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Using dielectric spectroscopy, we demonstrate that confinement-induced changes in the glass transition
dynamics, as observed for polymethylphenylsiloxane in alumina nanopores, reveal a pronounced non-
equilibrium nature. Our results indicate that glass formers confined to nanopores are able to recover their
bulklike mobility. We found that the characteristic time constant of such an equilibration process correlates
with an extremely slow viscous flow rate in cylindrical channels of nanometer size. Thus, all the way to
equilibrium, confinement effects seen in faster segmental dynamics are released through the viscous flow
which eventually helps to eliminate surplus volume gained by nanoconstrained polymers upon cooling.
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One of themost prominent andwidespreadmanifestations
of the 2D confinement effect on the glassy dynamics is a
deviation of the temperature dependence of the α-relaxation
time from the Vogel-Fulcher-Tamman (VFT)-behavior char-
acteristic for a bulk material [1,2]. Over the past decade, this
appealing finding was related to various concepts, e.g.,
dynamic exchange process or approaching the limit of
cooperativity correlation length [3–5]. However, recent
studies provide strong experimental evidence that a kink
in the ταðTÞ dependence observed for a large class of glass
formers confined in nanopores corresponds to vitrification of
the interfacial layer at Tg interface [6–9]. Below that temper-
ature, a kinetic arrest of the interfacial layer on the time scale
of the experiment leads to frustration in the density of the
nanoconfined system that favors quasi-isochoric (constant
volume) conditions. Provided that the α relaxation is fairly
sensitive to volume effects, this results in faster dynamics as
compared to the bulk.
Since vitrification of the interfacial layer at Tg interface

possesses all the characteristic features of the glass tran-
sition event [7,10,11], we might expect that confined
material enters an out-of-equilibrium regime below that
temperature. Therefore, similar to bulk glasses kept below
Tg, it should spontaneously evolve (“age”) towards an
equilibrium state and try to increase its density frozen at
Tg interface. This way of thinking is actually supported by
experimental results showing that the glass transition
behavior in nanopores, as well as the evolution of ταðTÞ
measured below Tg interface, varies depending on the cooling
rate or annealing time [8,12–15]. However, it is not clear
what drives the kinetics of such an equilibration process
and what the equilibrium level is that glass-forming liquids
and polymers confined to nanopores want (or are able)
to reach.

In general, nontrivial features in physical aging of
glasses are intrinsically challenging [16,17]. When spa-
tially restricted at the nanoscale, additional contributing
factors appear, such as preparation methods, processing
history, or surface effects [18–20]. As anticipated by Simon
and coworkers based on enthalpy recovery data for the
molecular glass-former orthoterphenyl confined in con-
trolled pore glass (CPG), the equilibrium state reached for
the constrained material must be different from that of the
bulk [21]. On the other hand, recent studies on thin polymer
films demonstrate that it is possible to regain the bulklike
dynamics in 1D confinement when providing enough time
for the polymer chains located in close proximity of the
supporting substrate to rearrange and attain more dense
packing [22–24].
In this Letter, we aim to shed some light on the non-

equilibrium glass transition dynamics restricted in two
dimensions by cylindrical nanopores. We find that confine-
ment effects—seen as faster α relaxation—weakenwith time,
and eventually, the system recovers bulklike mobility. The
kinetics of such an equilibration process was investigated as a
functionof temperatureandporediameter.Weidentify that the
equilibrationmechanism in 2D hard confinement is related to
the exceedingly slow magnitude of the viscous flow in
cylindrical channels of nanometer size. The results suggest
that the enhanced dynamics of the nanopore-confined system
is only a matter of flow time needed to eliminate surplus
volume gained upon cooling at Tg interface.
The sample tested is poly(phenylmethylsiloxane), with

Mn ¼ 21.7k and polydispersity 1.28, acquired fromPolymer
Source (Canada). The choice of the siloxane-based polymer
for this type of study is not accidental. In comparison to other
polymers, PMPS shows a pronounced influence of the
pressure or volume effects on the dynamics, which can be
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related to a large degree of flexibility of the siloxane
backbone [25–28]. Since volume plays an important role
in the supercooled dynamics of PMPS, it is more likely that,
in restricted geometry, this material shows significant
deviation from the bulklike behavior, as also reported in
the literature [29–32]. Therefore, PMPS was chosen as a
model polymer glass former to investigate various aspects
related to out-of-equilibrium dynamics in nanopore confine-
ment. As confining matrices, we use commercially available
anodized aluminum oxide (AAO) membranes characterized
by uniform arrays of unidirectional and non-cross-linked
cylindrical channels (from 10 to 200 nm in diameter and
100 μmin length) of strong hydrophilic character of the inner
walls. The interactions of the surface polymermoleculeswith
alumina walls can be parametrized via an interfacial energy,
as demonstrated by Alexandris and coworkers [33].
According to literature data [34,35], the radius of gyration
of the tested polymer is rather small (∼0.7 nm; for com-
parison polystyrene ∼2.5 nm), meaning that when confined
inAAOmembranes of pore diameters from 100 to 20 nm,we
are still far above the relevant range ofmolecular dimensions.
Changes in the α-relaxation dynamics in the presence of 2D-
geometrical restrictions were investigated, either as a func-
tion of temperature or time, by using dielectric spectroscopy.
More details on materials and methods can be found in the
Supplemental Material (SM) [36].
In Figure 1, we have plotted the temperature dependence

of the segmental (α)-relaxation time for PMPS in the bulk
and inside 100 nm-diameter AAO templates. The relaxation
time was estimated from the frequency at the maximum
peak position, τα ¼ 1=ð2πfmaxÞ. For nanopore confined
material, we use two thermal protocols (i) slow cooling
with the rate of ∼0.2 K=min and (ii) cooling jumps, with
5 K=min, starting at room temperature down to six differ-
ent temperatures between 260.5 and 248 K. The results
demonstrate that, depending on the chosen protocol,
evolution of ταðTÞ in nanopores might look a bit different
(additional data can be found in [36]). As can be seen in
Fig. 1, results for ταðTÞ obtained below Tg interface can be
described via isochores. In order to generate isochores, a
combination of pressure-volume-temperature (PVT) and
high-pressure dielectric relaxation measurements is
required for a bulk material. From the first one, we obtain
changes in the specific volume as a function of temperature
and pressure, while the second one yields the behavior of
the α-relaxation time at different combinations of T and p.
By parametrization of the PVT data with the use of the
Tait equation of state [39], we can convert from exper-
imentally measured ταðT; pÞ to ταðT; VÞ dependences.
To describe the evolution of the α-relaxation time in the
entire T-V space, we have applied the modified version
of the Avramov model [40]. With that, we can generate
the isochoric dependences and use them to describe
α-relaxation times in either the positive (bulk high-
pressure) or negative pressure regime (nanopores), see

SM for more details [36]. More importantly, this approach
is expected to apply for all glass-forming systems which
obey the density scaling.
Note that, when approached with faster cooling rates, the

surplus volume available in confinement will always be
higher. Relative to the bulk case, the increase of the specific
volume for a nanopore-confined polymer can be related to an
increase in the free volume (more space available for mole-
cules to move) [41]. This effect has also been seen in positron
annihilation lifetime spectroscopy experiments [29,42].
Knowing that the dynamics of nanopore-confined PMPS

shows a pronounced nonequilibrium behavior below
Tg interface, we have carried out a prolonged-time dependent
study (covering∼2 days) to characterize it in more detail. In
the following, this will be referred to as an annealing
experiment. We have started with samples confined to
100 nm pores annealed at different temperatures. All
measurements were performed by following the same
thermal treatment protocol, i.e., cooling with the rate of
5 K=min from 295 K to a desired annealing temperature,
TANN. The upper inset in Fig. 1 illustrates representative
changes in the dielectric loss spectra recorded with time.
We observe that the peak maximum moves systematically
towards lower frequencies, indicating that the segmental
dynamics, initially faster in confinement, slows down as

FIG. 1. Segmental (α-) relaxation time plotted vs temperature
for PMPS in the bulk and confined to 100 nm AAO nanopores as
measured using different thermal protocols. Evolution of the α-
relaxation times measured in the temperature region when
confined dynamics start to deviate from the bulk was described
using two different isochoric dependences—extracted from PVT
and high-pressure data for bulk PMPS. The upper inset shows
changes in the α-loss peak position for confined to 100 nm pores
PMPS at 258 K (i.e., roughly 10 K below Tg interface of the
quenched sample). The lower inset shows a comparison of the
normalized dielectric loss spectra for bulk PMPS and confined to
100 nm nanopores as recorded before and after prolonged
annealing at 258 K.
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time passes. After ∼19 hours of annealing at 258 K, such an
equilibration process was completed, allowing the system
in 100 nm pores to regain the α-relaxation time character-
istic of the bulk polymer (see pink diamond symbols in
Fig. 1). By analyzing changes of τα as a function of time,
we can obtain valuable information about the kinetics.
Interestingly, even at the very final stages of the annealing
process, when the averaged relaxation time matches the
bulk value, the segmental dynamics still reveals strongly
heterogeneous behavior. As illustrated in the lower inset of
Fig. 1, the distribution of the α-relaxation time narrows
with annealing time, but eventually couldn’t reach that of
the macroscopic sample. Qualitatively, the same scenario
applies to PMPS confined to 100 nm pores and annealed at
other temperatures. However, with increasing the depth of
annealing (the distance from Tg interface), the time needed to
reach an equilibrium state exceeds experimentally acces-
sible time frames. To describe the equilibration kinetics, a
variation of the α-relaxation time during annealing was
parametrized with the use of the stretched exponential
function, as demonstrated in SM [see Fig. S7(a) [36] ].
Except narrowing the dielectric loss spectrum and its

shift towards lower frequencies, the intensity of the α
relaxation increases with annealing time, see the upper inset
in Fig. 1. We envision that this effect comes from the
dipolar species which initially were immobilized by
the interactions with the confining pore walls, but as the
equilibration proceeds, they start to contribute to the
α-relaxation dynamics. For PMPS embedded in 100 nm
pores, Δϵ increases by approx. 10%–15%. Interestingly,
this value coincides with the thickness of the interfacial
layer, ξ ≈ 15 nm in 100 nm, as estimated based on
calorimetric data (see results and additional discussion in
SM) [6,36,43,44].
Nonequilibrium behavior in 2D-restricted geometry

was also observed upon isothermal annealing of PMPS
in AAO nanopores of different pore sizes (from 200
to 10 nm). At TANN ¼ 258 K, likewise, τα increases with
time and approaches that of the macroscopic sample (see
Fig. S8 [36]). When embedded within relatively large
pores, a nanopore-confined polymer easily recovers its
bulk α-relaxation time characteristic for a given temper-
ature. However, as the pores become smaller, confinement
effects seen in faster dynamics are only partially wiped out
after two days of annealing (see Fig. S8, solid symbols).
To analyze the departure from equilibrium bulklike

dynamics we plot together log10ðτbulkÞ and log10ðτconfinedÞ
recorded at the initial and final stages of the annealing
process. The results originating from temperature and pore
size-controlled experiments are presented as a function of the
reduced temperature, defined as ΔT ¼ Tg interface–TANN, in
Figs. 2(a) and 2(b), respectively. In both cases, when
increasing the distance from Tg interface—the temperature
at which perturbation in volume shows up—longer waiting
times are needed to regain the mobility of the bulk material.

For the same quench depth (ΔT), the segmental relaxation
time at the onset of the annealing deviates more from the
bulk when lowering the temperature in 100 nm pores rather
than reducing the pore size under isothermal condi-
tions (T ¼ 258K).
Intuitively, the process equilibration in nanopore con-

finement—same as for bulk glasses aged below Tg—must
be related to volume relaxation. However, the direct
quantity that we follow in experiment is not the volume
change as a function of time, but the segmental relaxation
time which intrinsically depends on volume. On the way

FIG. 2. Segmental relaxation times log10ðτbulkÞ and
log10ðτconfinedÞ plotted vs the depth of the annealing upon
temperature- (a) and size- (b) dependent studies. The dashed
horizontal line indicates the bulk value of the segmental time,
τbulk. The relationship between τANN and ΔV ¼ Vbulk − Vconfined
as obtained for the investigated polymer cooled with the rate of
5 K=min from the room temperature down to sub-Tg interface

region and annealed therein (c) at few different temperatures in
100 nm pores and (d) under isothermal conditions in pores of the
mean diameter ranging from 10 to 200 nm. (e) Comparison of the
temperature evolution of τANN and τflow for PMPS in AAO
nanopores of 100 nm in diameter. (f) Annealing time constant
τANN vs characteristic time of the viscous flow in cylindrical
channels plotted on log-log scale for PMPS annealed at T ¼
258 K in different pore sizes. Evolution of both quantities in
nanometer-size pores follow, with a very good approximation to
each other (s ¼ 0.9). Dashed lines represent linear fits to the data.
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towards an equilibrium, a glass former confined to nano-
meter pores loses the excess volume apparently gained or
frozen at Tg interface upon cooling, and tries to reach the level
characteristic for the bulk liquid at the same temperature. In
turn, as the molecular surroundings get more crowded, the
segmental mobility slows down.
In Figs. 2(c) and 2(d) we have plotted the annealing time

constant τANN—obtained from the analysis of the kinetics of
the equilibration process—vs ΔV, defined as the difference
in the specific volume between bulk and confined material.
For PMPS confined toAAOnanopores,Vconfined refers to the
initial value which becomes practically frozen on the
experimental time scale at Tg interface when doing cooling
jumps with the rate of 5 K=min. We obtain this value by
knowing that τα follows the isochoric dependence below the
vitrification temperature of the interfacial layer (see Fig. 1).
The negative sign indicates the amount of surplus free
volume that must be eliminated in order to regain the
bulklike behavior. For both types of experimental
approaches utilized to study the annealing kinetics in
confinement, we observe a strong negative correlation
between τANN and ΔV. Thus, the larger the deviations from
bulklike dynamics, (i.e., perturbation in volume in nanopore
confinement) the longer the times needed to smooth it out.
To make this study more robust, we need to understand

the mechanism which underlies such an equilibration
process seen in 2D confinement. As the recovery of
equilibrium in nanoconfinement requires much longer
times than that corresponding to the α-relaxation time,
we cannot simply assume that it is governed by the changes
in the segmental mobility upon annealing. In search of the
appropriate concept allowing us to describe the equilibrium
recovery in nanopores, we have noted a striking similarity
to the situation in which a liquid maintained inside a
straight channel or a tube (made of a material having a
much smaller thermal expansion coefficient) experiences
cooling from room temperature down to around the glass-
transition temperature. In a such case, a drop in temperature
gives rise to an internal pressure in the liquid (also known
as an energy-volume coefficient,Δp ¼ ΔTαpκ−1) which is
released via volume flow. At low temperatures, the ultra-
viscous liquid becomes immobilized and cannot flow in the
channel. Instead, the liquid acts as if it were clamped to the
surface of the walls. Similar reasoning was applied to
thermal expansivity measurements of molecular glass
formers or thin polymer films with the use of a capacitive
method (parallel plate capacitor filled with a liquid which,
by either volume contraction or expansion, controls the
spacing between the plates) [45–47].
According to Poiseuilles law, the viscous flow rate in a

cylindrical tube is proportional to the fourth power of the
radius and inversely proportional to the liquid viscosity
[48]. In other words, these two parameters critically impact
on the time frames needed to eliminate volume or pressure
effects close to Tg. For a bulk liquid, the characteristic flow

time at Tg, where τα ¼ 100 seconds, might take several
days or more, depending on the geometry. In nanopore
confinement, the viscous flow is even more strongly
impeded. The characteristic viscous flow rate in uniform
vertical nanochannels can be estimated as τflow ∝ ðl=rÞ2τα
where l is the pore length (direction of the flow), r is the
pore radius (direction perpendicular to the flow).
Calculated values of τflow for PMPS confined within porous
alumina channels of 100 μm in length and average pore
diameter of 100 nm are presented together with τANN in
Fig. 2(e). It can be seen that both characteristic time
constants have almost the same temperature dependence
[49]. The results obtained when varying the pore diameter
under isothermal conditions have led us to exactly the same
finding. When the relationship between τflow and τANN is
analyzed using a log-log scale, it yields a straight line with
the slope s ¼ 0.9 [see Fig. 2(f)]. A value close to one
signifies a coupling between both time scales, meaning that
the annealing time constant tracks the ongoing changes in
the viscous flow which must overcome the restriction
imposed by nanoscale confinement. This evidence suggests
that the faster dynamics of nanopore confined polymers is
released through the extremely slow flux which eventually
helps to eliminate surplus volume gained below Tg interface.
As the last point, we should realize the ability of a

nanopore-confined system to maintain the recovered bulk-
like dynamics. Figure 3 demonstrates that PMPS confined

FIG. 3. Segmental (α-) relaxation time plotted vs temperature
for PMPS in the bulk and confined to 100 nm AAO nanopores, as
measured before and after annealing. Green star indicates α-
relaxation time at the onset, while the pink diamond at the final
stage of annealing carried out at T ¼ 258 K. Pink squares
represent evolution of ταðTÞ dependence as measured on heating
after equilibration at 258 K. The same type of experiment
performed on cooling (green balls) results in deviation from
the bulk VFT behavior and isochoric dependence. The lower inset
shows dielectric loss spectra, while the upper inset changes in the
dielectric strength that accompanies cooling from 258 K of the
equilibrated nanoconfined polymer.
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to 100 nm pores with the fully equilibrated mobility (as
regained after prolonged annealing at 258 K) follows the
same T dependences of the α-relaxation time on heating as
in the bulk. On the other hand, cooling from 258 K down to
a lower temperature drives it out of equilibrium once more.
The story essentially starts all over again—ταðTÞ departs
from the bulklike behavior and follows an isochoric
dependence. Annealing shifts Tg interface towards lower
temperatures and reduces the amount of free volume
available for frustration in confinement. As the temperature
decreases, the α relaxation loses its intensity (see insets in
Fig. 3) because polymer chains located close to the pore
walls again become immobilized via surface interactions.
In conclusion, we have demonstrated that confinement

effects which lead to faster dynamics in nanopores have a
very limited lifetime and diminish once enough time is
provided to rearrange and attain a more densely packed
alignment of the polymer chains. This is in line with the
recent results reported for thin films. We found that the
mechanism which governs the equilibration kinetics is
related to exceedingly slow viscous flow in cylindrical
channels of nanometer size. Hence, our finding might be
proof that a correlation length is not at the origin of
deviation from the VFT behavior. This work also provides
new arguments that nanoscale and bulk glassy dynamics
are connected, and by taking advantage of macroscopic
studies of glass formers, we can still provide a satisfactory
description of the origin of dramatic changes observed at
the nanoscale level. Last, we expect that such nonequili-
brium behavior of soft matter in confinement could be a
more general feature that includes not only polymers, but
also low-molecular-weight liquids.
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