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ABSTRACT: We show that the Cooperative Free Volume
(CFV) rate model, successful at modeling pressure-dependent
dynamics, can be employed to describe the temperature and
thickness dependence of the segmental time of polymers confined
in thin films (1D confinement). The CFV model is based on an
activation free energy that increases with the number of
cooperating segments, which is determined by the system’s free
volume. Here, we apply the CFV model to new experimental
results on the segmental relaxation of 1D confined poly(4-
chlorostyrene), P4ClS, and find remarkable agreement over the
whole temperature and thickness ranges investigated. This work
further validates the robustness of the CFV model, which relates the effects of confinement on dynamics to pressure changes in
the bulk, and supports the idea that confinement effects originate from local perturbations in density.

Over the last three decades, significant experimental and
theoretical efforts have been dedicated to understanding

how the dynamics of liquids approaching the glass transition
are affected by confinement at the nanoscale level.1−10 The
interest toward geometries having at least one dimension at the
nanometer scale originated from the success of theories
predicting a length scale of the glass transition on the order of
1−5 nm.11−15

Most of the studies on glassy dynamics under nanoconfine-
ment are on thin polymer films because of the ease with which
samples of well-defined size can be prepared. Thin polymer
layers are stabilized, relative to small molecule samples,
because of the higher mechanical moduli, the possibility to
irreversibly adsorb onto solid substrates, even at monomer/
wall interactions smaller than thermal energy, and the limited
tendency toward crystallization.
The data collected so far indicate that the dynamics,

experimentally parametrized via the characteristic time of
density fluctuations, τ, can either speed up, slow down, or be
invariant upon confinement.1 However, despite the tremen-
dous efforts, no direct proof of finite size effects on the glassy
dynamics of thin polymer films has been observed so far. On
the other hand, results hint at an interfacial origin of the
perturbations in the dynamics of thin films. Considering an
experimentally accessible quantity characterizing the sample
dynamics, X, for example, log τ or Tα (the dynamic glass
transition temperature), the deviation from bulk behavior |Xfilm
− Xbulk| increases with h−1, the inverse of the sample thickness,
which in the geometry of thin films corresponds to the surface/
volume ratio.16 Another feature further supporting the

interfacial nature of glassy dynamics in thin films is the
reduction in |Xfilm − Xbulk| with increasing temperature, a trend
also shared by inorganic materials.17

In this Letter, we show that the Cooperative Free Volume
(CFV) rate model successfully describes τ(T,h), the temper-
ature and thickness dependence of the segmental time of
polymers confined in thin films (1D confinement). We apply
the CFV model to new dielectric spectroscopy experimental
results on the segmental relaxation of Al-capped poly(4-
chlorostyrene) (P4ClS) films. This is a convenient system,
having relatively strong shifts in dynamics and a high dielectric
signal.18 We note that the modeling therefore focuses on
segmental (α−) relaxation dynamics, and not the pseudother-
modynamic Tg; the two commonly show different exper-
imental confinement behavior.1,8,9,19 By using bulk data to
characterize the pressure dependence of the segmental time
and the isothermal thickness dependence of the segmental
time at a single temperature, as input, the CFV model made
testable predictions that, we show here, successfully anticipated
the outcome of experiments over the whole temperature range
investigated in this work.
Key results from this work are summarized as follows: (1)

The predictions of the CFV model are quantitative. (2) The
model captures the experimental log τ ∼ 1/h trend and shows
sensitivity to confinement decreases with increasing T. (3) The
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model describes the system’s bulk pressure-dependent
dynamics, τ(T,V), first, a key link to describing confinement,
τ(T,h). (4) The connection to pressure dependence shows that
confinement effects (1/h dependence and its thermal
sensitivity) can be explained in terms of how bulk dynamics
responds to changes in temperature and density. (5) The
model has the ability to determine the free volume content of a
film using τ data as input and provides support for the idea that
confinement effects originate from interfacial perturbations in
density.
A key ingredient in CFV is the system’s thermodynamically

characterized free volume. Vfree is defined as the difference
between a system’s overall volume, V, and its limiting, closely
packed, hard core value, Vhc.

= −V V Vfree hc (1)

Vhc is a constant for each system, independent of both T and P.
Its value is determined via analysis of experimental PVT data
using the locally correlated lattice (LCL) model equation of
state (EOS).20 To extend our analysis to films, we consider
that there can be more free space near an interface16,21 and
define a film-averaged relative free volume (details in ref 22). It
is the result of a weighted average of a bulk-like region (which
has a bulk-like free volume as determined via the LCL EOS
analysis) and an interfacial region (which has enhanced free
volume compared to bulk, to a degree that is manifest in a
single parameter, δfree). Films thus have more free volume
compared to bulk, with a thickness-dependent average that is
given by
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The thermal expansion of films under ambient pressure
conditions is written relative to the conditions at a reference
temperature, T° (see below).
The CFV rate model23,24 describes segmental relaxation

times under general pressure-dependent conditions, τ(T,V). It
is based on a cooperative picture where the total activation free
energy, ΔAact = n*Δa, changes with the number, n*, of
cooperating segments. In CFV, it is the system’s free volume
that determines n*, giving a general form
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where n* ∝ 1/Vfree depends inversely on free volume, and Δa
is the activation free energy per cooperating segment (which is
independent of volume). Vfree controls the volume-based
contribution to the dynamics. In practice, a T-dependence,
f(T) ∼ 1/Tb, is found via connection to thermodynamic scaling
approaches,25−27 and this leads to the main CFV working
expression,
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where b,T*, and τref are parameters (see below).
When the expression for the film-averaged free volume (eq

2) is substituted into the main CFV dynamics equation (eq 4),
we obtain the model expression (eq 5) below (see ref 22),
which yields τ(T,h) for films at ambient pressure,

τ
α δ

τ= *
° + − ° ° +

+T T
V V T T V V h

ln
( / )

( / ) ( )( / ) ( / )
ln

b

free hc bulk hc bulk free
ref

(5)

Details on the model parametrization can be found in the
Supporting Information. Briefly, the dynamics-related param-
eters, b, T*, and τref (appearing in eqs 4 and 5), are determined
by fitting eq 4 (with b fixed) to ambient bulk dynamics data
along with information from PVT data (that gave b, a priori).
The thermodynamics-based parameter, Vhc, and the values of
(Vfree/Vhc)bulk° and (αV/Vhc)bulk° (α is the coefficient of
thermal expansion) for the chosen T° were calculated from the
LCL EOS analysis of the equilibrium PVT data. The interface-
related parameter, δfree, was determined using dynamics data
on the P4ClS film. Note that this δfree value was based on data
at just a single temperature, yet, in this work, we will now use
this same single δfree to describe the film behavior over all T.
In ref 22, experimental P4ClS film data18 were available at

only a single temperature (T = 433 K). This was still enough to
completely characterize the model τ(T,h) expression and
yielded testable predictions involving the temperature depend-
ence of the film behavior. For example, we considered the
isochronal “Tα” behavior, the thickness-dependent temperature

Figure 1. (A) Segmental relaxation times for P4ClS films vs inverse thickness (1/h) in isothermal conditions; (B) Dynamic glass transition
temperature (Tα) vs 1/h in isochronal conditions (10 kHz, 1.6 kHz, 159 Hz, 1.6 Hz); (C) Temperature dependence of τ for several films. Points
indicate experimental data and curves the CFV τ(T,h) model predictions. Error estimates are ≤2 K for Tα, and ≤0.15 for log τ.
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at which films show the same τ value (analogous to the
dynamic Tg). We predicted that the Tα suppression (relative to
bulk) would be about 13 K for a 14 nm film. Here we test this
result and find, indeed, a Tα suppression of 12 ± 2 K. These
predictions turn out to be quantitative to within the
experimental error.
A broad set of experimental T,h-dependent relaxation time

results are compared to the corresponding model τ(T,h)
behavior in Figure 1, where the three panels show three cuts
through the general τ(T,h) space. Panel B shows the model-
data agreement on Tα versus 1/h isochrones (several constant
τ values). Panel A shows logτ versus 1/h isotherms (constant T
cuts), and panel C shows log τ versus 1/T for several chosen
film thicknesses (constant h cuts). The agreement between
CFV predictions and new experimental data is excellent.
The model is expected to breakdown for films where no

bulk-like region is present. (Details are in the appendix of ref
22.) For these extremely thin films, eq 2 for the film’s weighted
average Vfree is no longer valid. The new results here show that
the location of this breakdown point is around h ≤ 10 nm. The
model prediction for the 8 and 9 nm films (Figure 1A,B) is
well outside the error associated with the experimental data.
With two experimental surfaces, the CFV model indicates that
the interfacial region must be roughly 5 nm wide, in line with
the value obtained via adsorption experiments.18

The CFV model passes a stringent test to cover the
independent changes in T and h; this is analogous to the
essential requirement in P-dependent modeling,25,26 where one
must account for independent changes in T and V. Indeed, the
fact that CFV describes a system’s bulk P-dependent dynamics
data is what then provides it the ability to model confinement,
because changing film thickness and changing density (free
volume) are related. In addition to films, the importance of
bulk P-dependent analysis has been clearly demonstrated in
recent nanopore studies.28−30

The CFV film model accounts for a film’s relaxation
behavior by enacting its h-dependence within the (free)
volume contribution. With film data only at a single
temperature, it may be the case that a fitted value of the δfree
parameter could possibly compensate for an incorrect model h-
dependence (e.g., through ignoring the role of a film’s ambient
thermal expansion, or, incorrectly placing the h dependence in
the independent T-based contribution). However, our test
here of the model predictions over a range in T shows that a
single value for δfree works, meaning that the (h) confinement
effect indeed resides in (only) the volume contribution. This
supports our explanation that the effect of an interface is
traceable to the change it induces in density and that it is this
density change that causes the change in dynamics.
Note that if a direct intermolecular energetic interaction

effect were important in confinement, these altered molecular
interactions would lead to altered activation energies. The
result would have been an altered T-dependence, and we
would not have been able to simply use the bulk CFV (T*/T)b

term as the independent T-contribution. The results here show
that the bulk T-contribution is sufficient. Thus, we can now say
that at least for P4ClS, the confinement effect owes its direct
origin to changes in density. Interfacial interactions undoubt-
edly play an indirect role, since they induce the density change
that impacts the dynamics. The nature and strength of these
interactions will differ from system to system and are
characterized by the δfree value.

We therefore now consider explicitly the free volume
behavior of films. The model expression for the Vfree of a
film was given in eq 2: the difference compared to bulk is
proportional to 1/h, and the T-dependence (expansion rate, α)
of the ambient film is the same as that for ambient bulk. (By
contrast, nanopore experiments28−31 give rise to isochoric
conditions.) Support for the eq 2 form is shown by the
agreement in Figure 1.
However, it is also instructive to consider what would result

by making no assumptions about the T,h form. This can be
explored by back-calculating Vfree values from the more general
CFV equation for P-dependent dynamics (eq 4), which has
been parametrized to predict the bulk P4ClS P-dependent
behavior. Here we input the measured experimental τ value
and experimental temperature and solve eq 4 for Vfree. The
results are shown in Figure 2, where we plot the relative free

volume for films (at ambient pressure) as a function of
temperature for several choices of film thickness, along with
the LCL results for the P4ClS bulk Vfree(T) at ambient
pressure, as well as two values of higher pressure for
comparison.
Our simple definition of free volume allows us to easily

translate our free volume values (via eq 1) into the
corresponding experimental density (or specific volume).
Therefore, we also show the system specific volume on the
right-hand y-axis of Figure 2. The results in the figure show
that, compared to ambient bulk, the change (increase) in Vfree
for a roughly 15 nm film (14 and 21 nm films are shown) is
comparable in magnitude to the change (decrease) in Vfree that
the bulk would experience when the pressure is increased by
about 25 MPa or so. Compared to the amount of free space
available in the ambient bulk, the 14 nm film has roughly 14%
more free space, and, going in the other direction, the bulk at P
= 25 MPa has about 12% less. Quoting these values in terms of
density at 433 K, the ambient bulk has ρ = 1.169 g/mL (which
increases to ρ = 1.188 g/mL at P = 25 MPa), while the 14 nm
film has an effective average ρ = 1.146 g/mL. This gives a
density change of about 2% on going from ambient bulk to a
14 nm film. Direct experimental measurement of film density is
a challenge, and results have varied.32,33 However, changes in

Figure 2. Relative free volume (Vfree/Vhc) and corresponding specific
volume of P4ClS films as a function of temperature, calculated from
CFV, eq 4, based on experimental relaxation times. The LCL EOS-
based Vfree/Vhc and specific volume for the P4ClS bulk melt at
ambient pressure and two higher pressure isobars are shown for
comparison. The relative error in Vfree/Vhc is smaller than 1.5%.
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average film density have been clearly seen in simulations,34

and additional evidence comes from probe adsorption
experiments.16,21 Note in the model picture we expect the
interior of the film to be bulk-like; it is the thin region around
the edges that lowers the average density. (The appendix of ref
22 expands on this in detail.)
Note that the T-dependence of the back-calculated film free

volumes shows the same average rate of expansion as the
ambient bulk. These results demonstrate that the “fingerprint”
of the material’s ambient volumetric behavior exists within the
experimentally measured relaxation times. We conclude that
the slopes of the back calculated film free volumes follow the
bulk expansion rate because the confinement effect is driven by
volumetric behavior and that the CFV model captures that
successfully.
Lastly, we test the validity of the CFV prediction that the

sensitivity to confinement, −(∂ log τ/∂(1/h))T, will decrease
with increasing temperature. The experimental results here
(Figure 3) are in quantitative agreement with the model. This

trend has been observed in prior experimental and modeling
work,35−43 however, using the CFV model we are now in a
position to provide insight regarding the physical origin of this
behavior. There are two contributions: First, this work
demonstrates that the CFV model can successfully map the
effect of confinement onto the effect of changing free volume,
just as it would in bulk P-dependent dynamics. As sketched in
the Figure 3 inset, bulk isothermal relaxation times change less
rapidly with, become less sensitive to, changing free volume
when at higher temperatures. It follows similarly for films that
relaxation times will be less sensitive to isothermal changes in
film thickness at high T, because h and Vfree are related.
(Mechanistically, cooperativity is what causes this T−V (T−h)
coupling; see eq 3.) Second, recall that, at constant pressure, as
T increases the (free) volume of a melt will increase. Then,
because cooperativity goes as n* ∝ 1/Vfree, its sensitivity to
isothermal changes, ∂(1/h) ∝ ∂Vfree, will scale as (∂n*/∂(1/
h))T ∝ −(1/Vfree)

2 (see SI). This means the difference in
cooperativity, Δn*, between two films of different thickness,
Δh, will be smaller at higher temperature. Therefore, as T
increases the effect of changing film thickness on local

relaxation will become weaker due to decreasing differences
in activation energy.

■ MATERIALS AND METHODS
Thin films of poly(4-chlorostyrene) (Mw = 75,000 g/mol, PDI = 1.48,
powder, Sigma-Aldrich, indicated in the text as P4ClS) were spincast
at 3000 rpm from solutions of the polymer in toluene (99.8% from
Sigma) directly onto thermally evaporated aluminum (Aldrich
99.999%, evaporation rate ≥10 nm s−1, thickness ∼ 50−100 nm)
and held for >104 times the segmental time, τ, at 10 K above bulk Tg.
(The bulk’s dynamic Tg obtained via the extrapolation of a VFT fit as
τ(Tg) = 100 s is 401 K.) Next, the upper surfaces of the films were
metallized (Al, thermal evaporation in the same conditions described
for the lower electrode) to permit the application of relatively low
voltages to the resulting nanocapacitors. Nanocapacitors fabricated
with this model can be treated as a symmetric nanosystem, where
polymer slabs are confined within two identical walls. The complex
dielectric function was measured in a helium environment using an
impedance analyzer (Solatron Analytical) in isothermal conditions.
Relaxation processes were analyzed using the empirical Havriliak−
Negami (HN) function,44 which allowed extracting the value of τ
from the recorded spectra. The results shown in this work correspond
to the “0 annealing time” condition described in ref 18, where the
degree of irreversible adsorption is lowest and the interfacial free
volume content highest; this metastable nonequilibrium state is easily
modeled by the value of δfree.
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