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LETTER TO THE EDITOR 

The glass transition in confined liquids 

P Pissis, D Daoukaki-Diamanti. L Apekis and C Christodoulides 
National Technical University of Athens. Department of Physics, Zagrafou Campus. GR- 
15780 Athens, Greece 

Received 25 February 1994, in final form 10 April 1994 

Abstract. Effects of confinement of the 4.0 nm pores of Vycor glass on the a relaxation 
associated with the glass transition were investigated for lhree glassforming liquids, glycerol. 
propylene glycol and propylene carbonate, by dielectric relaxatioo spectroscopy. The relaxation 
shifts lo lower temperaNres in the isochronal (constant-frequency) measurements and to higher 
frequencies in the isothermal measurements for the confined liquids as compared to the bulk. 
Confinement induces a broadening of the relaxation and a change of its shape. The results =e 
discussed in relation to the characteristic length of the glass transition (cooperativity length). 

The dynamic and thermodynamic properties of molecular systems are known to be 
modified by confinement in small volumes of mesoscopic (a few nm) dimensions [l]. A 
fundamentally challenging question is how the glass transition in glass-forming liquids is 
modified by confinement in mesoscopic volumes. 

Differential scanning calorimetry (DSC) and enthalpy recovery measurements on various 
liquids confined in glass pores of mesoscopic dimensions show a decrease of the glass 
transition temperature Tg and a broadening of the spectrum of retardation times as compared 
to bulk liquids [2-4]. On the other hand, DSC measurements on liquids confined in 
microemulsions [SI and hydrogels [6] show a significant broadening of the glass transition 
but no shift of T, to lower temperatures as compared to bulk liquids. 

Two explanations have been proposed for the observed shift of T, to lower temperatures: 
the reduction of the density of the liquid in the pores [2] and the capillary effects [4]. Another 
way to discuss these and similar results is by using the concept of cooperativity length, the 
characteristic length of the cooperative process of glass transition [7]. This concept is at the 
centre of discussions on the glass transition [7-91 and there is growing interest in relating 
it to measurable physical quantities [ 10,111. 

According to Sappelt and Jackle [7], confinement of glass-forming liquids in geometries 
of confining length comparable to the cooperativity length (a few nm near T, [7,10,111) 
should lead to a broadening of the glass transition and a shift to higher temperatures. The 
reason for the shift is that with the confining length decreasing ,below f ,  an increasing 
number of molecules are permanently blocked and no longer contribute to the response of 
the system to external perturbations. However, from a qualitative point of view and bearing 
in mind that increases with decreasing temperature, one might expect just the opposite: 
in restricted geometries of confining length D smaller than the cooperativity length 6 at T, 
in the bulk (i.e. <(Tg)), f increases with decreasing temperature but cannot exceed D (D < 
((T8)), so that the glass transition is shifted to lower temperatures. 

It seemed reasonable to us to make further experimental investigations of the changes of 
the glass transition of glass-forming liquids induced by geometrical confinement. We employ 
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dielectric relaxation spectroscopy (DRS) techniques which may provide deeper insight into 
the dynamics of the glass transition [ 121. For the geometrical confinement we use Vycor 
glasses which are characterized by very narrow distributions of pore diameters [11. Our aim 
is to investigate. several liquids, both van der Waals and hydrogen bonded, selected on the 
basis of the departure iiom the Arrhenius behaviour at low temperatures [13] (t increases 
with this departure [ 111) and molecular size and shape, by using Vycor glasses of different 
pore sizes. Thus we hope to estimate the cooperativity length and to contribute to a better 
understanding of the phenomenon of the glass transition. In this letter we report preliminary 
results obtained with Vycor glass of 4.0 MI pore diameter and the liquids propylene glycol, 
propylene carbonate and glycerol. 

Reagent grade glycerol (Carlo Erba), propylene glycol (Fluka) and propylene carbonate 
(Fluka) were used without further treatment Their calorimetric glass transition temperatures, 
Tg. are listed in table 1. Corning Vycor glass samples No 7930, with porosity 0.28, internal 
surface area 250 m2 g-’ and an average pore diameter of 4.0 nm, were cleaned and dried 
according to the producer’s instructions. They were of cylindrical shape with 15 nm diameter 
and about 1 mm thickness, which is very convenient for dielectric measurements using a 
parallel-plate capacitor. The Vycor glass samples were immersed in the liquids and filled 
to saturation. 

Table 1. Summary of experimental TSOC resulls (many samples). T, is the calorimetric glass 
transition LemperaNre, T. is the TSSDC peak temperature and AT E T, -TI. where F denotes 
Ihe  temper” at which the cunent drops to Mf its maximum value on the low-tempcraturr 
side of the peak. The enors in T, and AT an il K. 

Propylene glycol bulk 161 1131 174 4 
Propylene glycol in Wcor glass 1 65 1.5 
Propylene Carbonate bulk 158 [I31 165 3.5 
Propylene carbonate in Vycor glass 156.5 5.5 

AC dielectric measurements were carried out using a Hewlett Packard HP 4192A 
impedance analyser combined with an Ando type TO-19 thermostatic oven and the Ando 
SE70 and LE21 dielectric cells. Thermally stimulated depolarization current (TSDC) 
measurements, which correspond to measurements of dielectric losses against temperature 
at fixed frequencies of 10-2-10-4 Hz [14], were carried out using equipment and procedures 
described elsewhere [U]. 

Figure 1 shows the Arrhenius plot of the dielectric 01 relaxation in bulk and confined 
glycerol. It should be noted that measurements on dry Vycor glass samples show no 
dielectric relaxation mechanisms in the frequency and temperature region of interest in this 
work. For the confined liquid we observe a shift of the frequency of maximum dielectric 
loss, fmar to higher frequencies at constant temperature and a shift of the temperature of 
maximum dielectric losses to lower temperatures at constant f-. i.e. a shift of the glass 
transition temperature Tg to lower temperatures. 

At each temperature, the loss curves were found to be broader in the confined liquid 
than in the bulk. As an example, we show in figure 2 a normaked plot of dielectric 
loss in confined and in bulk glycerol at 233 K. Two theoretical curves were fitted to the 
experimental results, the Cole-Davidson 

A€ 
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Figure 1. M e n i u s  plot (nahual logarithm of 
frequency of maximum dielectric loss against reciprocal 
temperature) for the a relaxation in bulk (0) and 
confined (0) glycerol. 

and the Havriliak-Negami 
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Figure 2. Normalized plot of dielectric loss 6‘‘ against 
frequency for bulk (0) and confined (v) glycerol at 
233 K. 

where E* = E’ = is” is the complex permittivity, w the angular frequency, AE and q are, 
respectively, the intensity and the position on the frequency scale of the relaxation process, 
cw = ~‘(o) foro  >> 00, and f l ,  a and y are the shape parameters [16]. The one-parameter 
Cole-Davidson expression could be fitted to the results of bulk glycerol, with p = 0.63 
at 233 K, while it was impossible to obtain a satisfactory fit for confined glycerol. The 
two-parameter Havriliak-Negami expression could be fitted to both cases. For bulk glycerol 
it reduces to a one-parameter fit since it is found that y = 1.00 and CY = 0.17 at 233 K. 
For confined glycerol, two parameters are needed, a = 0.32 and y = 0.87 at 233 K. 
These results indicate that the shape of the dielectric response changes significantly with 
confinement and suggest changes in the relaxation mechanism. 
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Figure3. TSDC plots; n o h i z e d  b unit height, of the a 
relaxation in bulk (- - - -1 and confined (-) propylene 
glycol. carbonate, 

In figures 3 and 4 we show TSDC plots measured on bulk and confined propylene glycol 
and propylene carbonate respectively. The TSDC peaks are due to the CY relaxation [17]. 

Figure 4. TSDC plots, normalized to unit height, of the a 
relaxation in bulk (- - - -) and confined (-) propylene 
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Peaks at higher temperatures due to dipolar and/or conductivity relaxations in the liquid 
phase have been eliminated [17]. The temperature of current maximum (peak temperature) 
T, of the TSDC 01 peak is close to the calorimetric glass transition temperature T, [17,18] 
and therefore is a good measure of the latter's changes with confinement. The results in 
figures 3 and 4 and in table 1 show that Tm is reduced for the confined liquids, in agreement 
with the ~Cresu l t s  (figure 1). In table 1. the quantity AT = T,-Tl, with TI the temperature 
at which the current drops to half its maximum value on the low-temperature side of the 
peak, is a measure of the broadness of the 01 peak. In agreement with the A c  results, the a! 
relaxation becomes broader for the confined liquids. 

The decrease of T, induced by confinement is in agreement with previous work [2-4]. In 
microemulsions [5] and PHEMA [6], interactions of the confined liquid with the surrounding 
walls may be significant and, since they are expected to reduce the molecular mobility of 
the liquid [l] ,  they may compensate the reduction of T, induced by confinement. We note 
in this connection the reports by Jackson and McKenna [2]  that surface modification of the 
CPGS did not alter the results. The observed broadening of the dielectric 01 relaxation is in 
agreement with the broadening of the DSC signal observed in all relevant previous studies 
12-61. However, we have observed for the first time a modification of the shape of the 
dielectric response, suggesting a modification of the relaxation mechanism. This point must 
be studied further. 

The changes in the response of confined liquids at T,, observed in this and previous 
work [2-4], may be related to the cooperativity length 4 [7]. The increasing shift of T, 
to lower temperatures with decreasing confining length [2,4] is consistent with such a 
relation. 4 increases with the temperature decreasing towards T, and becomes comparable 
to the dimensions of confinement in this and similar studies [lO,ll] .  Measurements at 
different confining lengths may be used to determine 6 .  Vycor glasses are characterized 
by very narrow distributions of pore dimensions and are therefore very suitable for such 
studies. On the other hand, measurements can be made at different 4 values by suitable 
choice of the liquid (4 increases with the departure from the Arrhenius behaviour at low 
temperatures [ 1 I]) andor the temperature of isothermal dielectric measurements (( increases 
with decreasing temperatures [IO, 1 I]), making use of the very broad range of frequencies 
available for dielectric measurements. Experiments along these lines are now in progress. 

References 

Dr& 1 M and Kl3Aer I 1990 Phys. Today 43 46 
Jackson C L and McKenna G B 1991 1. Non-Cryd. Solids 131-3 221 
McKcnna G B private wmmunication 
Zhang I, Liu G and Jonas J 1992 J. Phys. Chem 9 3478 
Macparlane D R and Angell C A 1982 1. Phys. Chem 86 1927 
Hofer K, Mayer E a d  Iohari G P 1991 J. Phys. Chem 95 7100 
Sappelt D and IrCkle J 1993 3. Phys. A: Marh. Gen. 26 7325; private communication 
Donlh E 1992 Relaxarion and Thermodynamics in Polymers. Glass T'mirion (Berlin: Akademie) 
Gotze W and Sj8gren L 1992 Rep. Pro& Phys. 55 241 
Fisher E W. Donth E and Seffen W 1992 Phvs. Rev. Len MI 2344 
Donth E 1993 Phys. Scr. I 4 9  223 
Schmhals A. Kremer F. Hofmann A. Fischer E W and Schlosser E 1993 Phvs. Rev. Left. 70 3459 
B6hmer R, Ngai K L, Angell C A and Plarek D I 1993 J. Chem. Phys. 99 4201 
van Tumhour 1 1980 Elecrrers ed G M Sessler (Berlin: Springer) p 81 
Pissis P, Anagnostopoulou-Konsta A, Apekis L. Danukak-Dimanti D and Christodoulides C 1991 J,  Non- 

BBttcher C J F and Bordewijk P 1978 Theory of Elecrric Polnrirnrion 2nd edn vol I1 (Amsterdam: Elsevier) 
Pissis P and Ape& L 1991 1. Non-Cryst, Solids 131-3 95 
Ngai K L 1991 Macmmolecvles 24 4865 

Crysr. Solids 131-3 I174 


