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Dielectric relaxation at the glass transition of confinedN-methyl-e-caprolactam
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The effects of confinement on the glass transition of the nonassociating glass-formingNiquethyl-¢-
caprolactam were studied in detail by means of broadband dielectric relaxation spectroscopy, 5 Hz—2 GHz, and
thermally stimulated depolarization current measurements, 77—300 K. The liquid was two dimensionally
confined in the pores of controlled porous glasses with mean pore diade®5b, 5.0, 7.5, and 20.0 nm
(Gelsil glassesand d=4.0 nm (Vycor glas$ and three dimensionally confined in butyl rubber with mean
droplet diameted= 7.6 nm. The confined liquid is classified into two fractions: a relatively immobile inter-
facial layer close to the wall and the inner lay@olume liquid. For the volume liquid thex relaxation
associated with the glass transition becomes faster and the glass transition temperature decreases compared to
the bulk liquid. These effects increase with decreasirmynd are stronger for three- than for two-dimensional
confinement. They can be understood on the basis of the cooperativity concept and the configurational entropy
model of Adam and Gibbs. The systematic variatiord@flows the determination of the cooperativity length
£atTyto ¢ <10-12 nm.[S0163-182608)06533-3

[. INTRODUCTION made between the geometry of the confining space and the
molecular behavior are frequently controversial. A main rea-
In a recent papér dielectric relaxation spectroscopy son for that is the difficulty associated with the separation of
(DRY) over wide ranges of frequency and temperature wasrue confinementfinite-size effects from the influence of
employed to investigate the relaxational behavior of thethe pore surface. Other effects that have to be taken into
glass-forming liquidN-methyl<-caprolactam(NMEC) con-  account may include packing effects, changes of the density
fined to the mesopores of a controlled porous giE&ERG of the liquid in the pores, surface-induced alignment, and
with 10.2-nm-pore diameter. Three distinct relaxation peakstrong anisotropy of molecular motions. These and similar
were observed: a slow relaxation assigned to a relatively imeomplications may justify objections against implications
mobile interfacial layer, an intermediate one originating fromfrom confinement studies on bulk properties and, at least,
interfacial Maxwell-Wagner-SillargMWS) polarization of one has to discuss critically such implications. Despite these
the heterogeneous system, and ghgrocess associated with objections, it is now in generally believed that the structural
the glass transition. The: process was found to become and the dynamic properties of confined liquids are modified
slightly faster for the confined liquid compared to bulk compared to the bulk properties and that confinement studies
NMEC, resulting in a lowering of the glass transition tem-may contribute to a better understanding of basic
peratureTy by 5 K. In this work we study in detail the phenomen&? From the methodological point of view we are
dynamics of the glass transition of NMEC in three differentdiscussing here, it deserves to be stressed that the selection
confining geometries: two CPG systems, Gelsil glasses witlof a variety of confining geometridsvith respect to matrix
mean pore diametat=2.5, 5.0, 7.5, and 20 nm and Vycor material, statémodificatiorf°) of the inner surfaces, size of
glass withd=4.0 nm, and butyl rubbe(BR) with hydro-  confinement, dimensionality of confinement, &tay be of
philic inclusions. In the CPG the liquid is two dimensionally significant importance in separating true confinement from
(2D) confined in the system of interconnected pores, whereagther effects. We will come back to this point later on.
in BR confinement is three dimension@D) occurring in The investigation of confinement effects on the dynamics
droplets. For this study we employ broadband DB${z—-2  of the glass transition in glass-forming liquids and polymers
GHz) and thermally stimulated depolarization currentsis of particular importance. In many theories and models of
(TSDO) techniques, characterized by high sensitivity andthe glass transition cooperativity effects play a central tdle.
high resolving powef:3 In the configurational entropy model of glass formation of
The investigation of the structural and the dynamic prop-Adam and Gibb§ developed for a bulk system, the existence
erties of liquids confined in mesoscopic volumes has atof cooperatively rearranging regions is assumed. The size of
tracted much interest in recent ye&rsControlled porous these regiongspheres of radiug) increases with decreasing
glasses have been extensively used as model systems temperature, until, at a certain temperatlige the coopera-
restricted geometries in these studies. However, connectiorive region comprises the whole system, causing the sharp
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reduction of mobility observed in the experiments. Size ef- BR with hydrophilic components, similar to that used in a
fects on the glass transition, as a direct consequence of cprevious investigation on the properties of dispersed mesos-
operativity effects'® should appear when the confining copic water dropletd’ was provided by Bayer, AG, Le-
length becomes smaller than the cooperativity ler(gtrar-  verkusen. For filling BR with NMEC dry circular samples of
acteristic length of the glass transitjoft Thus, the investi- 15 mm diameter and 1 mm thickness were placed in a
gation of confinement effects on the dynamics of the glaslN\MEC bath in an autoclavé873 K, 2.3 bars The weight of
transition may assist checking theories and models of théhe BR samples was recorded as a function of time and it was
glass transitior(of which there exists no generally acceptedfound that diffusion followed Fickian behavior with maxi-
theory. Moreover, the experimental observation of size ef-mum liquid uptake 30 vol. %. By this procedure samples
fects (e.g., in measurements with varying confining length with several filling factord, defined as liquid volume in the
would yield £ most directly® sample divided by sample volume, between 15% and 30%

Differential scanning calorimetty!? (DSC), Wwere prepared* Small-angle x-ray-scatteringBAXS) mea-
DRS013-15T5pC techniqued? and solvation dynamics Surements on the sample witl30%, studied in detail by
technique¥*” have been employed to study confinement ef-DRS, showed that, similar to waférand to propylene
fects on the glass transition in glass-forming liquids two di-9lycol*® (PG in BR, NMEC is dispersed in droplets with
mensionally confined in the pores of CPG. A broadening ofnéan droplet diametaf=7.6 nm. _
the response &, compared to the bulk response, was ob- Vycor glass sampleCorning, No. 793pwith mean pore
served in all measurements. Whereas DSC and TSDC me#§iameterd=4.0 nm were of cylindrical shape with 15 mm
surements clearly show a lowering @, of the confined ~diameter and about 1 mm thickness. Gelsil samfiedTech
liquids 1°-*the respective results of DRS measurements ar1C.), also of cylindrical shape with 10 mm diameter and
rather controversial, showing shifts @, to both lower and about 1 mm thickness, have nominal pore diameter 2.5, 5.0,
higher temperaturest®3-1%|t has been suggested that the 7-5. and 20 nm. The CPG samples were thoroughly cleaned
sign and the magnitude @fT,=T,(bulk)— T4(confined) is and dried .accordllng to the pr_oducers’s instructions and filled
material specifi¢. From theoretical models of the glass tran- 0 Saturation by immersion in NMEC. Some of the Vycor
sion and computer simulations both posifeand ~9lass  samples  were chemically  treated using
negativé’® signs of AT, have been predicted. hexamethyldisilazarté to convert the surface hydroxyl

In this work we study the effects on the glass transition ofd"oups to the less polart rimethylsilyl groups. This treatment
2D and 3D confinement of the same liquid. In addition, weMakes the glass more hydrophobic.
vary systematically the size of confinemépore diameted For broadband DRS measurements two network analyz-
of the CPG used We employ broadband DRS, which allows €S, HP 3577B and HP 8510B were used. By means of a

the measurement, in separated frequency regions, of the dgalibration technique allowing temperature-dependent
namics of the interfacial liquid layer and of the volume calibration;” transmission measurements were performed in

liquid,* and TSDC techniques, which allow the measure-the frequency range=5Hz—2 GHz in a single sweep and
ment, with high sensitivity and high resolving power, of the for temperatures 100-300 K. Calibration standards and
dielectric response of the liquid against temperature at coof@mples were placed in a shielded capacitorlike measurement
ing and heating rates comparable to those in B&Bearing cell. The temperature_was controlled to better than 0.1 K
in mind the difficulties for a straightforward interpretation of Mmeasured over the period of a frequency sweep. For the mea-
confinement studies in terms of size-induced effects, th&urements on bulk NMEC a disk sample geometry was used,
strategy was chosen to vary as much as possible the eXpeﬁ_Teﬂon _ceII with mcke_l-coated stainless-steel electrodes of
mental conditions: matrix material, size of confinement, di-1> Mm diameter at a distance of 1 mm from each other.
mensionality of confinement, dielectric technique used. From TSDC measurements, which correspond to measurements
the methodological point of view there is an analogy to con-of dlelezctrlc Iosses2 against temperature at fixed frequencies
sidering several cases and concentrating on the essential &- 10 >=10 * Hz,> were carried out in the temperature
pects of the phenomenon under investigation through théange 77-300 K, on the same samples used for DRS mea-
process of abstraction. Thus, we expect that critical discussurements. The BR and the CPG samples were clamped be-

sion of the results of these measurements may enable us, {yeen brass electrodes. A disk sample geometry was used
particular, to separate pure confinemépitysica) from in-  also for measurements on bulk NMEC with brass electrodes.

terfacial (chemica) effect€59 (in addition to the possibility 1he method has been described in detail elsewhdttere

of chemical modification of the inner pore waif* and to ~ We recall briefly the TSDC procedure. The sample is polar-

give quantitative estimates of the cooperativity length ized by a dc electric field, at temperaturd , for a timet,
NMEC studied here is a typical nonassociating low mo-and its polarization is quenched at a sufficiently low tem-

lecular weight glass-forming liquid. In a parallel investiga- PeratureTo. By warming the sample at a linear heating rate

tion propylene glycol is being studied, as a representative df in short-circuit conditions, the polarization decays and the

H-bonded liquids, and the results will be published in a sepacorresponding depolarization current is detected by an elec-
rate paper. trometer. For each relaxation mechanism an inherent current

peak is recorded. The analysis of the shape of the recorded

thermogram allows one to obtain the contributian of a

peak to the static permittivity and the thermodynamic and

form parameters of the underlying relaxation mecharfim.
NMEC, 99.9%, was obtained from Sigma, St. Louis, andFor details of the apparatus used we refer to Ref. 3.

used without further treatment. We would like to mention here that the experimental

Il. EXPERIMENT
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NMEC bulk[Fig. 1(a)] and confined in BR with filling factor

f=30% and mean droplet diametd=7.6 nm[Fig. 1(b)]

and in Gelsil glasses with mean pore diameder5.0 nm

[Fig. 1(c)]. In Fig. 1(a) we observe ther relaxation associ-

ated with the glass transition and at low frequencies the

sharp increase of” with decreasing due to dc conductiv-

ity. Measurements on dry BR and unfilled CPG samples for

comparison show negligible loss@tespite a weak process

in BR with T4 around 200 K, so that the response in Figs.

0.0 K% 1(b) and Xc) is practically determined by the presence of the

101 102 103 104 105 106 107 108 109 liquid. Besides thex process we observe in Figs(bl and

(b) Frequency ( Hz ) 1(c) a broad complex dispersion at lower frequencies and a

conductivity wing for Gelsil(interestingly, however, not for

BR).

100 Gelsil 5.0 nm For a quantitative analysis of the dielectric spectra a su-
: perposition of model functions according to Havriliak and

Negamf?® and a conductivity contribution have been fitted to

&' (w), w=27v:

0.4

0.2

3
w_ Tdc ASk

- Im (1)

gows k=1 [[1+(iw/wpy)™ ]|

The first term on the right-hand side of EG) quantifies the

0.1¢ dc conductivityo 4. in terms ofe”(w) with a fit parametes,

Bud oovovud ool oot vl vvind v ol il

101 102 103 104 105 106 107 108 109 s_=1 for thic conductivity(bl.JII_< _quuid)_and s<1 othgr-
wise. gq is the vacuum permittivity Ae is the relaxation
. . ) strength andoyy the position on the frequency scale of the
FIG. 1. Dielectric losg:" vs frequency for NMEC bulk (@ and  ygjaxation process. The indéxrefers to the different pro-

(c) Frequency (Hz)

confined in BR(filling factor f=30%, mean droplet diametef
=7.6nm (b) and in Gelsil glasses with mean pore diameder
=5.0 nm(c) at several temperatures, in steps of 10 K, indicated o
the plots.

cesses that contribute to the dielectric response. The expo-
nentsa and y [0<(1—«), (1—a)y=<1] define the sym-
"metrical and asymmetrical broadening of the loss peaks,
respectively, with respect to the Debye pdd—a)=1vy

setup of two parallel atomically smooth plates as used for~ 1]- The loss peak at the highest frequency is due toathe
surface force measurements is from the conceptual point "0cess and is present in all spectra. The other two peaks,
view the most well-defined one for confined studies. ThisR€! | and Rel Il in the order of increasing frequency, present

setup is, however, not possible to realize for temperaturell the confined liquid spectra in the region of the complex
dependent dielectric measurements. broad dispersion, could be satisfactorily fitted by the sym-

metrical Cole-Cole expressidny=1 in Eq. (1) (Ref. 23].

An example of this analysis is shown in Fig. 2. In the fol-

lowing section it will be shown that Rel | and Rel Il are
Figures 1a)—1(c) show in log-log plots the dielectric loss assigned, in agreement with Ref. 1, to a relatively immobile

¢” against frequency at several selected temperatures forinterfacial layer and to interfacial Maxwell-Wagner-Sillars

lll. RESULTS
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10 . . . T . . TABLE I. Values of loggA,B, Ty (VTF equation, glass tran-
o NMEC sition temperatureT,, determined by7(T,)=100s, andAT,
— com‘inedf =Tg4 (bulk)—Tg (confined), for NMEC in BR withf=30% and
~ 8r buik o NMEC/BR 1 d=7.6 nm
= effective ' '
hO
:? 5 _ logiA B(K) To(K) T4(K) ATy (K)
=2 NMEC buk 1263 4812 1423 1735
4 4 Effective
NMEC in BR 13.43 456.7 1315 159.6 13.9
Corrected
2 i NMEC in BR 13.21 488.7 130.6 161.1 12.4
O 1 2 1 1 1 1 1-
3.0 35 40 45 50 55 6.0 B
-1
1000/T (K ) vo=A ex;{ — ) 3
T-Tpo

FIG. 3. Arrhenius plot of the peak frequenegy for NMEC bulk
(M) and confined in BR witf =30% andd= 7.6 nm(a relaxation,
effective valuesQ; «a relaxation, corrected effective valu#®; Rel
I, p; Rel ll, o). The lines are VFT fits to the data.

where the preexponential factéy the activation parameter
B, and the Vogel temperaturel, are temperature-
independent empirical parameters. The glass transition tem-
peratureT, of bulk and confined NMEC was determined
IHom plots similar to those in Fig. 3 by the conditioT,)
=100s, where r the dielectric relaxation time,r
=1/(2mvy). Ty may depend on the method of measurement
nd the definition, the dependence being less pronounced for
he shift of Ty, ATy=Ty(bulk)—Ty(confined), which is the
quantity of interest here. The values of {g§, B, Ty, Ty,

polarization of the heterogeneous system, respectively.
what follows we focus on ther process. Information on
confinement effects will be obtained from the investigation
of modifications induced by confinement on the temperatur
dependence of the relaxation rate of thprocesgArrhenius
lots) and on the shape of the loss peak. . .
P The dielectric beh:fvior in Figs.(ll)r,) 1(c), and 2 refers to andAT, are listed in Ta}ble . .
the composite system matrix plus confined liquid alone. Ef- 1 SDC thermograms in the temperature region of the glass

fective medium theorié4 can be used to calculate the dielec- tran]fitiodn.are showndir? Figs. 4hand 5kfor NMEC bglk and
tric properties of the confined liquid from the measutett ~ confined in Vycor and in BR. The peak temperatlifeis a

3 . .
fective) properties of the composite system. The calculatiofd0d measure of.” Figure 6 showsAT, determined by
is straightforward for BR as a matrix where the liquid is DRS and TSDC against nominal size of confinement, i.e.,

three dimensionally confined in spherical droplégaxs  Pore/droplet diameted. .
experiments Because of the rather high filling factof, The results concerning the shape of the response will be

—30%, the Hanai-Bruggemann formula has been déed. rationalized by means of the Havriliak-Negami expression

1/3

Eeff— €p ( €m

Em~ &p

=1-f. 2 ' 1 '
v

Eeff ]
&eif, €m» @Nde, are the complex dielectric functions of the 1%
composite systenithe measured ofethe matrix(BR) and 1.0 -
the liquid, respectively. Using reasonable approximations |/
and the measured values of BR), the measuredeffec- sl
tive) values have been corrected to receive the correspondir B
values for the confined liquid. With respect to therocess 0.9 1.0 1.1
we focus on, the correction refers to the position of the los¢ 0.6 - /7
peak (vo), the shape of the response, and the relaxatiol
strengthAe (details to be published elsewhgrés a result
of the rather high filling factorf =30% the corrections are 0.4
rather small, examples to be given below. The correction:
are expected to be significantly smaller for CPG’s because ¢
both the shape of the inclusions and the higher filling factors
Figure 3 shows the Arrhenius plot of the three processe
in NMEC confined in BR and of ther process in the bulk 0.0 L ‘ ! ‘ ! . ! . ! 0.0
liquid. For thea process in BR both the uncorrectéuea- 130 160 170 180 190
sured, effectiveand the corrected values of, are shown. T (K)
The temperature dependence of the frequency of loss peak
maximum v, for the @ process, both in the bulk and the  FIG. 4. TSDC thermograms normalized to unit height for
confined liquid, and for the MWS process is well describedNMEC bulk (—) and confined in Vycor glassi=4.0 nm (——-).
by the Vogel-Fulcher-Tamman@vFT) equatiofi”’ The inset shows the corresponding scaling plots.

+40.2




5340 D. DAOUKAKI et al. PRB 58
T T T T 1 o am
1.2 b ] 41.2 Or L R
1.0 ) m,nog_ m/ .t
0.8 m or bulk
\D
1.0 T -4 1.0 08l
4 .. L Y P o o .
confin
/e o7l buk o ee g M ed
0.8 ] {o.8 o6l ] . .
. ! | 1 O Y
0.9 1.0 1.1 I \ -
05} o -
0.6 |- /T 0.6 confined o ,
04} oo o
1 1 N L1 . 10,
0.4 1.4 0.65 0.70 0.75 0.80 0.85 0.90 0.95
T/T
0.2 1092 FIG. 7. Shape parametarsandn for the « relaxation of NMEC
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FIG. 5. TSDC thermograms normalized to unit height for
NMEC bulk (—) and confined in BR,f=30%, andd=7.6 nm

(——9). The inset shows the corresponding scaling plots.

we show the shape parametensandn for NMEC confined
in BR and in Gelsil glasses, respectively, against the scaled
reciprocal temperaturgg/T.

IV. DISCUSSION

The assignment of the three relaxations in Figs. 1 and 2,

[Eq.(1)]. The shape of the dielectric loss function near a losRel | and Rel Il anda process in the order of increasing

peak is characterized by two scaling parameta@ndn (0

frequency, to the interfacial liquid layer, the interfacial MWS

=m, n<1) related to the limiting behavior of the relaxation polarization of the heterogeneous matrix-liquid system and

functiorf®=2"

e"(v)~v™ (v<yy),

g"(v)~v " (v>ryp).

The parametera and y in Eq. (1) are related to the scaling
parameters byn=1—« andn=(1—a)vy. In Figs. 7 and 8

t

o
]

o] PN S T SR S T R R |

T

0 5 10 15 20 25
d (nm)

FIG. 6. Shift of glass transition temperaturgg, AT,
=T4 (bulk)—T4 (confined), vs nominal por@rople) diameterd
for NMEC confined in different geometries: Gel®, Vioran (Ref.
1), O; Vycor glass(TSDO), A; Vycor glass silanizedTSDC), V;
BR, effective-medium correctedh; BR (TSDC),¥. The line is a

guide for the eyes through the Gelsil data.

30

(4)

the glass transition of the volume liquid, respectively, is in
agreement with the results of Ref. 1. In that work the assign-
ment was based on detailed MWS calculations and on mea-
surements with chemically modifiddilanized and with par-
tially filled CPG samples. In this work extensive MWS
calculations of the relaxation strength and of the relaxation
time of the theoretical interfacial loss peak using as input
data the results of dielectric measurements on the pure com-
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FIG. 8. Shape parameters(a) andn (b) for the « relaxation of
NMEC bulk and confined in Gelsil glassésulk, l; Gelsil 20 nm,
O; 7.5 nm,A; 5.0 nm,V; 2.5 nm, ).
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T faster compared to bulk as we will discuss further in this
section. A two-state model with dynamic exchange between
a bulklike phase in the pore volume and an interfacial phase

~ | close to the pore wall has been used to explain the results of
- d DRS measurements on glass-forming liquids confined in
2 5 i Gelsil glasse$? An alternative interpretation in terms of a
; mesoscopically uniform but cooperative relaxation as stimu-
= lated by the theoretical work of Sappelt andckla® has
/WJ ¢ also been proposéd. In a recent paper ‘deme and
A

/ 7 Commandelf combine both pure confinement and substrate
1 effects in a picture of a uniform collective relaxation to in-
terpret the results of second-harmonic generation measure-
ments on the relaxation behavior of molecules of a glass-
ol e e L) forming liquid crystal confined in a thin film on a silica plate.
0 10 © " “0 The results in Fig. 3 show that the temperature depen-
£ (7) dence of the relaxation rate of theprocess in bulk NMEC
FIG. 9. Relaxation strengthe of the a relaxation obtained from @nd of thea process and of Rel fland probably also of Rel
TSDC measurements vs filling factbfor NMEC in BR. | (Ref. D]in NMEC in BR is described by the VFT equation
(3). The same holds also for the dc conductivity in NMEC
ponents(i.e., confining matrix and bulk NMEC(Ref. 2  not shown in Fig. 3" It is interesting to note that, while the
give results similar to those measured for Rel Il and, thusfelaxation rates for ther process and for the MWS process
provide additional support for that assignment. Moreover(Rel Il) are similar to those measured by Sibéw Richert,
the relaxation strength of Rel I, obtained by the fitting pro-and Fischerin NMEC confined in the pores of the CPG
cedure described in the previous section and illustrated iioran withd=10.2 nm, the relaxation rates for the process
Fig. 2, was found to drastically decrease with increasing temassigned to the interfacial layé&Rel | in Fig. 3 are by about
perature. This result is in agreement with Rel | being astwo decades larger in BR. Further, the relative magnitude of
signed to the interfacial liquid layer, if we consider that thethe relaxation strength of the interfacial layer process is
thickness of that interfacial layer is expected to decrease witlarger in Bioran than in BR, these results suggesting stronger
increasing temperature. surface interactions in Bioran CPG than in BR. Thus, al-
Figure 9 shows the dependence of the relaxation strengtthough very simple for the complex systems under investi-
Ae of the TSDC peak associated with the glass transitiorgation, the two-state model not only provides a consistent
(Fig. 4 on the filling factorf for NMEC in BR. Ag, in arbi-  description of our experimental data, but allows the predic-
trary units, is proportional to the normalized magnituigeof  tion of the behavior of the liquid in another confining matrix
the TSDC peak(Fig. 4. From SAXS measurements we in agreement with existing experimental data.
know that the mean droplet diametdrincreases with in- Focusing now on ther process, the relaxation rates are
creasingf.?! We observe in Fig. 9 that, for high Ae in-  faster for the confined liquid compared to the bulk one. Simi-
creases overlinearly with increasifign agreement with the lar results were obtained with the Gelsil glasses, the relax-
assumption of the existence of a relatively immobile surfaceation rates for the confined liquid decreasing with increasing
layer that does not contribute to tlaeprocess in Figs. 1, 4, pore diameted towards those measured on the bulk liquid.
and 5. These effects become weaker with increasing temperature/
It has already been mentioned in the previous section thdtequency. Correction of the values of the parameters which
conductivity effects at low frequencies are practically absenglescribe the behavior of the confined liquid following effec-
in the system BR-liquidFig. 1), whereas they are strong in tive medium theoriegEq. (2)] provides only insignificant
the system CPG-liquid for both GelsiFig. 1) and Vycor changegFig. 3 and Table)l Thus, the behavior of the con-
glasses. This is due to the fact that the liquid is confined irfined liquid can in principle be discussed, at least for the high
isolated droplets in BR and in interconnected paiearco-  filling factors of our investigation, on the basis of the mea-
lation) in CPG. A direct consequence is that the deconvolusured effective dielectric data.
tion of the complex broad low-frequency dispersion into two In Fig. 6 we show all data available for the shift of the
relaxations, Rel | and Rel Il, is less straightforward for CPGglass transition temperatur&T,=Ty(bulk) — Tg(confined)
compared to BRFigs. 1 and 2 In fact, measurements on in NMEC confined in different geometries. In the case of
several glass-forming liquids confined in Gelsil glasses hav®RS measurement, andA T, were obtained from extrapo-
been analyzed in terms of one or two relaxation processes #ations of the VFT fits (Fig. 3 to 7=100s (v,
addition to thea process*1° =1/628 Hz). In the case of TSDC measuremeh, was
In the previous paragraphs we discussed our results iteken as the shift of the peak temperatlipe(Figs. 4 and b
terms of the classification of the confined liquid into two We should mention in this connection that dielectric mea-
fractions: an interfacial layer close to the walls and the vol-surements are well suited for determinihg values in close
ume liguid in the inner layers. The dynamics of both frac-proximity to those obtained by the classical method of mea-
tions is modified compared to the bulk liquid: the interfacial suring T4, namely, DSC; DRS and ac DSC measurements
layer is relatively immobile, its relaxation being shifted by on the glass-forming liquid phenyl salicylatsalo) have
several decades to lower frequencigsdgs. 1 and 2 the  shown that the corresponding Arrhenius plots practically co-
relaxation of the volume liquid, on the contrary, becomesincide in the common frequency region of the two
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techniqueg? suggesting that both techniques probe at glass

transition the mobility of units of similar size. T
Some comments on the data shown in Fig. 6 are in order.
Shifts of the same order of magnitude &%, were obtained L/2

also for the Vogel temperaturg, in the VFT equation(2) :
from the DRS datdTable ) and, in principle AT, could be

considered as representative for the modifications of the

glass transition dynamics induced by confinement, instead of

AT,. The advantage of takin§yT is that TSDC data can be

included (Fig. 6), as well as DSC datéawvork in progress

For NMEC in BR, for which we haveAT, values deter-

mined by DRS and by TSDC on the same samples, there is

some discrepancy between the two valuad (=7.5 K by

TSDC andAT,=12.4 K by DRS. This point deserves fur-

ther experimental investigation. For the comparison BR-CPG T, T —

it is interesting to note that for the same confining lendth o ) o )

(pore diameter in CPG, droplet diameter in BRT, is FIG. 10. Schematic diagram to illustrate the origin of confine-
' g

fment effects on the dynamics of the glass transition in glass-
forming liquids. Confinement effects appear [gR<¢. For a given
d/2 andL/2 this occurs folT<T,.

larger in BR. We think that this difference reflects effects o
the dimensionality of confinemefithree dimensional in BR
versus two dimensional in CBGWe will come back to this
point later in discussing the effects of confinement on the
shape of the response. DRS and TSDC measurements on thiey appear as too large. We note, however, that positive
H-bonded liquid propylene glycol suggest strong effects ofAT, values were measured by DSC for several confined lig-
the dimensionality of confinement ohT,. 8 The detailed mds decreasing with increasing pore diameadebut still
investigation of confinement effects on the glass transition opresent at relatively large values af!! In addition,
several H-bonded and nonassociating liquids in comparisoATy,=5 K was measured for NMEC confined in 10.2-nm
to each other may reveal interesting aspects of the Iqu|qbores Following the same procedure as hefes5—6 nm
dynamics and of the glass transition. For the quantitativavas determined for the H-bonded liquid propylene gly€ol.
comparison of different confining geometries with each other The acceleration of the process, and as a direct conse-
it should be kept in mind that the process in Fig. 6 refers to quence of that the lowering ofy, of the confined liquid
the inner mobile layer only, with the result that the relationcompared to the bulk one can be understood on the basis of
to each other of the real sample sizes for different confininghe cooperativity concept in the configurational entropy
systems does not necessarily coincide with the relation tenodel of glass formation of Adam and Gibbsge also Sec.
each other of the nominal confining lengths for the samd. This model explains the temperature dependence of relax-
systems. This might be the reason for the different behavioation phenomena in glass-forming liquids essentially in
of the CPG Vycor compared to the CPG Gelsil in Fig. 6terms of the temperature dependence of the gizd# the
[whereas the data on ViordRef. 1 fit well with those on  cooperatively rearranging region: the relaxation timef
Gelsil]. this region increases with increasirgg If the size of the
The data on native and on silanized Vycor glass in Fig. 6confined sample. (i.e., the thickness of the mobile inner
obtained as mean values from several measurements, cleatfyer/sphere in our experimehis larger than 2, there is no
show thatA Ty is larger for the silanized sample. Two effects size dependence in the dynamical behavior. On the other
are induced by silanization: modification of the inner surfacenand, if at a given temperaturet 2xceeds the size of the
that becomes more hydrophobic and reduction of the confineonfined sample, all the molecules in the sample take part in
ing length(the space left for the liqu)d*® The smaller the the cooperative dynamics and the sample as a result will
nominal confining length, the more important becomes theelax faster compared to bulk. Further, siricdecreases to-
second effect. We inclined towards the explanation that thevards zero with increasing temperatiré,confinement ef-
increase oA T, with silanization for NMEC in Vycor glass fects weaken and finally disappear. Further, as the relaxation
results from the reduction of the pore diameter, bearing irbecomes faster in the confined liquid, shifts to lower tem-
mind that practically no such effect was observed with theperatures following the condition(T,)=100s. The shift
Bioran glasses wittd=10.2 nm! For a more quantitative increases with decreasing confmmg lengthland sample
explanation, comparative measurements on several silanizaikzel) (Fig. 10 and with increasing dimensionality of con-
glasses combined with measurements of the reduced confifinement. For quantitative estimations it should be taken into
ing length would be needed. account that the real sample sizdi.e., the size of the mo-
Extrapolation of the straight line in Fig. @ guide for the  bile inner layer/sphejencreases with increasing temperature
eyes through the Gelsil dateo ATy=0 gives a critical value towards the nominal confining lengith*® These relations
d.=25 nm. This allows the determination of the cooperativ-are schematically illustrated in Fig. 10.
ity length ¢ as é<12—-13 nm(Fig. 10. Please note that the Using kinetic Ising and lattice-gas models with kinetic
real sample sizk is smaller thard due to the presence of the constraints as models of cooperative dynamics in under-
relatively immobile interfacial layefFig. 10, so that 12—-13 cooled liquids near the glass transition Sappelt arckida
nm is an upper limit fok. Values ofé at T reported in the  concluded that confinement of glass-forming liquids in ge-
literature are a few nfr! The value of¢ determined here ometries of confining length comparable to the cooperativity
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length & should lead to retardation of theprocess and to an and the bulk nematic phase is replaced by a “glassy” state.
increase of the glass transition temperaﬂ]g,e9 The reason Measurements in the bulk pretransitional region show a dras-
for that is that with the confining length decreasing belpw tic decrease of the relaxation time compared to the ffilk.
an increasing number of molecules are permanently blocked In the following we discuss the changes induced by con-
and no longer contribute to the response of the system tnement on the width and the shape of thprocesqFigs. 7
external perturbation$Monte Carlo simulations by Ray and and 8. In agreement with the results of measurements on
Binder® of the dynamics near the glass transition in a two-confined liquids;'°~® confined polymers’ and confined
dimensional lattice model of polymer melt, on the otherliquid crystals**“?confinement induces a broadening of the
hand, show that, at low temperatures, the diffusion constantsponse observed in both DRSg. 1) and TSDC measure-
increases with decreasing size of the sample. According tments (Figs. 4 and % This broadening may be linked to
the authors, these results suggest the possibility of the exisacreased local scale heterogenéityin analogy to the
tence of cooperatively rearranging regiénghose mean size broadening of thea-relaxation distribution in bulk glass-
increase as the temperature is lowered. The lowering,of forming liquids and polymers as temperature is decreased
for the confined liquid observed in our measurements is inowards T, having been linked to increased heterogeneity
agreement with theoretical predictions by Hirand in dis-  caused by local density fluctuatiofisin DRS measurements
agreement with the results of molecular-dynamics simulathe shape of the response is quantitatively described by the
tions for one dimensionally confined glass-forming liquid scaling parameten andn, the slopes at frequencies lower
that predict an increase df, 19 and higher than the loss peak frequency, respectively, in log-
In the theoretical models and computer simulations menlog plots [Eq. (4)]. We observe in Figs. 7 and 8 that for
tioned above it is always assumed that the confined liquid iINMEC bulk m is approximately 1 over the whole tempera-
the same as the bulk orfe.g., with respect to the density ture range =0.95, decreasing with decreasing tempera-
This point, which is experimentally very difficult to prove, ture) and n<1 (0.6<n<0.8), decreasing with decreasing
forms a basic assumption in the interpretation of our data agmperature. In NMEC confined in Bf€ig. 7) bothm andn
in other similar studie$!***~’On the other hand, shifts of are clearly smaller than @broadening of the responsele-
T, to lower temperatures for liquids confined in CPG’s havecreasing with decreasing temperature. Tridependence af
been assigned to reduction of the density of the confineis rather small and it is interesting to note tinatakes values
liquid compared to that of the bulk liquitha point for which  lower than 0.5'* The asymmetry of the loss peak for the
there is, however, no experimental evidence. In addition, dugulk liquid (m>n) is observed also for the confined liquid.
to the counter pressure of the elastic rubber matrix, a reduc- For NMEC confined in Gelsil the asymmetry parameger
tion of the density is less probable for our three dimensionin the Havriliak-Negami equatiofi) is, within the limits of
ally confined droplets. accuracy, equal to 1 for the pore diameters studied, with the
It is interesting to compare our results on 2D and 3Dresult thatm=n (Fig. 8). m andn decrease with decreasing
confined liquids with those obtained with 1D confined temperature and, for the same temperature, with decreasing
polymers®*~3® Several experimental techniques have beermore diameter. Comparison of Figs. 7 and 8 with each other
used to measure glass transition properties of thin polymerighows that for the same confining lengti7.6 nm in BR,
films, typically supported on a substrate. Depending on film7.5 nm in Gelsil the response is broader in BR, suggesting
thickness and on substrate shiftsTofto both lower*3*3%38  stronger effects for three- than two-dimensional confinement.
and highet**® temperatures have been measured. Confinemnterestingly, them values are similar in BR and in Gelsil,
ment effects, polymer-substrate interactions, and the presvhereasn is smaller in BR. The change from asymmetric
ence of a free surfacéas well as density reduction in the response in BRand in bulk to a symmetric one in Gelsil
film34) were used to explain the observed change$ofin  was observed also with the H-bonded propylene gl§fol.
Ref. 36 a three-layer model, incorporating a dead layer near We would like to stress that it is difficult to attribute the
the substrate, a surface layer with redu@gd and a bulklike  broadening of the response for theprocess of the confined
layer between these interfaces, has been used to explain thiguid to inner surface interactions, as there is strong experi-
results. It has also been suggested that a region with an akental evidence that tha process analyzed here refers to
evatedT ; exists near the polymer-substrate interfitblea-  the inner mobile layer onlytwo-state mode! In addition, if
surements on freely standing polystyrene films, howeverwe assume a reduction of the density of the confined liquid
show that, compared to bulR,y decreases linearly with de- compared to the bulk density as the origin of the lowering of
creasing film thicknes® Schick and Dontf and Laredo T, of the confined liquid! a narrowing rather than a broad-
et al*° measured the glass transition properties of speciallgning of the response for theprocess of the confined liquid
prepared semicrystalline polymer samples in the hope of deshould be expected, in agreement with the results of dielec-
tecting confinement effects on the amorphous phasaric measurements in glass-forming glycerol as a function of
Whereas nd y shift was observed in polyethylene terephtha-pressuré®
late, where the amorphous phase forms fiffha,shift of Ty With respect to the changes induced in the shape of the
to lower temperatures, compared to the bulk, was observesponse the behavior of NME@nd of propylene glycolin
in polycarbonate and related to speculations on the organizaselsil resembles that of semicrystalline polym&sVe can
tion of the mobile amorphous phase in dropfts. only speculate at this stage that the similarity may arise from
Interesting effects of confinement were observed on thesimilar constraints upon the amorphous phase imposed by
collective dynamics of the isotropic-nematic phase transitiorthe crystallites in the semicrystalline samples and the rigid
of liquid crystal confined in CPG.#2The transition shifts to  porous matrix in the CPG. We note also that the values of
lower temperatures, the transition region becomes broadeare more or less similar to each other in BR and in CPG,
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whereas those af are clearly lower in BR than in CPG, for the model allows predictions verified by experiments on
the same confining length. In terms of models proposed fopther systems.

the interpretation ofm andn and for the prediction of the The «a relaxation associated with the glass transition of the
relaxational behavior of materiad&?®these results imply in- ~ confined volume liquid is faster compared to the bulk liquid.
creased correlation of short-rangcal) motions in BR ~As a result of that the glass transition temperatlifeis
compared to CPG, which might be linked to the dimensionlower for the confined volume liquid compared to the bulk

ality of confinement. one. The shift of Ty, ATy=Ty(bulk)—T4(confined), in-
creases with decreasing pore diameateand is larger for
V. CONCLUSIONS three- than for two-dimensional confinement. These results

can be understood on the basis of the configurational entropy
Summarizing, we have studied in detail confinement efmodel of Adam and Gibbs. In terms of the cooperatively

fects on the dynamics of the glass transition of N-methyl- rearranging regions and the cooperativity lengttsize ef-
caprolactam, as a representative of nonassociating lowects on the glass transition appear as soog, ascreasing
molecular-weight glass-forming liquids, by means of with decreasing temperature, becomes larger tharhe re-
dielectric techniques. In addition to CPG, used in very recenfUltS allow to determing at T, to £<10-12 nm. _
years by several investigators in confinement studies, where_Confinement induces a broadening of therelaxation,
the liquid is two dimensionally confined in the system of which may be linked with increased local scale heterogene-

interconnected pores, we used BR with hydrophilic inc'u'g?/rheﬂ;?onk;rloigﬁ;i];negm;tIzrr?derin]::or:aatgeﬂsee\;vittr?adnecfrizraémo_
sions, where the liquid is three dimensionally confined in 9

) . D o The asymmetric shape of theresponse of the bulk liquid is
droplets. We paid special attention in controlled variation Ofobserved also for NMEC confined in BR, whereas the re-

the experimental conditior(gnatrix material, size of confine- sponse is symmetric for NMEC confined in CPG. The be-

ment, dimensionality of confinement, condition of inner sur-paior of the liquid in CPG resembles that of semicrystalline
faces in an attempt to separate pure confinement from Othebolymers.

effects. The basic assumption there is that true confinement \jeasurements on propylene glycol, as a representative of
effects are present in all these experiments, whereas othef.ponded liquids, confined in the same geometries, show
effects may sensitively depend on the specific experimentalesults similar in many aspects to those described Here.
conditions. Studies on more liquids, selected on the basis of the degree

The results suggest the existence of two fractions of liquicbf H bonding, on the size and the shape of the molecule and
in the confined geometry: a relatively immobile interfacial the fragility indexX’ are in progress and critical discussion on
layer close to the wall and the volume liquid in the innertheir comparative results may shed more light on the phe-
layers. The dynamics of the interfacial layer is mainly deter-nomenon of glass transition. Bearing in mind the complexity
mined by liquid-wall interactions that give rise to a slow of the systems under investigation, experiments that could
relaxation process, whereas the volume liquid experiencesrovide information on possible changes of the structure of
pure confinement effects. Thus, in a sense, chemical effecthe liquid induced by confinement would be of significant
are separated from physical effects. Although very simpleimportance.
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