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Polystyrene (PSp-terphenyl ©TP) 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 transition3 4 in all thermograms for materials confined in the controlled pore glasses. One was at a lower
temperature than the bulk stag 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. AltlediRjandoTP/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.

INTRODUCTION indicate that different measurements on similar systems
might give different results. In some instances the changing
It is expected that the apparent thermodynamic responsgy may also be affected by compositional variatiéhhe
of a material may depend on the surrounding environment al&ck of a common theory to explain the glass transition itself
well as on the nature of the material itself. In particular, if we makes it more difficult to explain size or confinement effects
consider size or constraint as environments, there has be@h it. For the thin film studies a recent review by Jones and
much study of the effects of environment on both first angForrest” describes the current state of understanding. We
second order transitions. While the classic Gibbs-Thompso@!SC add that at a symposium held at the American Physical
relation describes the effect of size and surface energy on tHeOCiety Centenni&f meeting in Atlanta, GA, there were re-
first order melting transitiofsee, e.g., Refs. 133he impact PO from most of the major groups working in this area.

of size and constraint on the glass transition, which is ofter;rhe reported results and discussions held outside of the

treated as a second order transition, is still controversial. meeting suggest a level of disagreement similar to that de-

's rduh ' scribed in the above paragraphs. Our interpretation of the
Sgbseq_uent to Jacksop gpd McKennas ' .the f'rst state of the field is that the different schools of thought do
calorimetric study of the vitrification of glass forming liquids

. . not fully agree on the observed phenomenology or its inter-
in controlled pore glassé€PG’9, a large number of studies pretatioyn g P 9y

have been performed of the glass transition behavior and the 1.5 article presents the first results from an ongoing
liquid dynamics of glass forming materials in confining ge- gy,qy to use calorimetric methods to investigate the change
ometries. Confinement has been studied Dby severgf the glass transition behavior in confined geometries for
approaches—both the methods of confinement and the metplymer solutions having different concentrations. Here we
ods used to probe confinement effects are diverse. Confineeport results related to the effect of size or confinement on
ment has been obtained by imbibing liquids into CPG’s orthe glass transition af-terphenyl/polystyrenedTP/PS) so-
sol-gel pore glassés’ ' The current study falls into this |utions by examining their behavior in controlled pore
class. In addition, constraints have been obtained by spiglasses. The results are compared with thoseTd? alone.
coating thin films onto substraté§;?®cross-linking polymer  To our knowledge, there are no other reports of the calori-
networks and swelling them with solvents or polymet§?®  metric response of polymer solutions in CPG's, although the
creating microemulsions of glass forming materidi§itak-  dynamical response above the glass transition has been ex-
ing the natural constraints arising in the amorphous regiommined using dielectric spectroscofiyE).'*

between  crystalline lamellae in  semicrystalline

polymers2?®3233or by mixing polymers with rigid nanometer

size additive$® Block copolymers having nanometer sized EXPERIMENTAL
domains have also been reported to show changes in the )
glass transitioi*~#°In the bulk of these studies it was con- Materials

cluded that the confining geometry or reduced size shifts the The CPG’s used in this study were supplied by Dr. Wolf-
Ty by an amountA T, with respect to the bulk value. Con- gang Haller of the National Institute of Standards and Tech-
fusion in the understanding of constraint and size effects exaology (NIST).**#4The CPG’s come in the form of a white
ists, however, because the sign and magnitude of the glassid free-flowing powder of 120/200 mesh si@15-0.17
transition temperature changkT, seems to be material, mm). The mean diameter of the glass beads was obtained
confinement and size specific. In addition, the studies alsfrom optical microscopy. The mean pore diameter, the range
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TABLE I. Controlled pore glass propertiéRef. 44.

PRB 61

Pore Beads
diameter Pore dist? Pore vol. Surface aréa diametef?
[nm] [%] [cm’/g] [m?g] [mm]
CPG1 11.6 8.6 0.78 155 0.17%.043
CPG2 25.5 3.7 0.96 95.5 0.17®.041
CPG3 47.9 4.3 1.26 59.5 0.15D.033

890% of the pore diameters are within this range.
®Determined by the nitrogen adsorption metB8ET equatioi.
‘Determined by optical spectroscopy.

®Mean of data-one standard deviation.

of diameters that describes 90% of the pores, and the poreConsiderations of solvent quality and diffusion into the pores
volume for each CPG were determined by mercury intrusion.

The values as reported by Haftéfor the glasses used here erties of PS i TP, although a few studies rep@TP to be

are given in Table I. . -
We derivatized the surfaces of the CPG’s with hexamethfr’1 good solvent for PS. These studfes provide no quanti

yldisilazane to convert the surface hydroxyl groups to trim-tat've estimate, however, of the solvent quality. We chose

ethylsilyl groups. The procedure followed has been deOTP as the solvent for PS because it was used in the prior

scribed previously. This treatment makes the glass surfaceStudy Py Jackson and McKenfits glass transition tempera-
more hydrophobic and promotes wetting by organic quuids.ture is within thg range of.our experimental apparatus and it
Each CPG was first cleaned with chloroform for 24 h. Thehas an appropriate solubility parameter as a good solvent for
chloroform was decanted off and the CPG was dried thorthe PS[dorp=18.08< 10° (3/n7)°%].*® This value allowed
oughly in a vacuum oven at 100 °C. The hexamethyldisilaus to estimate the basic properties of P®WP.* The esti-
zane was then added to cover the glass beads, stirred withneated solution properties from the solubility parameter are
spatula to release trapped air bubbles, and heated at 55 °C flisted in Table Ill. For the parameters in the Mark-Houwink-
24 h. Following this treatment, the reagent was decanted offakuraddMHS) equationa is 0.703. This indicates thaflP
and the CPG was rinsed well with chloroform and dried thor-is a good solvent for PS.
oughly in a vacuum oven. The CPG was stored in a desicca- In establishing the experimental procedures, it was
tor when not in use. thought to be necessary to determine the time required to
The o-terphenyl (1,2-diphenylbenzene(oTP) was ob- “soak” the CPG'’s in the polymer solutions for long enough
tained from Aldrich Chemical Co(99% purityy and used that they equilibrate in the pores, i.e., for the PS chains to
without further purification. The polystyren®9 (manufac-  fully diffuse into the CPG's. First, the diffusivity as a func-
turer supplied values foM,=100000gmol* and PDI tion of molecular weight was estimated for the dilute solu-
=1.05) was obtained from PS&ermany and used without tion limit. It is, then, straightforward to get the diffusivity for
further purification. Each amount of PS was dissolved inthe PS chain in the semi-dilute regime. To estimate the dif-
oTP at 80 °C for 48 h. The concentration window was higherfusivity into the pores in the semidilute regime, we followed
than the overlap concentration().*® For the PS used here, the work of Karasz and co-worket$>! Taking the concen-
c* was calculated to be 0.0506 g/tsee Table ). The PS tration dependence of the diffusivity of PS in 2-fluorotoluene
concentrations used in this study ranged frofmto 4c* and  for each molecular weight and the pore diameter dependence
are given in Table II. of diffusivity of the semidilute solution in the por®() we

We could not find quantitative data for the solution prop-

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

Concentration D4[ X102 m?s](ty,[h])
of PS
(mass fractioh c [g/cnT] clc*? CPG1 CPG2 CPG3
oTP/PS1 0.0468 0.0506 1.0 2.203 2.287 3.043
(0.95 (0.87 (0.35
oTP/PS2 0.0923 0.1012 2.0 2.920 3.032 4.033
(0.71 (0.66 (0.27)
oTP/PS3 0.1282 0.1518 3.0 3.443 3.575 4.755
(0.6 (0.5 (0.27)
0TP/PS4 0.1640 0.2024 4.0 3.871 4.018 5.344
(0.59 (0.50 (0.20

%* =M, /[Na(2Y2Rg)*]=0.0506 g/c (Ref. 45, whereM ,: Peak of molecular weight distributiol :
Avogadro’s numberRg : Radius of gyration.
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TABLE IlI. Solution properties oo TP/PS solution. 380 . ; — .

Solution property Equation %0 §

Intrinsic Viscosity[cm?/g] [ 7]=0.0126M0-703 Moy i

Radius of Gyratiofnm] Ry=0.0151M9°67 _ st i
Diffusion Coefficient atc— 0 [cn?/s] Do=0.2631x 10~* M ~0-5677 <

2 300r _
® -200 °C/min
; . ; ; qéi 20 ¢ 10 °C/mi

estimated the ultimate timg, for the polymer solutions to k3 min
enter into the pores from Eq1).*® After the ultimate time, 260 | 1
the average concentration in the pore diameter is expected to 200 | ]
be constant. The parametéin Eqg. (1) is the diameter of the
CPG particles. 220 - i

_ ® 200 : b 1 '

¢ (0) ) n? 0 10 20 30 40 50 60

o —1+2Anzl (—1)"Spexp —| 5| Dit], Time [mir]
where FIG. 1. Diagram of the thermal program followed in DSC mea-
surements of the samples.
nx sinx . . ) _
S,= ” dx. (1) min to stabilize the machine and heated to 90 °C with 10 °C/
0

min heating rate. The heating programs used for the DSC
study and the heat treatment are illustrated in Fig. 1. Before
are given in Table II. In our preparation of samples, theand after the DSC experiments the samples were reweighed

CPG'’s were soaked in the solutions for times much greatel® ensure that the pans were sealed properly. No weight-loss

thant, . However, we note that in actual practice thgP  Vas detected.

and theoTP/PS solutions seemed to be drawn into the pores We remark that during slow coaling of the solyen_t with-
through capillary action rather than by simple diffusion. out the presence of the CPG there was a crystallization trace
that could have an effect on the glassy properties. There was

) no crystallization trace in the 200 °C/min quenchedP.
Calorimetry The results reported here are for experiments conducted by
The Perkin-Elmer DSC7 used in this study was equippedheating at 10 °C/min following the 200 °C/min quen¢iihe

with an intercooler system to operate fron60 °C. The in- cooling rate in these experiments was chosen to be 200 °C/
strument was calibrated using an indium standard at a heamin, which is significantly faster than the rate used in the
ing rate of 10°C. The oven in the instrument was purgedlackson and McKenr4 studies. This is because the pure
with helium gas and the exterior enclosure of the machin@TP used here crystallized in the slow cooling experiments.
was purged with dried air. The sample pans used in thisn a set of studies with the polymer solutions and with ma-
study were large volume, stainless-steel péderkin-Elmer terial in the pores where crystallization did not occur, we
No. 0319-9128 We did not use aro-ring for sealing the found that the effect of cooling rate was small and did not
pans because it caused a spurious signal in the temperatuteamatically impact the results reported heile used the
range of interest here. Preparation of samples proceeded lfigtive temperatureTl; as theT in all measurement®. T,
first adding to each sample pan approximately 10 mg of CP@®vas calculated using the integration method to obtain the
and an amount of theTP/PS mixture comparable with the enthalpy as a function of temperatifeWe usedT; as the
pore volume of the CPG. All CPG/solution mixtures con- T4 because it provides a consistent estimate of the relevant
tained in the sample pans were stored in an oven at 80 °Glassy state formed upon cooling that is relatively insensitive
+0.2°C to let them have a sufficient time to diffuse theto the enthalpy relaxation process that occurs during the
solution into the inside of the CPG pof(see previous sec- heating step. The reader is referred to Refs. 53 and 54 for
tion). [The oTP/PS mixture had been rapidly quenched intodiscussion of the errors involved in DSC measurements of
dry ice and retained a solid form at room temperature suclthe glass transition temperature and the fictive temperature.
that we could break the material into a powder form. This

The in-pore diffusivity and ultimate time for each solution

was easier to work with than the material in the form of a RESULTS
solution. When the material was heated to 80°C it was a
liquid and could diffuse intdor be pulled intd the CPG] Figure 2 shows the DSC thermograms fofP and

We ran DSC scans for each silanized CPG alone to assu@lP/PS solutions in the bulk state. The glass transition can
that the pore glasses themselves did not have an appreciatfie seen to shift weakly to higher temperatures with increas-
thermal signal within the temperature range of our experiing concentration of PS. Figure 3 shows the change of glass
ments. transition temperature of theTP/PS solutions as a function
To measure the glass transition response, samples weoé PS concentration. The increaseTipis less than expected
maintained at 90 °C for 30 min to erase any prior thermalfrom the Gordon equation for the composition dependence of
history. Samples were then quenched-00 °C at a nominal the glass transition temperature in polymer-diluent
200 °C/min cooling rate. And they were kept-a60 °C for 5 systems? (This weak dependence ©f, on the concentration
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FIG. 2. DSC thermograms @fTP andoTP/PS solutions inthe k1. 4. DSC thermograms for theTP/PS1 solution in CPG1
bulk state during 10 °C/min heating ramp following a 200 °C/min (11 g nm pore diameteat various degrees of pore fillingatio of
quench. The fictive temperaturg;, was determined as a tempera- o solution volume to pore volume in the DSC paaring 10 °C/
ture at which the area of A is same as the sum of B and C. min heating ramp following a 200 °C/min quench. DSC thermo-

gram foroTP/PS1 solution in the bulk state is shown at the bottom
of PS in this concentration range makes ¢ffé®/PS system a of the figure for reference.
good one for the current study because it decreases errors
induced by possible uncertainties in the concentration of théent with the prior results of Jackson and McKerrfdn the
solution within the CP& The previous work of Jackson and case of the solution overfilled to 4.14 times the pore volume,
McKennd indicated that crystallizing liquids form plugs the T of the bulk solution becomes apparent as well. Inter-
rather than wetting the interior surface of the CPG. The for-estingly, the DSC thermograms for tb&P oroTP/PS solu-
mation of a plug minimizes the contact of the liquid with the tions confined in the pore show what appear to be two glass
glass surface, suggesting poor wetting characteristics, a highansitions. One is at a higher temperature than the bulk state
contact angle of the liquid with the interior pore surface andT, and the other is at a lower temperature. These are dis-
relatively flat menisci for the liquid-vapor interfaces. The cussed in detail subsequently.
DSC thermograms foo TP/PS1(0.046 mass fractionsolu- The DSC thermograms for the puodP and theoTP/PS
tion in the CPG1 §=11.6 nm) at pore fillings of 0.45, 1.00, solutions in each of the three pore sizes are compared with
and 4.14(ratio of total solution volume to pore volume in the those in the bulk materials in Fig. 5. All thermograms for the
DSC pan are shown in Fig. 4. The behavior of the bulk materials in the pore have an additional transition at a tem-
solution is shown at the bottom of the figure for reference perature higher than thg, of the bulk material. Figure (8)
The expected pore volume for CPG1 is 0.78%qiTable . depicts the fictive temperature construction used to estimate
The T4 in the pore is found to be independent of the degreahe values for the upper and lower transition temperatures
of pore filling, indicating that the solution forms plugs rather from the thermograms. We also note that some of the ther-
than wetting the interior surfaces of the CPG. This is consismograms exhibit a hump between the two major transitions
and we ascribe this to an excess of material that is outside of

280 T . ' T - the pores and, therefore, exhibits bulk behavior.
: o T, (=T,) ] In earlier work, it was notetithat from Kauzmann’s
------ Gordon's eq. notation®® the ratio of Ty and T, is often near; for many

glass-forming liquids. This suggests that the glass and melt-
ing transitions reflect a common tendency toward order, even
if the transitions do not belong to the same class, and that the
transition temperatures might vary similarly. The Gibbs-
260 - g Thomson equation predicts that the melting point depression
in confined geometries varies as the inverse of the pore di-
ameter. This suggests that it is reasonable to plot the ob-
served transition temperatures against inverse pore diameter

70 | e

Temperature [K]

250 |- e - S .
o and we present our data in this fashion.
v @ ® ] The effect of pore size on the valuég and Ty, for oTP
¢ andoTP/PS solutions is shown in Figs. 6 and 7. As seen in
240 : 1'0 : 2'0 : o Fig. 6, theAT,, (as[T4(1/d) —Ty()1/T4()) of oTP and
W% of PS the oTP/PS solutions decreases with decreasing pore diam-

eter(increasing d). [Ty() is the T, of the bulk-state ma-
FIG. 3. Concentration effect on the glass transiign(Fictive  terial.] The shift of T\, in the CPG from the bulk state in-
temperaturél’;), of oTP/PS solutionsd* = overlap concentration ~ creases as the PS concentration increases. We also note that
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FIG. 5. DSC thermograms fdia) oTP, (b) oTP/PS1,(c) oTP/PS2,(d) oTP/PS3, ande) oTP/PS4 during 10 °C/min heating ramp
following a 200 °C/min quench.

the change T, is dramatic when one goes from the bulk to centration solutions show a maximum T; at 1d~0.04.

the largest pored=47.9nm; 14=0.021nm?Y). Then the The more highly concentrated solutions show monotonic de-

rate of change of |, vs 1M begins to slow. The differences creases ifTy; as 14 increases.

between the two smallest pore sizes are only of the order of Finally, if one examines the thermograrsigs. 5a)—

1.5°C or lesqsee Table IV. 5(e)], it can be seen that the values for the total change in the
The change ofy,; vs 14 for the oTP and low concentra- heat capacityAC, are approximately the same as for the

tion solutions shows a different behavior from that of thebulk material(0.52 J/gK. This allows the decomposition of

highly concentrated solutions. For the pw@&P there is a the heat capacity change into contributions from Theand

monotonic increase i, as 14 increases and the low con- T, transitions. This is considered in the Discussion section.
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— amination of the original Jackson and McKenna notebooks
we found that there was evidence of a second transition of

0 gli,’,m | only slightly lower magnitude than that reported here. How-

& oTP/PS2 ever, in some experiments the transition did not appear and

v oTP/PS3 . .

& oTPiPS4 in others it may have been present, but obscured by the onset
< -0.01 -

of crystallization. We also note that in prior studfgsthe
reported values oAC,, while nearly invariant with pore
diameter, and showing a relatively large uncertainty, were
somewhat lower than the value for bldRP. This would be
. consistent with the observations here—except that the other
transition was not always observed. Also, we obtained some
of the original samples and, in the current experimental ap-
paratus, found behavior similar to that reported here. How-
P T ever, the upper transition was observed, in the 8.5 nm pores,
" 0.00 0.02 004 006 0.08 0.10 to be at only 260 K, which is lower than an extrapolation of
1/ Pore diameter [nm’"] our results could explain. Why this would be, is unclear at
this time. The sample being 10 years old or an extreme sen-
FIG. 6. [Tq(1/d)—Tg(0)1/Ty() versus 1d for oTP and sijtivity of the higher transition to the details of the surface
0TP/PS solutions for the lower glass transitiph/d refers to the  reatment are possible reasons. Hence, we do not think that
material in the pore and refers to the bulk materil the results here contradict the prior work, but build on it with
the observation of the second transition not obvious in the
prior work for unknown reasons.

In the above we have described the calorimetric behavior In addition, we sent samples of our material and the origi-
of ortho-terphenyl/polystyrene solutions in nanometer scald@al samples to Siméf who kindly ran experiments on an
pores. The major event seen is the downward shift of a lowegPparatus similar to that used here. Her results were the same
glass transition with decreasing pore size and the existends those we obtained for the entire set of samples. We also
of an additional glass transition at temperatures higher thaRote that Dontff has observed the two transitions with a
the bulk T, in bothoTP in the absence of PS and all of the different type of DSC apparatus and for a different small
oTP/PS solutions investigated. The results are summarize@olecule organic compound.
in Table IV. The reduction of the glass transition of theP We also note that experiments using dielectric spectros-
relative to the bulk material is consistent with what was ob-copy have reported shifts of thE, in porous glasses both
served previously using DSC by Jackson and McKéfifiar ~ downward&°-*and upwards®***°relative to the bulk ma-
oTP and benzyl alcohol and by Jonas and co-worier a  terial. In addition, some of the dielectric work has
series of small molecule glass formers. The presence of eeported’ 1% two relaxation processes in the liquid state in
second transition at a higher temperature, however, was ntite porous glasses which is consistent with the observation
reported in those studies and the reasons for this are currenthere of a lower and highe€f, .
unclear. One possibility is the use of a different calorimeter In our view, it is appropriate to assigh, as the glass
in this study and another is that tb@P used in this study is transition temperature of a “core” liquid in the pore aifg|
99% pure and not the high purity material used by Jacksoms the glass transition temperature of an interacting “sur-
and McKenna. This, however, would not explain the lack offace” layer. Here we are assuming that we have concentra-
a second transition in the other solvent systems. Upon reexion homogeneity across the pores. Such a contention is sup-

ported by the observation that the pw&P exhibits both

9

-0.02

[T, (1) - T )/ T, ()

DISCUSSION

284 — T T transitions. We note also that tfg; values are generally 30
i o ofP T to 40 °C higher tharT |, and approximately 30 °C above the
282 N gmg:; . bulk glass transition temperature for all of the systems stud-
e, v ofPPsa| 1 ied. In the concentration range in which we are working this
280 - R © oTP/PS4 | 1 would imply a concentration difference of, perhaps 30%, be-
g 3 1 tween the core liquid and that constrained at the surface
278

7 based on the Gorddnequation discussed aboysee also

] Fig. 3. For the actuabTP/PS solution studied here, the dif-

7 ferences would need to be even greater. However, we have

T no other direct evidence that there is not a partitioning of the
] polymer and solvent between the surface layer and the core

i e 1 liquid.

276 -

Temperature [K]

274

272 - o T From a theoretical view, the two classical approaches to
I 1 the glass transition evert, the configurational entropy
270 1 i L I " 1 . | : . -
0.00 0.02 0.04 0.06 008 0.10 model of Gibbs and DiMarzf8 and the general class of free

volume models, might cause one to look for alternate expla-

nations for the behavior in the confined liquid. If only the
FIG. 7. Higher glass transition temperatdrg, versus inverse entropy theory is considered, the decreases in entropy due to

pore diameter fooTP andoTP/PS solutions in the CPG. the confinement can be expected to result in an increase in

1/ Pore Diameter [nm™ ]
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TABLE IV. Parameters for upper and lower glass transition fordd® and PS8TP solutions in CPG'’s.

Thickness of Volume fraction of

Pore diameter interacitng layer upperTg
[nm] Mass fraction of PS T[Klab — Tu[KI*® AC,,[JgK] AC,[IgK] [nm]Pe material
11.6 (CPG)) 0 (oTP) 235.48-0.67 274.9221.46 0.400-0.067 0.2230.050 1.150.14 0.3570.040
0.047 @TP/PS1) 235.750.11 275.06:0.62 0.3780.043 0.1740.050 0.99-0.21 0.312:0.070
0.092 TP/PS2) 235.540.13 274.9%1.34 0.4130.067 0.182-0.050 0.96:0.14 0.303:0.040
0.128 TP/PS3) 236.180.43 274.7%1.89 0.355:0.120 0.126:0.679 0.76:0.33 0.242-0.099
0.164 @TP/PS4) 237.180.22 276.931.36 0.316:0.069 0.1410.050 0.96:0.18 0.302:0.051
25.5(CPG2 0 (oTP) 236.00:0.67 272.5@:0.78 0.4210.071 0.238&0.042 2.580.42 0.362:0.052
0.047 @TP/PS1) 236.580.45 274.96:0.92 0.424-0.051 0.19%0.031 2.180.20 0.312:0.026
0.092 TP/PS2) 236.630.23 276.6%1.19 0.421%0.047 0.1950.023 2.210.18 0.3170.023
0.128 TP/PS3) 237.280.72 278.230.81 0.36%0.082 0.152-0.034 2.03-0.22 0.292-0.029
0.164 @TP/PS4) 238.180.37 278.87%0.80 0.43-0.108 0.169-0.044 1.950.11 0.282-0.015
47.9(CPG3 0 (oTP) 239.03:0.32 271.981.72 0.414:0.060 0.162-0.052 3.5%0.69 0.277-0.048
0.047 @TP/PS1) 239.180.21 272.541.06 0.465:0.032 0.11%0.022 2.45-0.30 0.194-0.022
0.092 @TP/PS2) 239.460.41 275.2%1.09 0.466:0.061 0.10%0.035 2.17-0.45 0.1730.034
0.128 @TP/PS3) 241.410.23 279.031.49 0.433%0.046 0.096:0.022 2.26:0.28 0.18@:0.021
0.164 @TP/PS4) 242.930.30 280.9&:1.11 0.486:0.085 0.08%0.031 1.7%0.32 0.142-0.025
o (bulk) 0 (oTP) 244.830.49 0.524-0.025
0.047 @TP/PS1) 245.440.27 0.502-0.007
0.092 @TP/PS2) 246.4%£0.27 0.472-0.033
0.128 @TP/PS3) 247.960.53 0.4810.021
0.164 OTP/PS4) 249.490.12 0.4630.021

8Fictive temperature.
®Mean of data*one standard deviation.
°Thickness=d[1—(1—AC, »i/AC, 0" ?]/2, whered=pore diameter.

T4. On the other hand, both the entropy theory and the freeffect of confinement or size on thg, is not readily ex-
volume models suggest that a decrease in density, due topained from current theories of the glass transition. In addi-
hydrostatlc tension, could cause the decreasgginZhang tion, the multiple effects seen here and in other experiments
et al® suggested that a negative hydrostatic pressure inducegtem to make simple explanations difficult.

by the surface tension in a small cylindrical pore could be The upper transition temperature was not reported in the
responsible for the observed downward shifffiiin a con-  prior®*° calorimetric experiments on glass-forming materials
fined geometry. In this case the negative hydrostatic pressuig CPG's. In the dynamic experiment®E or NMR), how-

for a liquid in a cylindrical pore would be ever, two relaxations have been observed in the confined
liquid aboveT,.®"**'®The higher temperature glass transi-
tion observed in this DSC study may correspond to the ad-
ditional dielectric loss peak (') observed at lower
pore radius. InoTP the surface tensihis 20 mN/m and  frequencie ***®or an additional slower reorientational cor-
dT,/dP=0.26 °C/MPa®* Then for the smallest pore diam- relation time in?H-NMR relaxation experimenfsMost of

eter of 11.6 nm used in this study, the estimated decrease the results have been explained as interactions at the liquid-
T4 would be approximately 1.8 °C—which is obviously sig- solid interface, such as hydrogen bonding at the pore surface.
nrfrcantly smaller than the 9.3°C decrease seen lisee The CPG's originally have polar -OH groups on the glass
Table 1V). In addition, Jackson and McKerthargued that surface and these cause some H bonds with the imbibed mol-
the fact that the materials seem to form plugs in the poregcules. However, the existence of the additional loss peak at
implies that Eq.(2) is not correct for liquids in the CPG’s. lower frequencies when the pore surfaces are treated, as in
The other possible cause of a large hydrostatic tension woulthis study, suggests a simple interaction between the imbibed
be the differences in coefficient of thermal expansion besolvent and the pore surface. In addition to the CPG systems,
tween the CPG'’s glass matrix and th&P. An estimatéof  the effects of confinement and interface effects have been
the magnitude of the negative pressure change due to trexamined in thin polymer films using various tools such as
coefficient of thermal expansion mismatch betwed® and  elipsometry:’1825 x-ray reflectivity!®?° surface force

the CPG suggests that it is too small to account for the obmeasurements;~2% positron annihilatiorf®~?2 etc., although
served depression. We do note, however, thaflthdepres- there seems not to be full agreement on the direction in
sion observed sometimes in block copolymers has beewhich theT, changes. Some of these results also suggest an
attributed®*® to a negative hydrostatic tension. Clearly, the additional glass transition due to an interacting layer. For

AP=-A0/R, (2

where Ao is the surface tension of the liquid aflis the
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example, DeMaggicet al?® suggested a three-layer model 30 - ' ; '

consisting of an interface layer contacting the solid substrate ‘; ggmm

(solidlike), a surface layer contacting either air or vacuum & oTPIPS2 cPG3
(liquidlike), and bulk layer between both surface layers. The ° gmﬁgi i
thickness of each layer would vary according to the strength 20 |- | =3 Pore Radius |

of the interaction at the interface layer.

In addition, the glass transition behavior of the amorphous
phase in semicrystalline polymers under various crystalliza-
tion conditions seems to indicate that confinement between
crystalline lamella®***increases thdy. Similar effects 10k -
have been seen in nanocomposites reinforced with exfoliated cPGt

clays?® Finally, in block copolymers the glass transition has | u

CPG2

Thickness [nm]

been reported to both decrease and increase. The depression

has been attributed to both compositional efféas well as

to a negative hydrostatic pressti& induced by the coeffi- 0
cient of thermal expansion mismatch between the blocks.

For the results reported in this study, we suggest that a
two-layer model may provide some explanation of the addi- FIG. 8. Comparison of the interacting-layer thickness with pore
tional, higher temperature, glass transition that we observedadius for each CPG and for the varicoP/PS solutions.

We postulate the existence of two layers: a “core” solution

and a “surface” or interface layer that is constrained. Re-

calling Fig. 6, Ty of pure oTP increased with decreasing interacting layer thicknesses for each system are tabulated.
pore size(increasing Id). This is similar to the behavior of The thickness of the surface layer is compared with the pore
the additional loss peak in the H-bonded glass forming maradius for the different CPG’s and PS concentrations in Fig.
terial in a CPG. The result was explained as an H-bondin@. There are several things to notice from these data. First,
interaction within the pore. The probability of an interaction for each pore diameter the thickest layer is for the mi¥e.
would be proportional to the pore surface/pore volume ratioSecond, the layer thickness declines as the concentration in-
Forrestet al?> have discussed the existence of a restrictectreases except for the smallest pore diameter in which the
layer, which they expected to be equal to the end-to-endolution layer thicknesses seem essentially constant. Third,
distance of the polymer even in the hard neutral wall of afor the solutions the interacting layers seem to have approxi-
pore. We believe that there is some restriction by the simately the same thickness in the 47.9 and 25.5 nm pores
lanized CPG pore surface, although it should be weaker tha(2—2.5 nm, while in the smallest pores, the surface layers
the H-bonding interaction. seem to be much thinndrk=1 nm). It is unclear why the

The Ty; of the more highly concentratemil P/PS solution  surface layers would exhibit such behavior. In addition,
decreased with decreasing pore size. In this case it may ligased on the observation in the above paragraphs where it
that the PS chains in the “core” solution affect the motion of was argued that the PS chains ought to be able to span the
the oTP/PS solution constrained by the pore surface. The Pfyers, why the smallest pores would have the thinnest layers
chain in the “core” solution is unconstrained and can movebecomes surprising. Obviously further study is required to
easily. As a result, it can change the relaxation behavior ofully understand the behaviors described here.
the oTP/PS solution on the pore surface because the PS mol- As an additional note, we point out that computer simu-
ecule is large enough to span the two layers. The spanningtions of polymer melts suggé&f*that the material at the
PS chains cause th@&lP/PS solution on the pore surface to surface aligns with the surface and that the diffusion coeffi-
move more easily(plasticize the surface layerTherefore, cients parallel and perpendicular to the wall differ. Whether
the pore size dependence of th&P/PS solution of the in- these results are general or limited to polymers remains to be
terface layer becomes closer to that of the “core” solution.investigated.

This phenomenon was not seen in the poTé because its As another consideration, we have calculated the volume
molecular size is too small to span the two layers. Furthefraction (actually thermal signal fractigrof the two types of
work using other molecular weight solutions may help elu-material(that corresponding to the upper transition and that
cidate this point. corresponding to the lower transitipand the results for the

As part of our consideration of the two-layer model, we upperT, material are also depicted in Table IV. As seen, the
estimated the thickness of the interacting layer in the pore ivolume fraction is approximately constant at about 0.3 for
a way similar to that of Gorbatchowt al'® who estimated it the two smaller pore sizes and much smaller for the largest
from the dielectric strength of the two relaxation modes. Wepore size. Also, from this perspective, tb&P alone has a
assumed that the heat capacity changes at the glass transitioslume fraction in each layer that is relatively independent
of each phase were proportional to the number of moleculesf the pore diameter. Here one need only recognize the ex-
participating in the relevant transition process. Assuming astence of two types of material without regard to where they
cylindrical pore shape the thickness of the interacting layeare located. A sort of phase-separated heterogeneity seems
on the pore surfaces could be estimated from the ratio of possible, but that would make little sense in light of the fact
the AC,’'s for the low-temperature and high-temperaturethat theoTP alone also shows both transitions. From our
transitions.[The method to estimate the values®€, for  view, the two-layer model seems reasonable.
each is illustrated in Fig.(®]. In Table IV the surface or Finally, we consider one other aspect of the confinement

60

Pore Size (Diameter) [nmj
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problem. It is well known that the glass transition tempera- SUMMARY AND CONCLUSIONS
ture is path dependert®>*®Therefore, one might ask what . o
is the pgth beir?g followed in the CPG and hogv does it com- The behavior of the glass formmg_I|qum$th0terphenyl
pare with the path of glass formation in other experimemsandorthcrterpher]yllpolystyrene _solutl'ons In hanometer scale
such as thin films. In some experiments that are relevant tBores has been lnvestlgated_ using d_lffer_entlal scanning cglo-
this discussion (ioluccdat al%” showed the behavior of a rimetry. The results from this investigation are calorimetric
polymeric glass forming material in both isobaric glass for_ewdence for two glass transitions in the CPG geometry and

. - ! . measurements on polymer solutions. The lower transition
mation conditions and in isochoriconstant volumeglass temperaturd decrepade as pore size decreased, which was
formation conditions. While the glass formation points were P lo P ’

the same in pressure, volume, temperature space for the Saﬁ]%nsstent with previous results. The higher transition tem-

cooling rates, the isochorically formed glasses had highe.er"’lture-rhi for the more highly concentrateallP/PS solu-
ons decreased with decreasing pore size, whereas it in-

densities than the isobarically formed glasses with the sam d for th TP and t th h . f
formation points. The CPG formed glasses might be isocht€ased for the purel and went through a maximum for
oric glasses. What happens as one heats the glass towards Eﬁ less concentrateq.solutlons. Based on the observation of
liquid state, which becomes a one atmosphere liquid, is un- edtvlv% g[ass t‘r‘an5|t,|,olr.15, .(\jN? ?have p;opoiig a two-layer
clear. A hint of the possible “anomalous” sort of behavior model having a ~core" fiquid In the center of the pore sur-
one might see is provided by the work of Angell and Gfhg round_ed by an interacting Iayer at the_ pore surface. The_ln-
in which oTP was studied in nearly isochoric conditions to teracting Iaygr seems to exist even in the non-H-.bo.ndlng
obtain cavitation. There, the apparent vqume-temperaturE\;/ate”al studied here. Examination of the results within the
behavior upon reheating would suggest that the coefficient ?'layer r:nodel tiuggers]ts _that %_rllae/PPSS CTat'.nS mt me core

of thermal expansion for the glass formed under a negativ@O ution change the behavior o solution at the pore

hydrostatic pressure was dramatically less than that obtaine%"rf""ce by spanning the.two layers. In the pafieP, it ap-
for the glass formed at one atmospheiEhe reader is re- pears that the molecule is too small to span both layers. We

ferred to Ref. 68 for detailsYet, the Colucciet al® work ~ have also estimated the surface layer thicknessfrom the
showed that the coefficient of thermal expansion, upon coollatio of heat ((:japaCIty chgngﬁs B a”nd Thi- Th; th'g?;é’t
ing, the isochoric glass was significantly greater than for théayerls :_;eemel to (i]ccur '?] tb ehS”_‘a est pljé)re i
isobaric glass. Furthermore, in thin films, the path for vitri- nm)._ ts unclear why such behavior would occur.

fication is very complicated because the materials are spin. Finally, without fuller theoretical models of the glass tran-

coated and go through the glass transition as the concentr ition, the body of results described here and those obtained

tion of the solution changes—a change that may involve se 0y other researchers in nanoscale arld confined geometries
eral percent in volume. If one looks at Féityhe concentra- 'emain a challenge to full understanding.

tion dependence df of polystyrene in toluene would result
in the Ty being near room temperatufehere much spin
coating occursat approximately 15% by mass of toluene.
Because the films are constrained during glass formation, The authors are indebted to Dr. Wolfgang Haller of NIST
these large volume changes become anisotr@uinfined to  for providing the samples of controlled pore glé€$G and

the film thicknesgor give rise to residual stresses that mayinstruction on how to derivatize the surfaces. We also thank
be built into the system. The path to devitrification may beDr. C. L. Jackson of NIST for helpful conversations in the
very difficult to understand in such materials and subtle dif-course of this work. Dr. Joon-Yong Park is grateful for par-
ferences in preparation and annealing methods between labtial support from the Korea Science and Engineering Foun-
ratories may explain differences in some of the observationglation. He is also grateful to NIST for support.
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