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Dielectric relaxation studies for model glass-forming liquids confined to nanoporous alumina matrices
were examined together with high-pressure results. For confined liquids which show the deviation from
bulk dynamics upon approaching the glass transition (the change from the Vogel-Fulcher-Tammann to
the Arrhenius law), we have observed a striking agreement between the temperature dependence of the
α-relaxation time in the Arrhenius-like region and the isochoric relaxation times extrapolated from
the positive range of pressure to the negative pressure domain. Our finding provides strong evidence that
glass-forming liquid confined to native nanopores enters the isochoric conditions once the mobility of the
interfacial layer becomes frozen in. This results in the negative pressure effects on cooling. We also
demonstrate that differences in the sensitivity of various glass-forming liquids to the “confinement effects”
can be rationalized by considering the relative importance of thermal energy and density contributions in
controlling the α-relaxation dynamics (the Ev=Ep ratio).
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The behavior of molecular liquids in confined geometry
is much different from the bulk. Typical signatures of the
“confinement effects” realized in uniform cylindrical nano-
pores (2D confining space) involve faster dynamics and the
downward shift of the glass-transition temperature (Tg), as
compared to the bulk [1–4]. However, for some of the
glass-forming liquids (e.g., benzene or toluene) confined to
very small nanopores, exceptions from this general trend
were also reported [5]. The source of such dramatic
changes is commonly discussed in terms of the competition
between finite size effect and surface interactions [6–14].
Upon lowering the temperature, this leads to increased
heterogeneity and divergence of the molecular dynamics
(retarded mobility of the interfacial layer and the faster
relaxation of the molecules in the center of the pores)
[8,13,15].
Despite intensive studies, a thorough understanding of

the behavior of confined glass-forming liquids is still
missing. For example, it is intensely debated why the α
relaxation in confined geometry suddenly becomes faster
than the bulk, resulting in the crossover of the ταðTÞ
dependence from Vogel-Fulcher-Tammann (VFT) to
Arrhenius law. It is also an open question as to what
makes some of the glass-forming liquids and polymers
show well-pronounced deviation from the bulk dynamics
in nanopores, whereas the others are almost insensitive
to nanoscale effects [9,16].
The motivation for this work is to look for a universal

connection between the bulk and nanoscale dynamics that
could help to address some of the most intriguing aspects
of the glassy formation in confined geometry. This we
postulate to be possible by taking into account the effect of

pressure. Confinement at the nanometer length scale and
bulk phase compression have already proven to be a source
of unique information about the overall glassy behavior
[13,17]. This results from the spectacular changes in the
molecular packing and thermodynamic properties occur-
ring in both cases. Strong indications that pressure effects
should be taken into account when analyzing the behavior
of soft matter in 2D confining space come from the
similarities between numerous phenomena that are char-
acteristic only for high pressure, but were observed also in
the nanopores [18–23]. Theoretical calculation of the
pressure tensor components (parallel and normal to the
pore walls) has also indicated that simple fluids confined
in the nanopores are subjected to hydrostatic pressure of
either a positive or a negative sign [24–26]. Naturally,
this can lead to a hypothesis of the important role of
negative pressure in justifying the downward shift of Tg in
nanopores.
Throughout the last decade, the importance of negative

pressure effects in nanopores has received increasing
attention [10,14,27,28]. No consensus has been reached
so far, especially in the context of quantifying the magni-
tude of the negative pressure exerted on liquid while
approaching the glass transition in confined geometry.
It is experimentally inaccessible to measure the extent of
negative pressure in pores. Therefore, it remains a chal-
lenge to provide convincing argumentation for or against
the negative pressure hypothesis based on pure modeling,
or estimates that employ mostly atmospheric pressure data.
In this study, we reexamine the role of negative pressure

in vitrification of model glass-forming liquids confined to
nanometer pores. To address this issue, we have to take a
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close look at the dynamics of liquids in confined geometry,
and the conditions that must be satisfied to enter the
negative pressure region. As a next step, this was tested
by using the temperature dependences of the isochoric
relaxation times. Employing experimental results from high
pressure enables us to show that, within the native nano-
pores, the density of the molecular liquid becomes frozen at
the vitrification temperature of the interfacial layer, and this
drives the negative pressure effects upon further cooling.
The materials under investigation include two model

glass-forming liquids with different pressure sensiti-
vities, salol (dTg=dP ¼ 204 K=GPa) and glycerol
(dTg=dP ¼ 35 K=GPa) [29]. We have used commercially
available anodized aluminum oxide (AAO) membranes as
confining matrices (Synkera Technologies, Inc.). The prior
treatment of the porous membranes and the infiltration
procedure were carried out by following well-established
methods reported in the literature [13]. The dielectric
relaxation in confined geometry was followed by using
the Novocontrol Alpha analyzer. The pore channels were
aligned parallel with respect to the electric field. To avoid
crystallization, our thermal protocol has involved cooling
(with a rate of ∼10–12 K=min) of the melted sample down
to the glassy state. Then, dielectric measurements were
performed on heating with a rate of 0.5 K=min.
The dynamics of glycerol and salol on increased pressure

has been intensively studied over the years, even by some
of us [29–36]. Therefore, the raw dielectric relaxation and
pressure-volume-temperature (PVT) data can be found
in the literature. For these measurements we have used a
high-pressure Unipress system and a Gnomix dilatometer,
respectively. The detailed description of the experimental
equipment can be found in Ref. [29].
In Fig. 1(a) we present the temperature dependence of

the α-relaxation time for salol in the bulk and confined
within AAO nanopores of sizes varying from 100 to 13 nm.
As can be seen, upon lowering the temperature and
decreasing the pore sizes, the dynamics of salol becomes
progressively enhanced in comparison to the bulk. Similar
behavior was observed in silica nanopores and was
related to the growing length scale of cooperativity, which
at a certain temperature reaches the size of the spatial
constraint [13,15]. On the other hand, we have recently
demonstrated that the characteristic change in the ταðTÞ
dependence from the VFT to the Arrhenius law signifies
vitrification of the molecules close to the pore walls. This
phenomenon was interpreted in terms of a decoupling
between the dynamics of the core and interfacial molecules
[37], analogous to the decoupling phenomenon reported for
ionic liquids (i.e., when the α relaxation is already frozen in
at Tg but mobility of the ionic species is still active [38]).
Now, we wish to explore the possible link between

deviation from the bulklike dynamics in confined geometry
and the negative pressure effect. Vitrification of confined
liquid under negative pressure requires the isochoric (fixed

volume) conditions to be attained. This can actually favor
the confining environment like uniform and unidirectional
nanopores because, within a relatively narrow temperature
range, the pore diameters are expected to be constant (as the
thermal expansion coefficients of the porous material and
the confined liquid are invariable to relatively small
temperature changes). This could promote the isochoric
conditions, and hence the negative pressure effects on
cooling. Verifying this hypothesis requires us to show that
(i) the ταðTÞ dependences measured for salol in nanopores
represent the isochoric curves, and (ii) they are located
in the negative pressure zone. One of the most credible
ways to test this is by using results from the high-pressure
studies.
Figure 1(b) demonstrates the isochoric relaxation times

for salol generated based on volumetric and high-pressure
dielectric relaxation measurements. The temperature
dependences of α-relaxation time along isochores were
determined by parametrizing VðT; pÞ and ταðT; pÞ depend-
ences to our recently derived equation of state for super-
cooled liquids [Eq. (9) in Ref. [39]] and the modified
temperature-volume version of the Avramov model [40],
respectively. Values of the fitting parameters are listed in
Ref. [41].
As shown in Fig. 1(b), when the specific volume upon

cooling is constant, the change of the relaxation time for
salol is considerable weaker then along the isobar. Weaker
temperature dependance of ταðTÞ along isochores indicates
that the contribution of the volume effects to the relaxation

(a) (c)

(b)

(a) + (b)

FIG. 1 (color online). Temperature dependence of the
α-relaxation time for salol (a) in the bulk state and confined in
AAO membranes of pore diameters from 100 to 13 nm, (b) along
isochores (i.e., at constant volume conditions). Open circles
denote the dependence of α-relaxation times at ambient pressure
(in the bulk state). (c) The combined temperature dependences of
the α-relaxation time for salol in pores and along isochores
generated by using high-pressure data. The dash-dotted lines are
an extrapolation of selected isochoric ταðTÞ dependences from a
positive range of pressure down to a negative pressure domain.
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dynamics of salol is significant. We have also noted that a
relatively small change in the density produces pronounced
variation of the isochoric ταðTÞ dependence. Our observa-
tions can be quantified in a more accurate way by the
EV=Ep ratio, i.e., the ratio of the first derivatives of
the ταðTÞ dependences at constant volume and constant
pressure [42],

EV

EP
¼

R½ ∂lnτα∂ð1=TÞ�V
R½ ∂lnτα∂ð1=TÞ�p

: ð1Þ

The lower (0) and upper (1) limiting values of the EV=Ep
ratio denote volume-dominated and purely thermally acti-
vated α relaxation, respectively. For salol, EV=Ep ¼ 0.43�
0.2 [30], which indicates that the density and the thermal
energy are equally important in governing the relaxation
dynamics. In such a case, the appearance of even a small
fluctuation in the density is able to alter the dynamics
significantly.
The atmospheric pressure isobar presented in Fig. 1(b),

together with the isochoric curves, separates the positive
(measurable) range of pressure on the left from the negative
pressure region on the right. Experimentally, we cannot
access the isochoric relaxation times in the negative range
of pressure. Nevertheless, they can still be estimated by
extrapolating the corresponding ταðTÞ dependences from
the positive range of pressure. This we illustrate in Fig. 1(b)
as dash-dotted lines. In the next step, we have used
isochoric curves generated in this way to describe ταðTÞ
dependences in confined geometry, as demonstrated in
Fig. 1(c). It is intriguing to note that the negative pressure
isochores start to collapse with the confinement data at the
range of temperature where the characteristic departure
from bulklike dynamics occurs. In order to provide more
convincing evidence for their similarity, we have compared
slopes of the confined liquid data from the Arrhenius-like
region and extrapolated to negative pressure isochores. The
results of such a comparison can be found in Supplemental
Material [43]. Therein, we have also demonstrated that it is
possible to correctly describe the ταðTÞ dependences in
nanopores based on extrapolated isochoric data for other
materials, like van der Waals liquid dimethyl phthalate
(EV=Ep ¼ 0.66) [43]. Therefore, our observations indicate
that supercooled liquids confined to nanopores indeed
vitrify under negative pressure conditions enforced by
the isochoric constraints.
While the modeling data by McKenna and co-workers

[10] have indicated that isochoric conditions could appear
only in the close vicinity of the glass-transition temper-
ature, the results of the present study clearly demonstrate
that the isochoric conditions in nanopores are reached far
above it. Actually, the dynamics of confined salol enters the
isochoric dependences at the temperature of the vitrification
of the interfacial layer (i.e., more than 25–40 K above Tg).
At this temperature, the density of the liquid becomes

frozen, in contrast to the bulk sample from the atmospheric
pressure. We imagine that starting from this point, the
viscous liquid in the core must confront a very unusual
situation. On one hand, it shows its natural tendency to
decrease in specific volume with a lowering of the temper-
ature. On the other, it is still strongly affected by the
intermolecular interactions with the vitrified (immobile)
interfacial layer. In such a situation, the appearance of
negative pressure effects is able to save (stretch) the
molecular system inside the nanopores from the collapse.
Therefore, there is more volume available for molecules
to move when compared to the bulk sample at the same
temperature. In addition, the density of the confined liquid
is expected to decrease with a lowering of the pore size,
as illustrated in the inset of Fig. 2. This finding agrees with
the results of recent PALS studies which show that the
molecular liquid in the nanopores has, ironically, a higher
effective free volume than in the bulk state [46].
To quantify the magnitude of the negative pressure

exerted on salol in the pores, we have extrapolated the
isochoric curves describing the ταðTÞ dependences under
confinement down to a dynamic glass-transition temper-
ature. Typically, we refer to Tg as the temperature at which
the α-relaxation time equals 100 s. However, for consis-
tency with the high-pressure results, we have also assumed
that the structural relaxation in the nanopores becomes
frozen on a measurable time scale once τα reaches 10 s [30].
Values of the negative pressure at the corresponding
isochoric glass-transition temperatures were estimated from
the parametrized PVT data. The obtained dependence is
presented in Fig. 2, together with high-pressure results
described by using the Andersson-Andersson empirical
relation [47],

FIG. 2 (color online). Pressure dependence of the glass-tran-
sition temperature Tg for salol covering the experimental data
from positive and negative ranges of pressure (confinement data).
The solid line represents a fitting of the high pressure data to the
Andersson-Andresson equation [Eq. (2)], while the inset shows
the change of density as a function of pore size.

PRL 115, 265702 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

31 DECEMBER 2015

265702-3



Tg ¼ k1

�
1þ k2

k3
P

�
1=k2

: ð2Þ

For salol, the following set of fitting parameters was used:
k1 ¼ 221 K, k2 ¼ 2.5, and k3 ¼ 1080 MPa [30]. It can be
easily seen that extrapolating the TgðpÞ dependence from
the positive to the negative region of pressure enables us to
correctly describe the shift of Tg in the confined geometry.
Since the α relaxation in salol is fairly sensitive to density

fluctuations (as classified by the EV=Ep ratio), the freezing
of the molecules interacting with the pore walls and the
emergence of the isochoric conditions upon cooling are
able to invoke a well-pronounced departure from the
bulklike behavior. This we observe as a characteristic
“kink” in the ταðTÞ dependence. The question now arises,
what if the α relaxation is controlled by the thermal energy,
not the density fluctuations? Can we also expect in this case
the enhancement of the dynamics on approaching Tg once
the isochoric condition appears?
To address this question we have investigated the

dynamics of glycerol confined in AAO nanopores.
Glycerol is known to be a model glass-forming liquid with
very weak sensitivity to pressure changes. The enthalpy
ratio EV=Ep ¼ 0.94 points to an almost purely temper-
ature-dominated dynamics [29]. The isochoric depend-
ences determined for glycerol from the high-pressure
data are presented in Fig. 3(a). In this case, the behavior
of ταðTÞ dependence along the isochores does not deviate
significantly from the atmospheric pressure isobar.
Furthermore, modifying the specific volume of supercooled
glycerol by the same (or an even greater) magnitude as for
salol produces considerably weaker changes in the iso-
choric relaxation time [41]. This is a clear sign that the

appearance of the isochoric conditions and relatively small
fluctuations in the density are not able to induce noticeable
changes in the relaxation dynamics. Our interpretation
corresponds with the bulklike behavior of the ταðTÞ
dependence for glycerol confined in AAO nanopores, as
presented in Fig. 3(b). It is also consistent with the results
of dielectric relaxation studies reported for glycerol con-
fined in controlled-pore-glasses [16].
An interesting and unique observation coming from the

current study is that by considering only the role of density
fluctuations in controlling the α relaxation, we can ration-
alize the departure from the bulk (VFT) behavior in
confined geometry. The EV=Ep ratio can be used to rate
deviation from the bulk dynamics appearing in a more
(or less) pronounced manner for various glass-forming
liquids. Furthermore, for those liquids which are fairly
sensitive to the density variations, we are able to describe
the temperature dependences of the α-relaxation time upon
approaching the glassy state in a confined geometry by
using the isochoric dependences from increased pressure.
As we presume, vitrification of molecular liquids and
polymers under isodensity and negative pressure conditions
should also occur inside the unidirectional native silica
nanopores. However, differences in the strength of the
molecular interactions between the interfacial layer and the
inner pore walls will probably tune the imposed isochoric
conditions in a slightly different manner.
To summarize, the results of the present study have

demonstrated that molecular liquids confined in native
nanopores form a glass at constant volume under negative
pressure. For the first time, we have also shown that the
isochoric dependences from high pressure can be used to
describe the behavior of α-relaxation time in confined
geometry. Lastly, the magnitude of the departure from
the bulklike dynamics in confined geometry can be
rationalized and predicted by taking into account the
relative importance of the density fluctuations in governing
the α-relaxation dynamics (quantified by the EV=Ep ratio).
From a general perspective, our findings highlight the
important role of pressure as a fundamental bridge between
the dynamics of glass-forming liquids in the bulk and in
nanoscale.
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