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Size and confinement effects on the glass transition behavior of polystyreneÕo-terphenyl
polymer solutions
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Polystyrene (PS)/o-terphenyl (oTP) solutions confined to nanometer scale pores were studied by differ-
ential scanning calorimetry to investigate size and confinement effects on the glass transition. We observed two
glass transitionsTg in all thermograms for materials confined in the controlled pore glasses. One was at a lower
temperature than the bulk stateTg and the other was at a higher temperature. The lower transition temperature
decreases with decreasing pore size, which is consistent with previous reports from this laboratory on small
molecule glass formers and some other reports in similar systems. AlthoughoTP andoTP/PS are not hydrogen
bonding materials, we interpret the higher temperature transition as due to the existence of an interacting layer
at the pore surface. A two-layer model in which there exists a ‘‘core’’ liquid in the center surrounded by the
interacting layer at the pore surface is consistent with our observations.
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INTRODUCTION

It is expected that the apparent thermodynamic respo
of a material may depend on the surrounding environmen
well as on the nature of the material itself. In particular, if w
consider size or constraint as environments, there has
much study of the effects of environment on both first a
second order transitions. While the classic Gibbs-Thomp
relation describes the effect of size and surface energy on
first order melting transition~see, e.g., Refs. 1–3!, the impact
of size and constraint on the glass transition, which is of
treated as a second order transition, is still controversial

Subsequent to Jackson and McKenna’s report4 of the first
calorimetric study of the vitrification of glass forming liquid
in controlled pore glasses~CPG’s!, a large number of studie
have been performed of the glass transition behavior and
liquid dynamics of glass forming materials in confining g
ometries. Confinement has been studied by sev
approaches—both the methods of confinement and the m
ods used to probe confinement effects are diverse. Con
ment has been obtained by imbibing liquids into CPG’s
sol-gel pore glasses.1,3–16 The current study falls into this
class. In addition, constraints have been obtained by
coating thin films onto substrates,17–28cross-linking polymer
networks and swelling them with solvents or polymers,2,11,29

creating microemulsions of glass forming materials,30,31 tak-
ing the natural constraints arising in the amorphous reg
between crystalline lamellae in semicrystallin
polymers,29,32,33or by mixing polymers with rigid nanomete
size additives.29 Block copolymers having nanometer size
domains have also been reported to show changes in
glass transition.34–40 In the bulk of these studies it was con
cluded that the confining geometry or reduced size shifts
Tg by an amountDTg with respect to the bulk value. Con
fusion in the understanding of constraint and size effects
ists, however, because the sign and magnitude of the g
transition temperature changeDTg seems to be materia
confinement and size specific. In addition, the studies a
PRB 610163-1829/2000/61~10!/6667~10!/$15.00
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indicate that different measurements on similar syste
might give different results. In some instances the chang
Tg may also be affected by compositional variations.34 The
lack of a common theory to explain the glass transition its
makes it more difficult to explain size or confinement effe
on it. For the thin film studies a recent review by Jones a
Forrest41 describes the current state of understanding.
also add that at a symposium held at the American Phys
Society Centennial42 meeting in Atlanta, GA, there were re
ports from most of the major groups working in this are
The reported results and discussions held outside of
meeting suggest a level of disagreement similar to that
scribed in the above paragraphs. Our interpretation of
state of the field is that the different schools of thought
not fully agree on the observed phenomenology or its in
pretation.

This article presents the first results from an ongo
study to use calorimetric methods to investigate the cha
of the glass transition behavior in confined geometries
polymer solutions having different concentrations. Here
report results related to the effect of size or confinement
the glass transition ofo-terphenyl/polystyrene (oTP/PS) so-
lutions by examining their behavior in controlled po
glasses. The results are compared with those foroTP alone.
To our knowledge, there are no other reports of the cal
metric response of polymer solutions in CPG’s, although
dynamical response above the glass transition has been
amined using dielectric spectroscopy~DE!.11

EXPERIMENTAL

Materials

The CPG’s used in this study were supplied by Dr. Wo
gang Haller of the National Institute of Standards and Te
nology ~NIST!.43,44 The CPG’s come in the form of a whit
and free-flowing powder of 120/200 mesh size~0.15–0.17
mm!. The mean diameter of the glass beads was obta
from optical microscopy. The mean pore diameter, the ra
6667 ©2000 The American Physical Society
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TABLE I. Controlled pore glass properties~Ref. 44!.

Pore
diameter

@nm#
Pore distr.a

@%#
Pore vol.
@cm3/g#

Surface areab

@m2/g#

Beads
diameterc,d

@mm#

CPG1 11.6 8.6 0.78 155 0.17560.043
CPG2 25.5 3.7 0.96 95.5 0.17060.041
CPG3 47.9 4.3 1.26 59.5 0.15160.033

a90% of the pore diameters are within this range.
bDetermined by the nitrogen adsorption method~BET equation!.
cDetermined by optical spectroscopy.
eMean of data6one standard deviation.
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of diameters that describes 90% of the pores, and the
volume for each CPG were determined by mercury intrusi
The values as reported by Haller44 for the glasses used her
are given in Table I.

We derivatized the surfaces of the CPG’s with hexame
yldisilazane to convert the surface hydroxyl groups to tri
ethylsilyl groups. The procedure followed has been
scribed previously.1 This treatment makes the glass surfa
more hydrophobic and promotes wetting by organic liqui
Each CPG was first cleaned with chloroform for 24 h. T
chloroform was decanted off and the CPG was dried th
oughly in a vacuum oven at 100 °C. The hexamethyldis
zane was then added to cover the glass beads, stirred w
spatula to release trapped air bubbles, and heated at 55 °
24 h. Following this treatment, the reagent was decanted
and the CPG was rinsed well with chloroform and dried th
oughly in a vacuum oven. The CPG was stored in a desic
tor when not in use.

The o-terphenyl ~1,2-diphenylbenzene! (oTP) was ob-
tained from Aldrich Chemical Co.~99% purity! and used
without further purification. The polystyrene~PS! ~manufac-
turer supplied values forM p5100 000 g mol21 and PDI
51.05) was obtained from PSS~Germany! and used without
further purification. Each amount of PS was dissolved
oTP at 80 °C for 48 h. The concentration window was high
than the overlap concentration (c* ).45 For the PS used here
c* was calculated to be 0.0506 g/cm3 ~see Table II!. The PS
concentrations used in this study ranged fromc* to 4c* and
are given in Table II.
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Considerations of solvent quality and diffusion into the pores

We could not find quantitative data for the solution pro
erties of PS inoTP, although a few studies reportoTP to be
a good solvent for PS. These studies46,47 provide no quanti-
tative estimate, however, of the solvent quality. We cho
oTP as the solvent for PS because it was used in the p
study by Jackson and McKenna,4 its glass transition tempera
ture is within the range of our experimental apparatus an
has an appropriate solubility parameter as a good solven
the PS@dOTP518.083103 ~J/m3!0.5#.48 This value allowed
us to estimate the basic properties of PS inoTP.49 The esti-
mated solution properties from the solubility parameter
listed in Table III. For the parameters in the Mark-Houwin
Sakurada~MHS! equationa is 0.703. This indicates thatoTP
is a good solvent for PS.

In establishing the experimental procedures, it w
thought to be necessary to determine the time required
‘‘soak’’ the CPG’s in the polymer solutions for long enoug
that they equilibrate in the pores, i.e., for the PS chains
fully diffuse into the CPG’s. First, the diffusivity as a func
tion of molecular weight was estimated for the dilute so
tion limit. It is, then, straightforward to get the diffusivity fo
the PS chain in the semi-dilute regime. To estimate the
fusivity into the pores in the semidilute regime, we followe
the work of Karasz and co-workers.50,51 Taking the concen-
tration dependence of the diffusivity of PS in 2-fluorotolue
for each molecular weight and the pore diameter depende
of diffusivity of the semidilute solution in the pore (D1) we
3

3

5

4

TABLE II. Diffusion properties ofoTP/PS solutions in each size CPG.

Concentration
of PS

~mass fraction! c @g/cm3# c/c* a

D1@31012 m2 s#(tul @h#)

CPG1 CPG2 CPG3

oTP/PS1 0.0468 0.0506 1.0 2.203 2.287 3.04
~0.95! ~0.87! ~0.35!

oTP/PS2 0.0923 0.1012 2.0 2.920 3.032 4.03
~0.71! ~0.66! ~0.27!

oTP/PS3 0.1282 0.1518 3.0 3.443 3.575 4.75
~0.61! ~0.56! ~0.27!

oTP/PS4 0.1640 0.2024 4.0 3.871 4.018 5.34
~0.54! ~0.50! ~0.20!

ac* 5M p /@NA(21/2 RG)3#50.0506 g/cm3 ~Ref. 45!, whereM p : Peak of molecular weight distribution,NA :
Avogadro’s number,RG : Radius of gyration.
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PRB 61 6669SIZE AND CONFINEMENT EFFECTS ON THE GLASS . . .
estimated the ultimate timetul for the polymer solutions to
enter into the pores from Eq.~1!.45 After the ultimate time,
the average concentration in the pore diameter is expecte
be constant. The parameterd in Eq. ~1! is the diameter of the
CPG particles.

c̄I ~0!

cI ,eq
5112A(

n51

`

~21!nSn expF2S np

d D 2

DI t G ,
where

Sn[E
0

nx sinx

x
dx. ~1!

The in-pore diffusivity and ultimate time for each solutio
are given in Table II. In our preparation of samples, t
CPG’s were soaked in the solutions for times much gre
than tul . However, we note that in actual practice theoTP
and theoTP/PS solutions seemed to be drawn into the po
through capillary action rather than by simple diffusion.

Calorimetry

The Perkin-Elmer DSC7 used in this study was equipp
with an intercooler system to operate from260 °C. The in-
strument was calibrated using an indium standard at a h
ing rate of 10 °C. The oven in the instrument was purg
with helium gas and the exterior enclosure of the mach
was purged with dried air. The sample pans used in
study were large volume, stainless-steel pans~Perkin-Elmer
No. 0319-9128!. We did not use ano-ring for sealing the
pans because it caused a spurious signal in the temper
range of interest here. Preparation of samples proceede
first adding to each sample pan approximately 10 mg of C
and an amount of theoTP/PS mixture comparable with th
pore volume of the CPG. All CPG/solution mixtures co
tained in the sample pans were stored in an oven at 80
60.2 °C to let them have a sufficient time to diffuse t
solution into the inside of the CPG pore~see previous sec
tion!. @The oTP/PS mixture had been rapidly quenched in
dry ice and retained a solid form at room temperature s
that we could break the material into a powder form. T
was easier to work with than the material in the form o
solution. When the material was heated to 80 °C it wa
liquid and could diffuse into~or be pulled into! the CPG.#
We ran DSC scans for each silanized CPG alone to as
that the pore glasses themselves did not have an apprec
thermal signal within the temperature range of our exp
ments.

To measure the glass transition response, samples
maintained at 90 °C for 30 min to erase any prior therm
history. Samples were then quenched to260 °C at a nominal
200 °C/min cooling rate. And they were kept at260 °C for 5

TABLE III. Solution properties ofoTP/PS solution.

Solution property Equation

Intrinsic Viscosity@cm3/g# @h#50.0126M0.703

Radius of Gyration@nm# Rg50.0151M0.5677

Diffusion Coefficient atc→0 @cm2/s# D050.263131024 M 20.5677
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min to stabilize the machine and heated to 90 °C with 10
min heating rate. The heating programs used for the D
study and the heat treatment are illustrated in Fig. 1. Bef
and after the DSC experiments the samples were reweig
to ensure that the pans were sealed properly. No weight-
was detected.

We remark that during slow cooling of the solvent wit
out the presence of the CPG there was a crystallization t
that could have an effect on the glassy properties. There
no crystallization trace in the 200 °C/min quenchedoTP.
The results reported here are for experiments conducted
heating at 10 °C/min following the 200 °C/min quench.~The
cooling rate in these experiments was chosen to be 200
min, which is significantly faster than the rate used in t
Jackson and McKenna3,4 studies. This is because the pu
oTP used here crystallized in the slow cooling experimen
In a set of studies with the polymer solutions and with m
terial in the pores where crystallization did not occur, w
found that the effect of cooling rate was small and did n
dramatically impact the results reported here.! We used the
fictive temperatureTf as theTg in all measurements.52 Tf
was calculated using the integration method to obtain
enthalpy as a function of temperature.52 We usedTf as the
Tg because it provides a consistent estimate of the rele
glassy state formed upon cooling that is relatively insensit
to the enthalpy relaxation process that occurs during
heating step. The reader is referred to Refs. 53 and 54
discussion of the errors involved in DSC measurements
the glass transition temperature and the fictive temperatu

RESULTS

Figure 2 shows the DSC thermograms foroTP and
oTP/PS solutions in the bulk state. The glass transition
be seen to shift weakly to higher temperatures with incre
ing concentration of PS. Figure 3 shows the change of g
transition temperature of theoTP/PS solutions as a functio
of PS concentration. The increase inTg is less than expected
from the Gordon equation for the composition dependenc
the glass transition temperature in polymer-dilue
systems.55 ~This weak dependence ofTg on the concentration

FIG. 1. Diagram of the thermal program followed in DSC me
surements of the samples.
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6670 PRB 61JOON-YONG PARK AND GREGORY B. McKENNA
of PS in this concentration range makes theoTP/PS system a
good one for the current study because it decreases e
induced by possible uncertainties in the concentration of
solution within the CPG!. The previous work of Jackson an
McKenna4 indicated that crystallizing liquids form plug
rather than wetting the interior surface of the CPG. The f
mation of a plug minimizes the contact of the liquid with th
glass surface, suggesting poor wetting characteristics, a
contact angle of the liquid with the interior pore surface a
relatively flat menisci for the liquid-vapor interfaces. Th
DSC thermograms foroTP/PS1~0.046 mass fraction! solu-
tion in the CPG1 (d511.6 nm) at pore fillings of 0.45, 1.00
and 4.14~ratio of total solution volume to pore volume in th
DSC pan! are shown in Fig. 4. The behavior of the bu
solution is shown at the bottom of the figure for referen
The expected pore volume for CPG1 is 0.78 cm3/g ~Table I!.
The Tg in the pore is found to be independent of the deg
of pore filling, indicating that the solution forms plugs rath
than wetting the interior surfaces of the CPG. This is con

FIG. 2. DSC thermograms ofoTP andoTP/PS solutions in the
bulk state during 10 °C/min heating ramp following a 200 °C/m
quench. The fictive temperature,Tf , was determined as a temper
ture at which the area of A is same as the sum of B and C.

FIG. 3. Concentration effect on the glass transitionTg ~Fictive
temperatureTf), of oTP/PS solutions (c* 5overlap concentration!.
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tent with the prior results of Jackson and McKenna.1,4 In the
case of the solution overfilled to 4.14 times the pore volum
the Tg of the bulk solution becomes apparent as well. Int
estingly, the DSC thermograms for theoTP oroTP/PS solu-
tions confined in the pore show what appear to be two g
transitions. One is at a higher temperature than the bulk s
Tg and the other is at a lower temperature. These are
cussed in detail subsequently.

The DSC thermograms for the pureoTP and theoTP/PS
solutions in each of the three pore sizes are compared
those in the bulk materials in Fig. 5. All thermograms for t
materials in the pore have an additional transition at a te
perature higher than theTg of the bulk material. Figure 5~a!
depicts the fictive temperature construction used to estim
the values for the upper and lower transition temperatu
from the thermograms. We also note that some of the th
mograms exhibit a hump between the two major transitio
and we ascribe this to an excess of material that is outsid
the pores and, therefore, exhibits bulk behavior.

In earlier work, it was noted3 that from Kauzmann’s
notation,56 the ratio ofTg and Tm is often near2

3 for many
glass-forming liquids. This suggests that the glass and m
ing transitions reflect a common tendency toward order, e
if the transitions do not belong to the same class, and tha
transition temperatures might vary similarly. The Gibb
Thomson equation predicts that the melting point depress
in confined geometries varies as the inverse of the pore
ameter. This suggests that it is reasonable to plot the
served transition temperatures against inverse pore diam
and we present our data in this fashion.

The effect of pore size on the valuesTlo andThi for oTP
andoTP/PS solutions is shown in Figs. 6 and 7. As seen
Fig. 6, theDTlo „ as @Tg(1/d)2Tg(`)#/Tg(`)… of oTP and
the oTP/PS solutions decreases with decreasing pore di
eter~increasing 1/d). @Tg(`) is theTg of the bulk-state ma-
terial.# The shift of Tlo in the CPG from the bulk state in
creases as the PS concentration increases. We also not

FIG. 4. DSC thermograms for theoTP/PS1 solution in CPG1
~11.6 nm pore diameter! at various degrees of pore filling~ratio of
total solution volume to pore volume in the DSC pan! during 10 °C/
min heating ramp following a 200 °C/min quench. DSC therm
gram foroTP/PS1 solution in the bulk state is shown at the bott
of the figure for reference.
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FIG. 5. DSC thermograms for~a! oTP, ~b! oTP/PS1,~c! oTP/PS2,~d! oTP/PS3, and~e! oTP/PS4 during 10 °C/min heating ram
following a 200 °C/min quench.
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the change inTlo is dramatic when one goes from the bulk
the largest pore (d547.9 nm; 1/d50.021 nm21). Then the
rate of change ofTlo vs 1/d begins to slow. The difference
between the two smallest pore sizes are only of the orde
1.5 °C or less~see Table IV!.

The change ofThi vs 1/d for the oTP and low concentra
tion solutions shows a different behavior from that of t
highly concentrated solutions. For the pureoTP there is a
monotonic increase inThi as 1/d increases and the low con
of

centration solutions show a maximum inThi at 1/d'0.04.
The more highly concentrated solutions show monotonic
creases inThi as 1/d increases.

Finally, if one examines the thermograms@Figs. 5~a!–
5~e!#, it can be seen that the values for the total change in
heat capacityDCp are approximately the same as for th
bulk material~0.52 J/gK!. This allows the decomposition o
the heat capacity change into contributions from theThi and
Tlo transitions. This is considered in the Discussion secti
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DISCUSSION

In the above we have described the calorimetric beha
of ortho-terphenyl/polystyrene solutions in nanometer sc
pores. The major event seen is the downward shift of a lo
glass transition with decreasing pore size and the existe
of an additional glass transition at temperatures higher t
the bulkTg in both oTP in the absence of PS and all of th
oTP/PS solutions investigated. The results are summar
in Table IV. The reduction of the glass transition of theoTP
relative to the bulk material is consistent with what was o
served previously using DSC by Jackson and McKenna3,4 for
oTP and benzyl alcohol and by Jonas and co-workers5,6 for a
series of small molecule glass formers. The presence
second transition at a higher temperature, however, was
reported in those studies and the reasons for this are curr
unclear. One possibility is the use of a different calorime
in this study and another is that theoTP used in this study is
99% pure and not the high purity material used by Jack
and McKenna. This, however, would not explain the lack
a second transition in the other solvent systems. Upon re

FIG. 6. @Tg(1/d)2Tg(`)#/Tg(`) versus 1/d for oTP and
oTP/PS solutions for the lower glass transition.@1/d refers to the
material in the pore and̀ refers to the bulk material#.

FIG. 7. Higher glass transition temperatureThi , versus inverse
pore diameter foroTP andoTP/PS solutions in the CPG.
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amination of the original Jackson and McKenna notebo
we found that there was evidence of a second transition
only slightly lower magnitude than that reported here. Ho
ever, in some experiments the transition did not appear
in others it may have been present, but obscured by the o
of crystallization. We also note that in prior studies,3,4 the
reported values ofDCp , while nearly invariant with pore
diameter, and showing a relatively large uncertainty, w
somewhat lower than the value for bulkoTP. This would be
consistent with the observations here—except that the o
transition was not always observed. Also, we obtained so
of the original samples and, in the current experimental
paratus, found behavior similar to that reported here. Ho
ever, the upper transition was observed, in the 8.5 nm po
to be at only 260 K, which is lower than an extrapolation
our results could explain. Why this would be, is unclear
this time. The sample being 10 years old or an extreme s
sitivity of the higher transition to the details of the surfa
treatment are possible reasons. Hence, we do not think
the results here contradict the prior work, but build on it w
the observation of the second transition not obvious in
prior work for unknown reasons.

In addition, we sent samples of our material and the or
nal samples to Simon57 who kindly ran experiments on a
apparatus similar to that used here. Her results were the s
as those we obtained for the entire set of samples. We
note that Donth58 has observed the two transitions with
different type of DSC apparatus and for a different sm
molecule organic compound.

We also note that experiments using dielectric spectr
copy have reported shifts of theTg in porous glasses both
downwards8,10–16and upwards7,9,13,15relative to the bulk ma-
terial. In addition, some of the dielectric work ha
reported11–14 two relaxation processes in the liquid state
the porous glasses which is consistent with the observa
here of a lower and higherTg .

In our view, it is appropriate to assignTlo as the glass
transition temperature of a ‘‘core’’ liquid in the pore andThi
as the glass transition temperature of an interacting ‘‘s
face’’ layer. Here we are assuming that we have concen
tion homogeneity across the pores. Such a contention is
ported by the observation that the pureoTP exhibits both
transitions. We note also that theThi values are generally 30
to 40 °C higher thanTlo and approximately 30 °C above th
bulk glass transition temperature for all of the systems st
ied. In the concentration range in which we are working t
would imply a concentration difference of, perhaps 30%,
tween the core liquid and that constrained at the surf
based on the Gordon55 equation discussed above~see also
Fig. 3!. For the actualoTP/PS solution studied here, the di
ferences would need to be even greater. However, we h
no other direct evidence that there is not a partitioning of
polymer and solvent between the surface layer and the
liquid.

From a theoretical view, the two classical approaches
the glass transition event,59 the configurational entropy
model of Gibbs and DiMarzio60 and the general class of fre
volume models, might cause one to look for alternate exp
nations for the behavior in the confined liquid. If only th
entropy theory is considered, the decreases in entropy du
the confinement can be expected to result in an increas



PRB 61 6673SIZE AND CONFINEMENT EFFECTS ON THE GLASS . . .
TABLE IV. Parameters for upper and lower glass transition for PS/oTP and PS/oTP solutions in CPG’s.

Pore diameter
@nm# Mass fraction of PS Tlo @K#a,b Thi @K#a,b DCp, lo @J/g K# DCp,hi @J/g K#

Thickness of
interacitng layer

@nm#b,c

Volume fraction of
upperTg

material

11.6 ~CPG1! 0 (oTP) 235.4860.67 274.9261.46 0.40060.067 0.22360.050 1.1560.14 0.35760.040
0.047 (oTP/PS1) 235.7560.11 275.0060.62 0.37860.043 0.17460.050 0.9960.21 0.31260.070
0.092 (oTP/PS2) 235.5460.13 274.9161.34 0.41360.067 0.18260.050 0.9660.14 0.30360.040
0.128 (oTP/PS3) 236.1060.43 274.7561.89 0.35560.120 0.12060.679 0.7660.33 0.24260.099
0.164 (oTP/PS4) 237.1060.22 276.9361.36 0.31660.069 0.14160.050 0.9660.18 0.30260.051

25.5 ~CPG2! 0 (oTP) 236.0060.67 272.5060.78 0.42160.071 0.23860.042 2.5860.42 0.36260.052
0.047 (oTP/PS1) 236.5960.45 274.9660.92 0.42460.051 0.19360.031 2.1860.20 0.31260.026
0.092 (oTP/PS2) 236.6360.23 276.6961.19 0.42160.047 0.19560.023 2.2160.18 0.31760.023
0.128 (oTP/PS3) 237.2960.72 278.2360.81 0.36960.082 0.15260.034 2.0360.22 0.29260.029
0.164 (oTP/PS4) 238.1060.37 278.8760.80 0.43060.108 0.16960.044 1.9560.11 0.28260.015

47.9 ~CPG3! 0 (oTP) 239.0360.32 271.9861.72 0.41460.060 0.16260.052 3.5960.69 0.27760.048
0.047 (oTP/PS1) 239.1060.21 272.5461.06 0.46560.032 0.11360.022 2.4560.30 0.19460.022
0.092 (oTP/PS2) 239.4660.41 275.2161.09 0.46660.061 0.10360.035 2.1760.45 0.17360.034
0.128 (oTP/PS3) 241.4160.23 279.0361.49 0.43360.046 0.09660.022 2.2660.28 0.18060.021
0.164 (oTP/PS4) 242.9360.30 280.9061.11 0.48660.085 0.08360.031 1.7760.32 0.14260.025

` ~bulk! 0 (oTP) 244.8360.49 0.52460.025
0.047 (oTP/PS1) 245.4460.27 0.50260.007
0.092 (oTP/PS2) 246.4160.27 0.47260.033
0.128 (oTP/PS3) 247.9660.53 0.48160.021
0.164 (oTP/PS4) 249.4960.12 0.46360.021

aFictive temperature.
bMean of data6one standard deviation.
cThickness5d@12(12DCp,hi /DCp,tot)

1/2#/2, whered5pore diameter.
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Tg . On the other hand, both the entropy theory and the
volume models suggest that a decrease in density, due
hydrostatic tension, could cause the decrease inTg . Zhang
et al.5 suggested that a negative hydrostatic pressure indu
by the surface tension in a small cylindrical pore could
responsible for the observed downward shift inTg in a con-
fined geometry. In this case the negative hydrostatic pres
for a liquid in a cylindrical pore would be

DP52Ds/R, ~2!

whereDs is the surface tension of the liquid andR is the
pore radius. InoTP the surface tension61 is 20 mN/m and
dTg /dP50.26 °C/MPa.62 Then for the smallest pore diam
eter of 11.6 nm used in this study, the estimated decreas
Tg would be approximately 1.8 °C—which is obviously si
nificantly smaller than the 9.3 °C decrease seen here~see
Table IV!. In addition, Jackson and McKenna4 argued that
the fact that the materials seem to form plugs in the po
implies that Eq.~2! is not correct for liquids in the CPG’s
The other possible cause of a large hydrostatic tension w
be the differences in coefficient of thermal expansion
tween the CPG’s glass matrix and theoTP. An estimate4 of
the magnitude of the negative pressure change due to
coefficient of thermal expansion mismatch betweenoTP and
the CPG suggests that it is too small to account for the
served depression. We do note, however, that theTg depres-
sion observed sometimes in block copolymers has b
attributed35,38 to a negative hydrostatic tension. Clearly, t
e
a

ed
e

re

in

s

ld
-

he
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effect of confinement or size on theTg is not readily ex-
plained from current theories of the glass transition. In ad
tion, the multiple effects seen here and in other experime
seem to make simple explanations difficult.

The upper transition temperature was not reported in
prior3,4,5calorimetric experiments on glass-forming materia
in CPG’s. In the dynamic experiments~DE or NMR!, how-
ever, two relaxations have been observed in the confi
liquid aboveTg .6–14,16The higher temperature glass trans
tion observed in this DSC study may correspond to the
ditional dielectric loss peak («9) observed at lower
frequencies7–14,16or an additional slower reorientational co
relation time in 2H-NMR relaxation experiments.6 Most of
the results have been explained as interactions at the liq
solid interface, such as hydrogen bonding at the pore surf
The CPG’s originally have polar -OH groups on the gla
surface and these cause some H bonds with the imbibed
ecules. However, the existence of the additional loss pea
lower frequencies when the pore surfaces are treated, a
this study, suggests a simple interaction between the imb
solvent and the pore surface. In addition to the CPG syste
the effects of confinement and interface effects have b
examined in thin polymer films using various tools such
elipsometry,17,18,25 x-ray reflectivity,19,20 surface force
measurements,21–23 positron annihilation,26–28 etc., although
there seems not to be full agreement on the direction
which theTg changes. Some of these results also sugges
additional glass transition due to an interacting layer. F
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example, DeMaggioet al.28 suggested a three-layer mod
consisting of an interface layer contacting the solid subst
~solidlike!, a surface layer contacting either air or vacuu
~liquidlike!, and bulk layer between both surface layers. T
thickness of each layer would vary according to the stren
of the interaction at the interface layer.

In addition, the glass transition behavior of the amorpho
phase in semicrystalline polymers under various crystall
tion conditions seems to indicate that confinement betw
crystalline lamellae29,32,33 increases theTg . Similar effects
have been seen in nanocomposites reinforced with exfoli
clays.29 Finally, in block copolymers the glass transition h
been reported to both decrease and increase. The depre
has been attributed to both compositional effects34 as well as
to a negative hydrostatic pressure35,38 induced by the coeffi-
cient of thermal expansion mismatch between the blocks

For the results reported in this study, we suggest tha
two-layer model may provide some explanation of the ad
tional, higher temperature, glass transition that we obser
We postulate the existence of two layers: a ‘‘core’’ soluti
and a ‘‘surface’’ or interface layer that is constrained. R
calling Fig. 6, Thi of pure oTP increased with decreasin
pore size~increasing 1/d). This is similar to the behavior o
the additional loss peak in the H-bonded glass forming m
terial in a CPG. The result was explained as an H-bond
interaction within the pore. The probability of an interactio
would be proportional to the pore surface/pore volume ra
Forrestet al.25 have discussed the existence of a restric
layer, which they expected to be equal to the end-to-
distance of the polymer even in the hard neutral wall o
pore. We believe that there is some restriction by the
lanized CPG pore surface, although it should be weaker t
the H-bonding interaction.

The Thi of the more highly concentratedoTP/PS solution
decreased with decreasing pore size. In this case it ma
that the PS chains in the ‘‘core’’ solution affect the motion
theoTP/PS solution constrained by the pore surface. The
chain in the ‘‘core’’ solution is unconstrained and can mo
easily. As a result, it can change the relaxation behavio
theoTP/PS solution on the pore surface because the PS
ecule is large enough to span the two layers. The span
PS chains cause theoTP/PS solution on the pore surface
move more easily~plasticize the surface layer!. Therefore,
the pore size dependence of theoTP/PS solution of the in-
terface layer becomes closer to that of the ‘‘core’’ solutio
This phenomenon was not seen in the pureoTP because its
molecular size is too small to span the two layers. Furt
work using other molecular weight solutions may help e
cidate this point.

As part of our consideration of the two-layer model, w
estimated the thickness of the interacting layer in the por
a way similar to that of Gorbatchowet al.13 who estimated it
from the dielectric strength of the two relaxation modes. W
assumed that the heat capacity changes at the glass tran
of each phase were proportional to the number of molec
participating in the relevant transition process. Assumin
cylindrical pore shape the thickness of the interacting la
on the pore surfacer s could be estimated from the ratio o
the DCp’s for the low-temperature and high-temperatu
transitions.@The method to estimate the values ofDCp for
each is illustrated in Fig. 5~a!#. In Table IV the surface or
te
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interacting layer thicknesses for each system are tabula
The thickness of the surface layer is compared with the p
radius for the different CPG’s and PS concentrations in F
8. There are several things to notice from these data. F
for each pore diameter the thickest layer is for the pureoTP.
Second, the layer thickness declines as the concentratio
creases except for the smallest pore diameter in which
solution layer thicknesses seem essentially constant. Th
for the solutions the interacting layers seem to have appr
mately the same thickness in the 47.9 and 25.5 nm po
~2–2.5 nm!, while in the smallest pores, the surface laye
seem to be much thinner~'1 nm!. It is unclear why the
surface layers would exhibit such behavior. In additio
based on the observation in the above paragraphs whe
was argued that the PS chains ought to be able to span
layers, why the smallest pores would have the thinnest lay
becomes surprising. Obviously further study is required
fully understand the behaviors described here.

As an additional note, we point out that computer sim
lations of polymer melts suggest63,64 that the material at the
surface aligns with the surface and that the diffusion coe
cients parallel and perpendicular to the wall differ. Wheth
these results are general or limited to polymers remains to
investigated.

As another consideration, we have calculated the volu
fraction ~actually thermal signal fraction! of the two types of
material~that corresponding to the upper transition and t
corresponding to the lower transition! and the results for the
upperTg material are also depicted in Table IV. As seen, t
volume fraction is approximately constant at about 0.3
the two smaller pore sizes and much smaller for the larg
pore size. Also, from this perspective, theoTP alone has a
volume fraction in each layer that is relatively independe
of the pore diameter. Here one need only recognize the
istence of two types of material without regard to where th
are located. A sort of phase-separated heterogeneity se
possible, but that would make little sense in light of the fa
that theoTP alone also shows both transitions. From o
view, the two-layer model seems reasonable.

Finally, we consider one other aspect of the confinem

FIG. 8. Comparison of the interacting-layer thickness with po
radius for each CPG and for the variousoTP/PS solutions.
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problem. It is well known that the glass transition tempe
ture is path dependent.59,65,66Therefore, one might ask wha
is the path being followed in the CPG and how does it co
pare with the path of glass formation in other experimen
such as thin films. In some experiments that are relevan
this discussion, Colucciet al.67 showed the behavior of a
polymeric glass forming material in both isobaric glass f
mation conditions and in isochoric~constant volume! glass
formation conditions. While the glass formation points we
the same in pressure, volume, temperature space for the
cooling rates, the isochorically formed glasses had hig
densities than the isobarically formed glasses with the s
formation points. The CPG formed glasses might be iso
oric glasses. What happens as one heats the glass towar
liquid state, which becomes a one atmosphere liquid, is
clear. A hint of the possible ‘‘anomalous’’ sort of behavi
one might see is provided by the work of Angell and Qing68

in which oTP was studied in nearly isochoric conditions
obtain cavitation. There, the apparent volume-tempera
behavior upon reheating would suggest that the coefficie
of thermal expansion for the glass formed under a nega
hydrostatic pressure was dramatically less than that obta
for the glass formed at one atmosphere.~The reader is re-
ferred to Ref. 68 for details.! Yet, the Colucciet al.67 work
showed that the coefficient of thermal expansion, upon co
ing, the isochoric glass was significantly greater than for
isobaric glass. Furthermore, in thin films, the path for vit
fication is very complicated because the materials are
coated and go through the glass transition as the conce
tion of the solution changes—a change that may involve s
eral percent in volume. If one looks at Ferry69 the concentra-
tion dependence ofTg of polystyrene in toluene would resu
in the Tg being near room temperature~where much spin
coating occurs! at approximately 15% by mass of toluen
Because the films are constrained during glass format
these large volume changes become anisotropic~confined to
the film thickness! or give rise to residual stresses that m
be built into the system. The path to devitrification may
very difficult to understand in such materials and subtle d
ferences in preparation and annealing methods between
ratories may explain differences in some of the observatio
o
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SUMMARY AND CONCLUSIONS

The behavior of the glass forming liquidsortho-terphenyl
andortho-terphenyl/polystyrene solutions in nanometer sc
pores has been investigated using differential scanning c
rimetry. The results from this investigation are calorimet
evidence for two glass transitions in the CPG geometry
measurements on polymer solutions. The lower transit
temperatureTlo decreased as pore size decreased, which
consistent with previous results. The higher transition te
peratureThi for the more highly concentratedoTP/PS solu-
tions decreased with decreasing pore size, whereas it
creased for the pureoTP and went through a maximum fo
the less concentrated solutions. Based on the observatio
the two glass transitions, we have proposed a two-la
model having a ‘‘core’’ liquid in the center of the pore su
rounded by an interacting layer at the pore surface. The
teracting layer seems to exist even in the non-H-bond
material studied here. Examination of the results within
two-layer model suggests that the PS chains in the ‘‘co
solution change the behavior ofoTP/PS solution at the pore
surface by spanning the two layers. In the pureoTP, it ap-
pears that the molecule is too small to span both layers.
have also estimated the surface layer thickness,r s , from the
ratio of heat capacity changes atTlo and Thi . The thinnest
layers seemed to occur in the smallest pore diameter~11.6
nm!. It is unclear why such behavior would occur.

Finally, without fuller theoretical models of the glass tra
sition, the body of results described here and those obta
by other researchers in nanoscale and confined geome
remain a challenge to full understanding.
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