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Glass Transition in Liquids: Two versus Three-Dimensional Confinement
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The molecular dynamics of glass-forming liquids is strongly affected by nm-scale confinements. Our
dielectric data provide strong evidence both for the “cooperativity” concept and for the existence of
two states (interfacial layer and volume liquid). With decreasing size of confinement the orientational
relaxation associated with the glass transition becomes faster, and the glass transition temperature is
lowered. These effects are stronger for 3D confined droplets than for 2D confined pores. However, the
radius at which size effects cease, i.e., the cooperativity length, does not depend on the dimensionality
of the confinement. [S0031-9007(98)05919-5]

PACS numbers: 64.70.Pf, 77.22.Gm

Confinement of liquids in geometries of mesoscopic di- In order to investigate confinement effects we take
mensions gives rise to significant modifications of theiradvantage of the broad frequency range covered by
structural and dynamic properties [1]. The investigationDRS. By means of a novel technique allowing tem-
of confinement effects on the glass transition in glassperature dependent calibration [18], we perform trans-
forming liquids is a challenging question of fundamen-mission measurements in the wide frequency range of
tal interest. It may provide a test of theories and modelsr = 5 Hz-2 GHz and at temperatures from 100—-300 K.
of the glass transition for which there is no generally ac-Calibration standards and samples are placed in a shielded
cepted theory for the time being [2]. With the exceptioncapacitorlike measurement cell.
of the popular mode coupling theory [3], the existence of Butyl rubber (BR) containing hydrophilic components
cooperatively rearranging regions (spheres of radius  [19] and CPG are the confinements used. In BR the lig-
a basic concept in several theories and models of the glaséd is confined in droplets (3D confinement). A diffusion
transition [4]. £, the “cooperativity” length or character- process leads to the formation of these droplets, the size of
istic length of glass transition, increases with decreasingvhich is limited by the counter pressure of the elastic ma-
temperature. Close to the glass transition temperdtyre trix. With an increasing filling factol f = 0%-30%),
¢ can be indirectly estimated to be in the range of a fewthe droplet diameter increases from 7 to 11 nm as de-
nanometers [2]. A direct consequence of the cooperaermined by means of small angle x-ray scattering [20].
tivity concept is the existence of size effects [5]. SuchThe half-width of the respective particle size distribu-
effects should be expected for confined glass-formindion is about one third of the mean diameter. The CPG
liquids, if the cooperativity length becomes comparable taised as 2D confinements were Gelsil from Geltech Inc.
or larger than the confining length, and their experimentalith specific pore sizes (diameters) #f= 2.5, 5.0, 7.5,
observation would yield¢ most directly [5]. Differen- and 20 nm. For comparisons we also show results ob-
tial scanning calorimetry (DSC), solvation dynamics meatained with Vycor glass (Corning) with a pore diameter
surements, and dielectric relaxation spectroscopy (DRS)f d = 4.0 nm. The glass-forming liquids chosen for this
have been used in recent years to study confinement eftudy areN-methyle-caprolactan (NMEC), representing
fects on glass transition. Glass-forming liquids were two-nonassociating liquids, and propylene glycol (PG), repre-
dimensionally (2D) confined in controlled porous glassesenting hydrogen bonded liquids. Details of the prepa-
(CPG) with pore radii ranging from a few to several ration of samples and of the measurements are given
nanometers; the results, however, are rather controversialsewhere [21,22].

[6—11]. Here we investigate both 2D and 3D confinement In Fig. 1 we compare the dielectric response of bulk
effects of the same liquids, i.e., for pores in CPG (2D) and®G with that of PG confined in BR at 253 K (glass
droplets in butyl rubber (3D). We study the molecular ori-transition temperature for bulk P@,, = 167 K). The
entational relaxation associated with the glass transitiorplot for bulk PG shows the: process associated with the
i.e., relaxation frequency, shape of dielectric response, anglass transition. At low frequencied « »~! due to a dc
glass transition temperature. We extrapolate the size @bnductivity €” = o4./eow, Whereg is the permittivity
which the confinement effects cease and obtain an uppef free space, and = 27 v). Also, the 2D confined PG
bound for the cooperativity lengif(7,). Finally, our re-  exhibits such a dc contribution to the dielectric response,
sults for 3D and 2D confined glass-forming liquids arehowever, it does not appear in the 3D confinement, where
compared to those obtained with 1D confined thin poly-nm droplets are completely surrounded by the insulating
meric and liquid crystal films recently [12—-17]. host. The plot for confined PG shows thke process
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€ dence for, thew process refers only to the inner sphere,
I B B B B B B i.e., to dimensions smaller than the size of pores/droplets.
103 & 4 In the following we focus on thex process. Figure 2
P’°PV'9F;‘9| Ig'Vé°'lf=C‘|6-‘:°/° shows the Arrhenius plot for bulk PG and for PG confined
R " in Gelsil glasses. The relaxation frequengy refers to
102 N a-relaxation, HN-fit the frequency where the maximum of the loss peak’in
F 2 —— sum appears. The lines represent fits of the Vogel-Fulcher-
L 7 . .
101k é“@ Tamman (VFT) expression to the experimental data,
? \ :
100 bulk ocprocis.s\:E vo = A - eX —T 1, 2
i confined e . with temperature-independent empirical parametgrs,
101 g ’._,,,_.fs':‘.‘.".:,;f:Re,]ﬁ':.\,\ E and T, [9]. In a 2D confinement of randomly oriented
fﬁ,’-"vi*‘”“;e“ T ‘\.\e«m;:’f" 1 pores the observed effective relaxation frequencies can
» L " pl 1 be shown to equal those of the confined liquid [23].
10~ Vi 3 This does not hold for a 3D confinement, where the
Gl —s-souinlcvssnnl sl sl sl sl boundary conditions cause an altered field distribution that
101 102 103 104 105 106 107 108 10° affects the effectiver,. In order to correct for this
v [Hz] mixture effect we have evaluated the permittivity of the
FIG. 1. Log-log plot of dielectric loss” vs frequencyr for confined dropletsg,, using the Hanai-Bruggeman for-

PG bulk and confined in BR (filling factof = 16.4%, mean
droplet diameted = 10.2 nm), both at 253 K.

mula [24] (‘gm/seff)l/3 : (Seff - Sc)/(sm -
f, wheree.s and g,, denote the measured permittivity

Sc)=1—

of the effective system and of the BR matrix, respec-

and two additional relaxations at lower frequencies, Rel [_.
and Rel Il. This plot is typical for confined glass-forming
liquids [7—10]. The two-shape-parameters Havriliak-
Negami (HN) expression [9]

ively. The obtainedvy curves are similar to those of
ig. 2. We observe that at a fixed temperatugis sig-

nificantly higher in the confined liquid than in the bulk
one. For the same system, decreases with increasing
size of confinement towards the bulk behavior.

More-

As over, the relaxation rates for bulk and confined liquids

R A T PRI
gives satisfactory fits to the process in both the bulk and

the confined liquid. In this equatiast = &' — i& is the
complex permittivity;Ae and wg are the intensity and the
position of the relaxation process on the frequency scale,
respectively. e = &'(w > (), anda andy are shape
parameters. In general, the one-shape-parameter symmet-
ric Cole-Cole expressiony(= 1 in the HN expression)
satisfactorily describes Rel | and Rel ll. In agreement
with previous work [8—10], Rel I and Il are assigned to

a slow liquid surface layer and to an interfacial Maxwell-
Wagner-Sillars polarization, respectively. Support for this
interpretation comes from Maxwell-Wagner-Sillars calcu-
lations for heterogeneous systems and from measurements
on chemically modified and on partially filled CPG sys-
tems [9]. The observation of Rel | is in agreement with a
two-states model, distinguishing between viscous surface
layer and inner mobile layers (inner sphere). In addition,
the relaxator strength e of the @ process increases over-
linearly with increasing’ (for details on these TSDC mea-
surements on BR samples we refer to Ref. [22]). Also,
this effect is expected within the two-states model, Wher%
the percentage of molecules belonging to the inner mobil

(1)  approach each other with increasing temperature, suggest-
ing weakening and disappearance of confinement effects
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IG. 2. Arrhenius plot (semilogarithmic plot of frequency of
fhaximum dielectric lossyy, against reciprocal temperature,

sphere increases with increasing droplet size. As a direql/7) for the « process in PG bulk and PG confined in Gelsil
consequence of this model our data provide strong eviglasses. The lines are VFT fits to the experimental data.
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at temperatures far abovk,. These results can be un- 20 — . .
derstood on the basis of the cooperativity concept in the

. ) ) AT [K]
configurational entropy model of glass formation. Adam g

and Gibbs developed this model for a bulk system [4]. At
high temperatures the cooperativity lengths infinitesi-

15

Gelsil, Vycor

(2D)

mally small. It increases with decreasing temperature and
finally diverges forT — T, as does the relaxation time
T = (2mvy) ! when the molecular processes slow down.
At T, the cooperative region comprises the whole sample 10k
(¢ = rpaix = ©). In a confined systend becomes com-
parable to the system size already at a higher temperature
T,.i.e.,r = £ holds for all temperatures, = 7 = T§".
All the molecules in the confined sample (e.g., the inner 5
mobile layers,r = d/2) take part in the cooperative dy-
namics and will relax faster compared to bulk. Above
T,, ¢ is smaller than the size of the confined sample and
decreases towards zero with increasing temperature [2,4]. . . ‘ . RN
Thus, with increasing system size or temperature, confine- 0 2 4 6 8 10 12 14
ment effects weaken, and finally the dynamical behavior d [nm]
of the bulk system is observed (see Fig. 2).

Extrapolation of the {Arrhenius plots to the relaxation ;I((Bb 3"-() G?S(S t]r(fansdition te_mpef?tllfe f_depresfitlzﬂTg = I
time 7 = 100 s (vo = 55 Hz) allows one to determine Is(dulk) — T,(confined vs size of confinement (nomina
T, [7-10]. Since the confined liquids relax faster (seeﬁore/dmplet diameter) for PG in BR and in CPG. The

alf-width of the droplet size distribution in BR is FWHM

gbove), they have to be _COOled tp lower temperatures. %d. For the 3D confined liquid both the measured effective
in order to slow down their relaxation.

_ . Figu_re 3 showsyajues (open squares) and the results of an effective medium
AT, = T,(bulk) — T,(confined vs size of confinement  analysis (filled squares) are displayed (see text). For the 2D

for PG in BR and in CPG.T, is lower in the confined confinement the effective values equal those of the confined
liquid, and the shift increases with decreasing For the '\'/leé'gr- g@sgnfezp 3§?f§§ {tﬁgrfn ;l'f;tas t{%rugg 4 dgpﬁ)lgggat'ign
samed, ATy is larger in BR (3D) than in CPG (2D). For currents, see Ref. [7]). Vertical bars indicate experimental
bOth SyStemﬁTg becomes zero at abOdtz 10-12 nm. errors. The lines are to guide the eyes.
According to the above explanations, the confinement ef-
fects are expected to disappear where r = d/2, i.e.,
from our experimental data we obtain an upper bound fobulk liquid become equal at high temperatures far above
the cooperatively length(T"'¥) = 5-6 nm. Sincefisa T, (see Fig. 2). Thus, neither the 2D nor the 3D con-
characteristic length of the glass-forming liquid, it does noffined liquid exhibits a noticeably reduced density. On
depend on the dimensionality of the confinement. Similathe other hand, DSC measurements on liquids confined
results were obtained with NMEC, the main differencesin microemulsions [26] and hydrogels [27] show a sig-
being that (i))AT, vanishes at about 20—25 nm [corre- nificant broadening of the glass transition [6] but no shift
sponding tof(T;"“k) = 10-12.5 nm] and that (ii) the de- of T, to lower temperatures as compared to bulk liquids.
crease of, with decreasing size of confinement is smaller.Microemulsions represent an interesting 3D confinement,
For comparison, dielectric measurements on salol confineblut possibly there may be no temperature shift because of
in Gelsil yieldedg(Tgbulk) > 7 nm [10]. TSDC measure- strong hydrophilic interaction. Small shifts to both higher
ments on NMEC in Vycor glass (both native and treatedand lower temperatures have been reported by means of
with hexamethyldisilazane) show thAf, is not affected DRS in several liquids confined in CPG [7-10].
by surface modification [25], so that the loweringTof is It is interesting to compare our results on 2D and 3D
a pure confinement effect [6,9]. confined liquids with those obtained with 1D confined
Similar shifts of T, to lower temperatures have been polymers [12—16]. We expect confinement effects in 1D
measured by DSC in several liquids confined in CPGto be less strong. As a consequence, they are more eas-
They have been assigned to a faster relaxation due toily suppressed or even overcompensated by other mecha-
lower density of the liquid in the pores [6]. This might nisms. Several experimental techniques have been used
be conceivable in systems where already existing cavito measure glass transition properties of thin polymeric
ties are partially filled. However, a molecular diffusion films, usually deposited on a substrate. Depending on
process leads to the formation of our 3D confined droplet&ilm thickness and on substrate material, shifts7gfto
[19]. They arise against the counter pressure of the elastimoth lower [12,13] and higher [13,14] temperatures have
rubber matrix so that a reduction of the density can be exbeen measured. Confinement effects, polymer-substrate
cluded. In addition, the relaxation times of confined andnteractions, and the presence of a free surface (as well as
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