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Dynamics of supercooled liquids confined to the pores of sol-gel glass:
A dynamic light scattering study
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Dynamics of low molecular weight and polymeric glass forming liquids in confined geometries has been
studied by means of depolarized dynamic light scattering: photon correlation spectroscopy and Fabry-Perot
interferometry. The pore size of the glassy matrix amounted to 2.5, 5.0, and 7.5 nm. The glass transition
temperatureTg of these liquids in confined geometries has been measured using differential scanning calorim-
etry. A systematic decrease ofTg ~up to 25 K! with decreasing pore size has been observed. The relaxation
times of thea process at constant temperature were decreasing with decreasing pore size~up to 6 orders of
magnitude atTg), while the width of their distribution was increasing. The change of the relaxation times can
be assigned to the change ofTg in confined geometries. After correcting the activation plots for the shift ofTg

a master curve was obtained for all pore sizes and the bulk material. The effect of chemical modification of the
surface of the porous matrix on the dynamics of ortho-terphenyl has also been studied. These dramatic changes
of the Tg and the relaxation time of confined liquids can be explained by simple thermodynamic arguments.
There is no indication that they are related to the change of the correlation length of cooperative dynamics.
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I. INTRODUCTION

The structural relaxation time and viscosity of sup
cooled liquids change by about 14 orders of magnitude
narrow temperature range between the melting tempera
Tm and the liquid-glass transition temperatureTg . This dra-
matic change is usually explained by the increasing coo
ativity of motion and a growing cooperativity correlatio
length. This notion appears in several theoretical mod
@1–3#, however, no structural experimental evidence for t
correlation length has been found. Confining a liquid to
small pore is an easy way to limit the possible correlat
length of the cooperative motion, since this length can
exceed the pore size. Thus, changing the pore size, on
able to control the maximum extent of the cooperative
namics. Despite the many experimental and theoretical
sults concerning the dynamics of supercooled liquids in c
fined geometries, there is no clear physical explanation of
confinement effect. Moreover, some of the results are con
dictive. Differential scanning calorimetry~DSC! measure-
ments@4# usually show a strong decrease ofTg with decreas-
ing pore size in rigid porous matrices, in analogy with t
melting temperatureTm @5#, while no shift of Tg was ob-
served for droplets of supercooled liquids of compara
size, obtained in microemulsions@6–8#. In dielectric relax-
ation ~DR! studies also a decrease ofTg was reported@9#
~and literature cited therein!, but recently it was found that a
few as 6 molecules is enough to obtain a bulk behavior o
liquid @10#. Thus, no confinement effect is to be expected
larger pore sizes. The interpretation of the DR data is, h
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ever, not straightforward@11#, and an effective medium
analysis has to be used in order to remove the effect of
dielectric heterogeneity of the sample. The discrepancies
tween the intrinsic and measured effective properties in a
experiment depend additionally on the topology of confin
ment @11#. Recent inelastic neutron scattering experime
@12,13# have shown that the density of the supercooled
uids in the pores close toTg is slightly lower~less than 2%!
than that in the bulk. An additional complication in the stu
ies of supercooled liquids confined to nanometer size pore
the strong contribution of the interactions of these liqu
with the surface of the pores of the confining matrices, wh
is strongly material dependent. Another interesting probl
is the influence of the topology of the pores on the confi
ment effect. In this paper, we present depolarized dyna
light scattering~DDLS! and DSC studies on the confineme
effect in low molecular weight van der Waals glass formi
liquids and a polymer. The advantage of the DDLS, us
here to study the dynamics of confined supercooled liqu
is that the measured correlation functions~spectra! contain
only information on the dynamics of the optically anisotrop
molecules of the confined liquid without any contributio
from the porous matrix. Thus, no additional parasitic p
cesses occur and no correction procedures are necessar
also show a possibility of consistently explaining all the e
isting data ~some of them apparently contradictive! using
simple thermodynamic arguments where the cooperati
correlation length plays no role.

II. MATERIALS AND METHODS

A. Materials

Ortho-terphenyl~OTP! ~Merk-Schuchardt, 99.7% pure!
and phenyl salicylate~Salol! ~Aldrich, 99% pure! were puri-
©2003 The American Physical Society01-1
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FIG. 1. Materials.
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fied by multiple recrystallization from methano
Poly~methyl-p-tolyl-siloxane! ~PMpTS! of weight average
molecular weightMw53600 g/mol was synthesized usin
anionic polymerization@14#. Phenylphthalein-dimethylethe
~PDE! and cresolphtalein-dimethylether~KDE! were synthe-
sized in the laboratory of Professor H. Sillescu at Johan
Gutenberg University, Mainz, Germany, and were used w
out further purification. The chemical structures and relev
parameters of the samples are given in Fig. 1.

B. Porous silica substrates

High purity GELSIL porous silica glasses produced
sol-gel process were purchased from GELTECH~Alachua,
Florida, USA! The relevant physical parameters of these m
trices are given in Table I.

C. Sample preparation

The porous glasses were purified by slow heating up
800°C in vacuum~20 h!, kept at this temperature for 6 h and
then cooled down slowly to room temperature within 36
After this cleaning procedure the samples were transferre
a glove box filled with nitrogen and silanized. The aim
silanization was to replace the polar OH groups on the s
face of the porous material by nonpolar OSi(CH3)3 groups
in order to reduce the interactions of the samples with
matrix surface. Also the Pyrex light scattering cells~Will-
mad, USA, OD520 mm, ID518 mm! were silanized. The
porous glass matrices in a form of a cylinder~OD510 mm!
were placed and centered in the light scattering cells us
specially made teflon holders. Glass forming liquids af
filtration through millipore filters~pore size 0.22m) were ei-
ther distilled under vacuum~OTP! or injected ~Salol,
PMpTS! into dust-free light scattering cells containing p
rous glasses and the cells were flame sealed under vac

TABLE I. Specifications of GELSIL porous glasses.

2.5 nm 5.0 nm 7.5 nm

Total pore volume@cm3/g# 0.4 0.7 1
Inner pore surface@m2/g# 610 580 525
Bulk density@g/cm3# 1.2 0.9 0.7
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All the samples were kept at temperatures above their m
ing temperature for several days or weeks until the por
matrices were filled uniformly. At this stage all samples we
optically homogeneous and transparent.

D. Depolarized dynamic light scattering„DDLS…

1. Photon correlation spectroscopy (PCS)

The experimental setup for PCS measurements cons
of a Nd:YAG laser~Adlas, model DPY 425II! operating at
l5532 nm with a power up to 400 mW and a home-ma
cryostat. The scattered light, after passing a polarizer~Glan-
Thompson, extinction coefficient 1027 from Halle, Berlin,
Germany! was fed into a monomode optical fiber~Spindler
and Hoyer! and a photomultiplier tube~PMT! ~Thorn EMI,
model 9863!. The PMT signal after passing the amplifier an
discriminator~ALV Langen, Germany! was fed into a digital
correlator~ALV-5000, ALV Langen, Germany!. The sample
cell was placed in a home-made vacuum cryostat in orde
avoid water condensation on the cell walls at low tempe
tures. The temperature of the sample was stabilized wi
0.1 K using a liquid thermostat~Huber!. The depolarized
PCS time autocorrelation functions were analyzed using
Kohlrausch-Wiliams-Watts~KWW! function,

g(1)~ t !5A expF2S t

tKWW
D bKWWG , ~1!

and the mean relaxation time was calculated as

^t&5
tKWW

bKWW
GS 1

bKWW
D , ~2!

whereG(x) is theG function.

2. Fabry-Perot interferometry (FPI)

The experimental setup for DDLS FPI measurements c
sisted of a single mode Ar-ion laser~Spectra Physics, mode
2025! operating atl5514.5 nm with a power up to 400 mW
and a 6-pass Tandem FPI~Sandercock! free spectral range
~FSR! 515 GHz and was described in detail elsewhere@15#.
An electrically heated oven was used for temperature con
of the samples and the temperature was stabilized within
1-2
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K. Since the main aim of these measurements was to c
pare the dynamics of glass forming liquids in bulk and co
fined to a porous glass, we decided to make the analys
the T-FPI spectra as simple as possible. We fitted the exp
mental spectra with a single Lorentzian convoluted with
experimental instrumental function. From the half width
half heightG of this Lorentzian one can calculate the rela
ation time of the process

t5
1

2pG
. ~3!

Obviously, this kind of analysis results in systematic err
~small in a log scale! due to the fact that thebKWW value in
this temperature range is not exactly equal to 1, but is
very far from that value@16#. The high frequency contribu
tions to the spectrum are negligible in the small FSR of t
experiment@16#.

E. DSC measurements

The glass transition temperatures of the glass forming
uids confined in porous glass were measured using a c
mercial DSC instrument~Mittler, model DSC 30!.

III. RESULTS AND DISCUSSION

A. DSC measurements

In order to obtain the glass transition temperature of gl
forming liquids contained in porous matrices, the DSC m
surements were performed using different heating and c
ing rates. It is known from the theory of the heat-flow ca
rimeter that the error in the measured value of melt
temperatureTm is proportional to the square root of the hea
ing or cooling rate@17#. The same holds forTg measure-
ments. Thus, in order to remove this instrumental deficien
we obtained the correct values ofTg by plotting Tg versus
~heating or cooling rate!1/2 and extrapolating these plots t
rate which is equal to 0. An example of such procedure
shown in Fig. 2.

FIG. 2. Dependence of the glass transition temperature m
sured by means of DSC on heating or cooling rate.
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As one can see the square root dependence ofTg on heat-
ing or cooling rate is evident. From the values ofTg obtained
in this way the difference DTg5Tg~porous glass!
2Tg(bulk) was calculated and plotted versus inverse p
size in Fig. 3.

The measuredTg values for OTP are in a good agreeme
with the literature OTP data@4#. As one can see the change
Tg of glass forming liquids contained in porous glass is su
stantial and depends on material. In all cases a linear de
dence of the calorimetricTg on inverse pore size can b
observed.

B. Depolarized dynamic light scattering measurements

The mean KWW relaxation times for OTP confined to t
pores of GELSIL glasses measured by means of PCS in
lower temperature range close toTg are shown in Fig. 4.

The KWW stretching parameterbKWW is also shown. As
one can see, the PCS measurements for OTP were pos
only in a very limited temperature range for the followin
reasons: The high temperature limit is defined by the ti
window of the experiment. At lower temperatures close toTg
the sample became turbid, making any light scattering m
surements impossible. This turbidity disappeared upon h
ing.

Before discussing the experimental results, let us fi
consider the possible reasons for turbidity of the sample
low temperatures. The first possibility is that the sam
crystallizes upon cooling. Actually, we have observed cr
tallization of the confined liquid in some samples. Howev
in this case the samples remain turbid also after heating t
to temperatures aboveTm . This behavior of the crystallized

a-

FIG. 3. Pore size dependence of the glass transition tempera
shift DTg—~extrapolated to zero heating or cooling rate! in si-
lanized porous silica GELSIL glass measured by means of dif
ential scanning calorimetry~DSC!.
1-3
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samples can be explained by a breakdown of the por
glass matrix upon crystallization of the confined liquid. Th
led to permanent optical heterogeneity of the sample wh
cannot be removed by any temperature treatment. Thus
reversible turbidity of the sample cannot be due to crysta
zation. Another possible explanation is that upon cooling
supercooled liquid confined to the pores contracts more t
the glassy matrix and in this way voids in the pores
created. This, however, is not a good explanation of the
bidity either, since the voids would be smaller than the p
size and thus being much smaller thanl/20 would never
cause the turbidity. Additionally, clean empty matrices a
always perfectly transparent, although the refractive index
air is much more different from that of the glassy matrix, a
a partial filling of all pores would only decrease the scatt
ing. That means that any optical heterogeneity of the sam
of the length scale comparable or shorter than the pore
cannot make the sample turbid. We will come back to
turbidity problem later in this paper after discussing the p
sible explanation of the confinement effect on the dynam
of supercooled liquids.

In Fig. 4 the mean relaxation times and correspond
bKWW parameters are shown for OTP confined to the po
of the sizes of 2.5, 5.0, and 7.5 nm in silanized matrices
order to see the influence of the liquid-surface interactio
experimental data for OTP in 7.5 nm pore size of not
lanized porous glass are also shown. As one can see

FIG. 4. Mean KWW relaxation times andbKWW parameters
measured for OTP in bulk and in porous glasses of indicated p
sizes by means of photon correlation spectroscopy.
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effect of pore size on the structural relaxation time of OTP
dramatic: with decreasing pore size the relaxation time
getting shorter, up to about 6 orders of magnitude when
compare the bulk and 2.5 nm data close toTg . At the same
time the value of thebKWW parameter is decreasing wit
decreasing pore size. A very interesting effect of confin
liquid-surface interactions can be seen when we compare
OTP relaxation times obtained in silanized and not silaniz
matrices of pore size of 7.5 nm. In the not silanized mat
two processes can be clearly seen:~i! a faster process, simila
to that observed in silanized matrix, but slightly faster, a
~ii ! another process about 4 orders of magnitude slower t
the fast one and slower than that in the bulk. These t
processes can be assigned to the relaxation of liquid confi
to the pores and to the liquid layer on the surface of
pores, respectively. The fact that the fast process in no
lanized matrix is faster than that in silanized porous glass
be explained by effectively smaller pore size in the form
case, due to the fact that the surface layer of OTP on the p
surface is thicker than the corresponding layer of the s
groups, in the latter case, making the pores effectiv
smaller. The same effect can be seen in the behavior of
bKWW parameter. Actually, the slower process appears als
the correlation functions measured for OTP in silanized m
trices. Its amplitude, however, is much lower than that
not silanized glasses making the analysis not reliable.

The combined activation plot obtained by means of P
and T-FPI for OTP confined to pores of different sizes
shown in Fig. 5. As one can see, the effect of confinemen
the structural relaxation times at higher temperatures is m
weaker although qualitatively similar to that at low tempe
tures: the smaller the pore size the shorter the relaxa
time.

re

FIG. 5. Temperature dependence of the mean relaxation ti
measured for OTP in bulk and in porous glasses of indicated p
sizes by means of photon correlation spectroscopy and Fabry-P
interferometry.
1-4
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As we have shown before, the glass transition tempera
Tg of OTP depends strongly on the pore size. Therefore,
have corrected the activation plot for the shift ofTg plotting
the relaxation times vsT2Tg in Fig. 6. It is evident that this
correction is sufficient to cause a collapse of all data on
master curve, i.e., the dramatic change of the relaxa
times of the confined liquid can be related to the correspo
ing change ofTg .

Similar effect of confinement was also observed for Sa
Fig. 7, where the relaxation times obtained previously
bulk Salol by means of FPI@18# and dielectric relaxation
@19# are also shown. A good agreement of the values of
laxation times obtained by us, using simplified analysis
the FPI data, with the literature values can be seen. In
case of Salol we were able to measure the dynamics of
confined liquid only at high temperatures using the T-F
because at low temperatures, in the PCS range, the sam
were turbid. Also in this case, the correction of the activat
plot for the shift ofTg results in a master curve, Fig. 8.

Measurements on PMpTS samples confined to the po
performed at higher temperatures by means of T-FPI sh
much weaker influence of confinement on the structural
laxation, Fig. 9. Such an effect was to be expected from
much smaller shift ofTg in the porous matrices.

C. Possible explanations of the confinement effect

So far, there is no theory that can be used explicitly
explain the confinement effects. For qualitative consid
ations let us first assume that the confined liquid is at ther
equilibrium during isobaric cooling from the filling tempera
ture to the temperature of experiment. The melting point
pression for a small crystal of sized is given by the Gibbs-
Thomson equation

FIG. 6. Temperature dependence of the mean relaxation time
OTP in bulk and in porous materials, corrected for the shift ofTg .
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DTm5Tm2Tm~d!5
4sslTm

dDH frs
, ~4!

wheressl is the surface energy of the solid-liquid interfac
Tm and Tm(d) are the normal melting point and that of
crystal of sized, respectively,DH f is the bulk enthalpy of
fusion ~per gram!, and rs is the density of the solid. If a
similar relation holds for the glass transition temperatu
@4,5#, then

DTg

Tg
}

ssl

d
. ~5!

For a rough estimate we can replace the values ofssl by
the gas-liquid interface energysgl measured for a free liquid
droplet in air, which amounts tosgl53.7431022 N/m for
OTP andsgl51.7331022 N/m for Salol, respectively. For a
constant pore size, using Eq.~5! we get

DTg
OPT

Tg
OPT Y DTg

Salol

Tg
Salol

>
sgl

OTP

sgl
Salol

. ~6!

of

FIG. 7. Temperature dependence of the mean relaxation ti
measured for Salol in bulk and in silanized porous glasses~inset! of
indicated pore sizes by means of Fabry-Perot interferometry.
decrease of the relaxation times with decreasing pore size is sm
than for OTP in agreement with the smaller change ofTg observed
in Salol.
1-5
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The estimated ratio of the relative change ofTg : DTg /Tg for
OTP and Salol@Eq. ~6!# amounts to 1.84 and is in a reaso
able agreement with the corresponding ratio of the surf
energies which amounts to 2.16. For both liquidsTg in po-
rous matrix is lower than in the bulk.

For glass forming liquids confined to spherical pores
radiusr the pressure reduction can be estimated by@20#

DP5
2s

r
, ~7!

where s is the interfacial energy of glass-liquid interfac
Since the value ofdTg /dP is usually known from high pres
sure studies, we can estimate the corresponding decrea
Tg in the pores—DTg as

DTg5
dTg

dP
DP5

dTg

dP

2s

r
. ~8!

Thus, the 1/r dependence ofDTg is obtained in agreemen
with our experiment and literature data@4,21#. In order to
obtain a rough estimate ofDTg for OTP in 2.5 nm pores, we
can use the corresponding gas-liquid interface energysgl
and dTg /dP50.26 K/MPa @22,23#. In this way we obtain
the pressure reduction in the poresDP560 MPa and the

FIG. 8. Tempereture dependence of the mean relaxation time
Salol in bulk and in porous materials~inset!, corrected for the shift
of Tg .
02150
e

f

of

glass transition reductionDTg516 K, in a semiquantitative
agreement with our experimental values.

Another simple possibility to explain the decrease ofTg
and structural relaxation times with decreasing pore size
sults from the fact that the originally isobaric cooling
higher temperatures turns into quasi-isochoric cooling
lower temperatures. This is due to the difference in the th
mal expansion coefficientsg of the glassy matrix and the
liquid and to the very high viscosity of the liquid. The porou
materials used in our studies were filled with liquids at hi
temperatures aboveTm . Even if at equilibrium at this tem-
perature the densities of the liquid in the bulk and in po
were equal, it will not be so at lower temperatures. For O
we have g57.531024 K21 and for Salol g57.49
31024 K21. Upon cooling the supercooled liquid contrac
more than the glassy matrix @g~porous
glass!57.531027 K21, @24## and the equilibration of density
through a flow of the bulk liquid into the pores is prevent
due to the high liquid viscosity. Such a quasi-isochoric co
ing will result in negative pressure~additional free volume!.
Since the OTP samples were filled at about 70°C then, w
measured at 0°C, the difference in the thermal expans
coefficients leads to DV/V5@g(porous glass)
2g(OTP)#DT52531022, i.e.,25%. Such a decrease o
density and corresponding negative pressure would cau
dramatic shift ofTg andta , much larger than that observe
in the experiments. The estimated density change require
obtain a shift ofDTg(OTP)5224 K and DTg(Salol)5
212 K in 2.5 nm pores amounts to about 2% and 0.9

of

FIG. 9. Temperature dependence of the mean relaxation ti
measured for PMpTS in bulk and in silanized porous glasses
indicated pore sizes by means of photon correlation spectrosc
~PCS! and Fabry-Perot interferometry. The decrease of the re
ation times with decreasing pore size is very small as expected f
the weak effect of the confinement onTg .
1-6
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respectively. This discrepancy may be due to the fact that
calculation actually overestimates the effect, since flow
the confined liquid and equilibration of density might be po
sible even at temperatures lower than the filling temperat
makingDTg in the estimation smaller.

The turbidity of the samples at low temperatures may
also explained in the same way. Upon cooling some sh
range mobility of the liquid molecules is still possible. Thu
liquid can flow to some pores in order to increase and equ
brate the density there, decreasing in this way the densit
neighboring pores even further. This may lead to the form
tion of regions of substantially different densities of the li
uid in the porous matrix. If the size of these regions a
proaches the value of the wavelength of light, the sam
becomes turbid. Upon reheating these filling inhomoge
ities disappear making the sample transparent again. S
the viscosity of the supercooled liquid is very high, a co
plete filling of the porous matrix at lower temperatures
liquid from outside would take a very long time, muc
longer than the time of experiment.

If this simple explanation of the confinement effect is co
rect, then the shift ofTg would depend mainly on the therma
expansion coefficientsg of the confined liquid and the con
fining matrix. In fact theg values for polymers are lower~of
the order of 1025 K21) than those for simple van der Waa
liquids which would correspond to smaller confinement
fects as observed for PMpTS.

Density of liquids confined to the pores lower than that
bulk at the same temperature has been reported for Glyc
in GELSIL matrices of the pore size of 2.5 nm@12# on the
basis of inelastic neutron scattering measurements. The
tive density decrease in the pores amounted to 2% which
equivalent to a temperature shift of 2767 K. Similar effect
has also been observed for toluene@13#.

We have presented two possible ways to explain the c
finement effects in porous matrices observed in DSC
DDLS experiments, which are in a qualitative agreem
with the experimental data. In the first approach, the shifts
Tg and the structural relaxation times and the correspond
density difference in the pores and in bulk at constant te
perature and pressure depend only on the surface tensiossl
of the liquid and the pore radiusr (d52r ). In the second
model the confinement effect depends only on the differe
of the thermal expansion coefficients of the confined liq
and the porous matrix. In order to decide which mechan
prevails in real systems, more experimental data for mat
als of different surface tensionssl and pore radiusr are
needed. Angell and co-workers have measured the glass
sition temperature for supercooled liquids in microemulsio
@6–8#. Although the droplet size was very small~2–6 nm!
and similar to the pore size of the GELSIL glasses, th
observed practically no shift ofTg (DTg,2 K) in compari-
son with the bulk material, but only a substantial broaden
of the transition range. Thus, for liquids in microemulsio
the size effects seem to be insignificant. This result can
easily explained by our second approach: There is no shi
Tg because there is no additional free volume, since the t
mal expansion coefficients of the confined liquid and
confinement~the surfactant shell! are the same, i.e., the con
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finement volume remains equal to the liquid volume at
temperatures. In order to explain the microemulsion data
ing the analogy to the melting temperature depression,
surface tension of the surfactant-confined liquid surface m
be at least one to two orders of magnitude lower than
surface tension of the free liquid surface, i.e., must
smaller than 1024–1023 N/m.

All these considerations concern the changes of the g
transition temperatureTg and the structural relaxation tim
ta in confined geometries only in the case when the confi
liquid-confining surface interaction can be neglected. If t
is not the case, then the situation is more complex and
interplay of two opposite effects has to be considered:~i! the
volume effect—when the confined liquid does not intera
with the surface, a faster dynamics and lowerTg are ob-
served, and~ii ! the surface effect—when the confined liqu
interacts with the surface, a slower dynamics and a higheTg
than in the bulk, can be seen. These two effects were
served in our studies for OTP confined to not silanized
rous silica glass of the pore size of 7.5 nm~Fig. 4!, where the
slow process, much slower than in the bulk, results from
dynamics of the molecules interacting with the surface a
corresponds to the surface effect, while the fast proc
much faster than in the bulk, is the relaxation of the rema
ing confined liquid and corresponds to the volume effe
The amplitude of the slow process~surface effect! decreases
substantially in silanized porous glass, where the liqu
surface interaction is much weaker. Similar interplay b
tween these two effects has been observed recently for t
ene@13#: For the larger pore sizes~4.7 and 8.7 nm!, where
the volume contribution prevails, a decrease ofTg was ob-
served, while for the smallest pore size~2.4 nm! an increase
of Tg in comparison with the bulk was seen, due to t
dominance of the surface effects. The increase of the w
of the glass transition range with decreasing pore size,
served in that study@13#, as well as in most previous inves
tigations, corresponds to a decrease of thebKWW seen for our
samples.

In our previous papers@25,26# we have shown that in
glass forming liquids long range density fluctuations are
served, which result in an additional slow process in
isotropic part of the correlation function~6 to 8 orders of
magnitude slower than thea process! and in an excess iso
tropic intensity. The correlation length of these fluctuations
of the order of 100 nm and depends on temperature. O
ously, this slow process was not observed in glass form
liquids confined to the pores, since the pore size was m
smaller than the expected correlation length of the long ra
density fluctuations.

IV. CONCLUSIONS

The glass transition temperatures of OTP, Salol, PD
KDE, and PMpTS confined to porous glass~GELSIL! of
pore size of 2.5, 5.0, and 7.5 nm were measured by mean
DSC. A strong, material dependent decrease ofTg ~up to 25
K! was observed. At the same time the structural relaxa
time ta was measured for OTP, Salol, and PMpTS by me
of DDLS. This time decreased by up to 6 orders of mag
1-7
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tude close toTg , depending on the material. The changes
Tg andta are correlated and a plot of log10ta vs T2Tg for
all pore sizes and the bulk material results in a master cu
The strong changes ofTg andta due to confinement can b
explained by the difference of densities of the confined a
bulk liquids at low temperatures. The decrease of liquid d
sity is sufficient to explain the observed shifts ofTg andta
due to confinement. Two simple explanations are propos
In the first one, the density change is proportional to
liquid-pore surface tension and inversely proportional to
pore size. In the second one, the density difference res
from the difference of the thermal expansion coefficients
.

s
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e

ys

02150
f

e.

d
-

d:
e
e
lts
f

the confined liquid and the porous matrix and the fact t
the density of the confined liquid at low temperatures can
be equilibrated, in the time scale of experiment, through
flow of the liquid from outside due to its high viscosity
Using these approaches one can explain the apparently
tradictory confinement effects: the strong decrease ofTg and
ta usually observed in rigid porous matrices and no cha
of Tg andta reported for droplets of glass forming liquids i
microemulsions of comparable size. Thus, there is no ob
ous indication that the dramatic effect of confinement on
dynamics of confined liquid is related to the change of c
relation length of cooperative dynamics close toTg .
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