectory for at least 100 times the
average polymer relaxation time of the entire ﬁlm τoverall.
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