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Dynamic thermal expansivity near the glass transition
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Abstract

Dielectric techniques were used to investigate the thermal expansivity of polystyrene ®lms. Capacitive scanning

dilatometry (CSD) employs temperature ramping in order to monitor the non-linear structural relaxation in the glass

transformation range and to quantify liquid fragility. In the linear response regime, the complex thermal expansivity is

obtained as a function of the temperature cycling frequency and is observed to re¯ect the structural relaxation. Ó 2000

Elsevier Science B.V. All rights reserved.
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Thermodynamic properties of supercooled liq-
uids and polymers undergo signi®cant changes in
the glass transformation range. Therefore, heat
capacity, compressibility, and thermal expansivity
are often used to monitor the vitri®cation process.
Consequently, there exist a number of experi-
mental techniques to determine these quantities in
the quasi-static limit [1]. It has long been recog-
nized that their frequency or time dependences
should also be mapped out in order to gain deeper
insights into the kinetic nature of the glass tran-
sition [2]. In this respect, the determination of the
dynamic heat capacity under either temperature
scanning [3] or temperature cycling conditions has

received particular attention (see the collection of
articles published in [4]). Also the methods to re-
cord the adiabatic compressibility in a broad fre-
quency range were recently re®ned considerably
[5]. On the other hand, we do not know of an
experimental report 3 on the explicit frequency
dependence of the thermal expansivity, a(x). 4

Therefore, we have developed a simple technique
to measure a(x) employing harmonic temperature
modulation. The changes in sample geometry are
monitored in terms of the capacitance of the
electrode/sample assembly and also allow to per-
form experiments under temperature ramping
conditions. This latter technique, which we call
capacitive scanning dilatometry (CSD), yields
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information analogous to di�erential scanning
calorimetry (DSC) [3,4].

For our novel technique the sample itself, in this
case a polymer ®lm, serves to de®ne the separation
of the electrode pair. Such an arrangement is much
simpler than most approaches described before
(very recently CSD was used to study very thin
polymer ®lms [8,9]). The price one has to pay for
this simplicity is that the measuring signal, i.e., the
capacitance of the electroded ®lm, under adverse
conditions does not only re¯ect dilatometric but
also dielectric properties. However, as we will
show below, one can disentangle these e�ects by a
suitable choice of experimental parameters. The
possibility of simultaneously accessing the dilato-
metric and dielectric properties in a single experi-
ment avoids ambiguities encountered when
comparing data from di�erent sources. In partic-
ular, such a combined measurement allows for a
simple quanti®cation of fragility, a key parameter
for characterizing glass-forming liquids [10]. As
was shown very recently, a similar approach can
be devised using DSC techniques, but then re-
quires auxiliary equipment [11].

For our initial experiments we have chosen
polystyrene (PS), a standard polymer, but poly-
butadiene (PB) and polyvinylacetate (PVAc) have
been studied as well [12]. Thin ®lms (1±10 lm
thick) were produced by spin coating or drop
casting atactic PS (Mw� 119.000 g/mol) using
glass or metal substrates. The active electrode area
of the capacitors ranged from 30 to 80 mm2. No
signi®cant di�erences between di�erently prepared
®lms were found. The capacitor assemblies, with
calibrated Pt-sensors attached in close proximity
to the polymer ®lms, were thermostatted using a
commercial system from Novocontrol. Using the
standard regulation capabilities of our system we
achieved cooling or heating rates of 0.1 K/min-
< |q| < 4.5 K/min. Smaller rates were reached by
repeatedly stepping the temperature typically by
0.15 K and subsequent stabilization. The maxi-
mum cycling frequency was 10 mHz. The experi-
ments were carried out using temperature
oscillation amplitudes of 0.2±0.7 K. In Ref. [12] we
®nd an approximate linearity of response up to
oscillation amplitudes of about 1.4 K, in agree-
ment with results from thermomodulated DSC

experiments [13,14]. For the measurement of the
dielectric constant we employed a Solartron SI-
1260 gain/phase analyzer equipped with a Mestec
DM-1360 transimpedance ampli®er. It is stressed,
however, that any other system capable of moni-
toring capacitance for frequencies larger than
about 100 kHz at a comparable resolution would
be suitable for the present purpose. Unless stated
otherwise, we utilized a detection frequency fD

near 450 kHz.
For a ®rst characterization of the PS ®lms, we

monitored the capacitance upon cooling at a rate
of q�)0.08 K/min. The results obtained for sev-
eral frequencies, fD, are shown in the inset of Fig.
1. For the highest fD we ®nd a change of slope near
the calorimetric glass transition temperature. For
lower fD this e�ect is superimposed by dielectric
dispersion showing up in the real part of the

Fig. 1. Symbols represent the normalized thermal expansion,

aN(T), obtained by cooling down to 328 K at various rates (see

labels) and immediate reheating with 3 K/min. The lines are

from calculations within the Narayanaswamy±Moynihan ap-

proach described in the text and provide a good description of

our measurements. The inset depicts the frequency dependent

capacitance as recorded upon cooling with q�)0.08 K/min.

The numbers in the inset give the frequencies as log10(f/Hz). The

straight lines are drawn to represent the linear dependences of C

in the glassy and in the liquid regimes. The arrow marks their

intersection from which Tg can be read o�.
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dielectric constant. From this data the frequency
range suitable for the present purpose can readily
be recognized. In order to extract the coe�cient of
linear thermal expansion, a, from the temperature-
dependent high-frequency capacitance, C(T), two
considerations need to be made. The derivative,
dC=dT � e1 dC0=dT � C0 de1=dT , contains one
contribution from the change in the geometric
capacitance, C0, and another one from the density
dependence of the dielectric constant itself. Since
we are dealing with the dielectric constant, e1, at
frequencies above the regime of orientational po-
larization, we may apply the Lorenz±Lorentz
equation in order to evaluate the latter e�ect. Us-
ing this approach one can derive [12] a �
Nÿ1�dC=dT �A with N � C0�e1 � �e1 ÿ 1��e1 � 2�
=3�. The subscript A is meant as a reminder that
the constant `area', i.e., the thin ®lm expansivity
rather than the constant pressure coe�cient, ap, is
of interest here. The two are related via
a � ap�1 � m�=�1 ÿ m� [15]. The di�erence in the
explicit frequency or temperature dependences of a
and ap is relatively small because the temperature
variation of the term involving the Poisson ratio, m,
is about a factor of 10 smaller than that of a. Using
published values (we utilized m� 0.33 for the glassy
state and m� 0.5 for the liquid, see [16]) for m and
the observed slopes, dC/dT, marked by the straight
lines in Fig. 1, we ®nd that in the glassy state
ap;g � �7:0� 0:5� � 10ÿ5 Kÿ1 and that in the liquid
ap;l � �15:5� 1:0� � 10ÿ5 Kÿ1 in good agreement
with the literature. 5 Using the two limiting values
one can compute the normalized coe�cient,
aN�T � � �a�T � ÿ ag�=Da, with Da� a1ÿ ag.

In Fig. 1 we show aN(T) as measured for vari-
ous cooling rates and subsequent reheating with
3 K/min. A pronounced hysteresis between
downscan and upscan as well as the development
of an overshoot are noted. The latter feature
becomes most prominent for slow precooling.
Similar e�ects are well known from DSC investi-

gations which are usually analyzed within the
®ctive temperature approach. In an analogous
fashion we write aN� dTf /dT and derive the ®c-
tive temperature, Tf , within the Adam±Gibbs ap-
proach modi®ed according to Scherer [17]. As the
solid lines in Fig. 1 show, aN obtained for several
thermal histories can be described excellently using
the parameters derived from previous DSC ex-
periments on PS (we used ln(s0/s)�)63.5,
B� 7630 K, T2� 260 K, and b� 0.54 as given by
Hodge [18]).

The frequency-dependent thermal expansivity
was determined from the capacitance modulation
amplitude, DC, generated by a harmonic temper-
ature excursion of magnitude DT. From the am-
plitude ratio and the phase lag between C(t) and
T(t) of our polymer samples we computed the real
and imaginary parts of a�x� � a0�x� � ia00�x� for
several temperature cycling frequencies, x, em-
ploying digital lock-in techniques. By using vari-
ous modulation amplitudes we ascertained that
our experiment operates in the linear response

5 Our ap;l is about 10% smaller than the published one,

probably indicating that the assumption of a constant area is a

good approximation, only. Then, in the liquid state the polymer

®lm will not perfectly stick to the substrate, hence be able to

slightly expand into the lateral directions, and lead to a minor

decrease of the longitudinal expansion.

Fig. 2. (a) In-phase and (b) out-of-phase components of the

complex thin ®lm thermal expansion coe�cient. The tempera-

ture modulation frequencies are indicated. Lines are ®ts based

on Havriliak±Negami and Vogel±Fulcher expressions with the

parameters given in the text.
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regime. In Fig. 2 we show the results obtained for
0.4 mHz 6 x/2p 6 10 mHz. In the real part of the
expansivity, a0, we observe well-de®ned steps,
while in a00 frequency-dependent peaks show up.
Via the relation xs� 1 the peak maxima indicate
the time scale, s, on which the expansivity response
takes place at a certain temperature. In Fig. 3 we
plot the modulation frequencies versus peak tem-
peratures. The solid line through the data repre-
sents a shift factor of 2.9 K/decade [19].
Additionally, Fig. 3 reveals that the rate-depen-
dent glass transition temperatures (determined
from the break in slope of the C(T) curve; cf. inset
of Fig. 1) for a given cooling rate are compatible
with the same shift factor. The ordinate axes of
Fig. 3 are plotted in a way which allows to com-
pare frequencies x (or relaxation times s) with the
associated cooling rates. One can see that, e.g.,
q�)10 K/min (left-hand scale of Fig. 3) and
x/2p� 0.4 mHz (right-hand scale) correspond to
the same temperature. This is a direct experimental

indication that a rate of 10 K/min corresponds to
an average structural relaxation time s �� xÿ1� of
about 400 s. 6 The order of magnitude of this
correspondence is in agreement with simple theo-
retical estimates [3,21,22].

In the inset of Fig. 3 the time scales from our dil-
atometric results are compared with the inverse peak
frequencies from dielectric spectroscopy recorded
for the same specimen. Both sets of data can be
described using the same Vogel±Fulcher (VF) equa-
tion, s � s0 exp �DT2=�T ÿ T2��, with log10�s0=s�
� ÿ13:8, DT2� 685 K, and T2� 329 K. 7 From
these quantities the fragility index m can be com-
puted [24]. Alternatively, the fragility parameter [25]
F1=2 � 2Tg=T1=2 ÿ 1 can be read o� directly from the
experimental data. Here Tg and T1=2 denote the
temperatures corresponding to time scales of 102 and
10ÿ6 s, respectively. For PS we ®nd F1=2� 0.79. Fig. 3
also includes results from our recent study on PB
[12], for which F1=2 � 0:60 is obtained. A straight-
forward alternative route for assessing F1=2 is to
measure the capacitance C(T) at a ®xed frequency
2pfD � 106 Hz over a temperature range which in-
cludes Tg and T1=2. As we have demonstrated for PB
[12], the resulting C(T) displays a kink at Tg due to
the dilatometric e�ects and a step at T1=2 associated
with orientational dielectric polarization. Thereby,
F1=2 is readily obtained from ®xed frequency im-
pedance measurements performed over a limited
temperature interval.

Since the characteristic time scales for the dil-
atometric and dielectric responses agree rather
well, the question arises whether the spectral
widths are also comparable. In order to resolve
this issue in Fig. 4 we show Cole±Cole plots of the
normalized complex expansivity as well as of the
complex dielectric constant of PS. In both cases
skewed arcs are seen which can be parameterized
using the Havriliak±Negami (HN) formula,
aN�x� � a0N�x� � ia00N�x� � �1� �ixs�d�ÿc

, or the
corresponding expression for the analogously

Fig. 3. Characteristic freezing (or glass transition) temperatures

of PS as obtained under various experimental conditions. The

scale on the left-hand side refers to Tg determinations from

capacitive scanning dilatometry (cf. inset of Fig. 1). Data from

the modulation experiments (full circles) obtained from the

maxima of a00 (cf. Fig. 2) correspond to the axis on the right-

hand side. The straight line represents a shift factor of 2.9 K/

decade. The inset is an Angell plot for PB [12] and PS incor-

porating relaxation times obtained from the maxima in a00 and

in e00. The dashed lines are ®ts using Vogel±Fulcher expressions.

6 A similar estimate for PS was performed by Hensel and

Schick [20], who determine Tg from the midpoint of DSC

curves. These authors ®nd that a rate of 10 K/min corresponds

to a time scale of 125 s.
7 Parameters from cycling and ramping experiments can be

di�erent as discussed for glycerol by Moynihan et al. [23].
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normalized dielectric constant, eN(x). The result of
this procedure is shown by the lines in Fig. 4. We
®nd d � 0:78; c � 0:45 for aN�x� and d0 � 0:85;
c0 � 0:32 for eN(x). The a00N�x� vs. a0N�x� plot rests
on the a�T ;x� data of Fig. 2, but allows for de-
termining the HN parameters without explicitly
referring to s(T). Combining these shape parame-
ters with a VF ®t for s(T) leads to the solid lines in
Fig. 2. In the relevant temperature range, the VF
®ts for the dielectric (se) and expansivity (sa) time
scales agree within 0.1 decades.

The above numbers for the HN exponents d
and c translate into (FWHM) widths of wa � 2:3
for aN(x) and we � 2:5 for eN(x) as regards the
imaginary parts on a log10(x) scale. A heat ca-
pacity spectroscopy study of PS (Mw � 270:000
g/mol) reported by Korus et al. [26,27] leads to
wc � 2:1 for the e�usivity qjcp(x). There is no ®rm
theoretical basis for expecting identical s and w
values obtained from di�erent experimental ap-
proaches. The present results sa� se and wa�we

suggest that the dynamic expansivity, like various
other relaxation types, is intimately coupled to the
primary or structural relaxation.

In summary, we have demonstrated the possi-
bilities of monitoring subtle changes in the geom-
etry of thin polymer ®lms using capacitance
measurements. The combination of this technique
with temperature ramping or harmonic tempera-

ture oscillations allows to evaluate the capacitance
changes in terms of the dynamic expansivity, a(x).
Already a simpli®ed model leads to quantitative
agreement of ap;g and ap;l with literature values.
Both the average time scale, s, and the loss pro®le,
a00�x�, are found compatible with the structural
relaxation of PS. Because both characteristic
temperatures, Tg and T1=2, show up in a tempera-
ture sweep of C�2pfD � 106 Hz�, this technique is
particularly straightforward for assessing the fra-
gility, F1=2, of polymer ®lms. A future higher res-
olution version of this experimental approach
might reveal the dynamical expansivity associated
with b-relaxations in glassy materials.
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