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Capacitive scanning dilatometry and frequency-dependent thermal expansion of polymer films

C. Bauer, R. Bo¨hmer,* S. Moreno-Flores,† R. Richert,‡ and H. Sillescu
Institut für Physikalische Chemie, Johannes Gutenberg-Universita¨t, 55099 Mainz, Germany
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~Received 9 August 1999!

The dilatometric properties of polymer films near and above their glass-transition temperatures were ex-
plored using capacitive high-frequency detection in temperature ramping as well as in harmonic temperature
cycling experiments. The broad applicability of capacitive scanning dilatometry is demonstrated by the inves-
tigation of macromolecular systems of vastly different polarity such as polystyrene, polybutadiene, and poly-
vinylacetate. From temperature cycling experiments the real and imaginary parts of the frequency-dependent
thermal-expansion coefficient are determined in the sub-Hz regime.

PACS number~s!: 61.41.1e, 64.70.Pf
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I. INTRODUCTION

Entropy and volume are among the most basic thermo
namic quantities characterizing amorphous polymers@1#. It
has long been recognized that in the glass-transforma
range these properties depend on the experimental co
tions, with important parameters being the thermal sam
history and the time scale used for measurement. Entr
probably the parameter most often determined in the lab
tory, is not measured directly but rather its temperature
rivative, which is related to the heat capacity, is measured
order to cover a large time or frequency range, a numbe
different calorimetric methods are in use. Among them
temperature ramping techniques such as differential scan
calorimetry~DSC! @2# and temperature cycling methods@3#,
as well as high-precision enthalpy relaxation measurem
based on the application of temperature jumps@4#.

The measurement of time-dependent thermal expan
coefficients via the observation of volume changes in
glass-transformation range is also not new@5#. Mercury
dilatometry has often been used to investigate the volu
variations of organic specimens following a temperat
jump @1,6,7#. X-ray scattering and other methods have a
been employed for this purpose@8#. Capacitive dilatometry,
another standard technique in this area, has mostly been
to study equilibrium properties@9#, but occasionally was also
performed in temperature ramping mode@10#. In capacitance
dilatometry, an air gap between the~electrically conducting!
sample surface and a nearby counterelectrode usually re
sents the capacitive element. In order to achieve good se
tivity, the air gap typically is very narrow and hence spec
precautions are necessary to ensure sufficient mechanica
bility.

In this article we report on the development of a simp
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yet reliable capacitive method with which to determine th
mal expansion properties of thin films of glass-forming m
terial. The basic idea is to use the specimen itself as
dielectric material@11# in the capacitor rather than an air ga
However, with the sample sandwiched between the e
trodes, our method is sensitive not only to the thermal
also to the dielectric characteristics of the specimen. Us
suitable experimental conditions, useful information on th
mal properties can nevertheless be obtained. One wa
achieve this would of course be to restrict our attention
nonpolar or only weakly polar polymers, such as polystyre
~PS!. In order to show that the method of capacitive scann
dilatometry~CSD! is not restricted to this class of material
in addition to PS we have studied two other amorphous po
mers, viz. 1,4-polybutadiene~PB! and polyvinylacetate
~PVAc!. As we will show, the sensitivity of our method no
only to thermal but also to dielectric material characterist
lends itself to a particularly simple means to detect the liq
fragility.

Capacitive methods are usually not sensitive to the v
ume expansion~which is often detected using mercur
dilatometers! but rather to the linear thermal expansion.
one of the geometrical parameters~either the gap or the area!
of the capacitor containing the specimen under study is fix
then a clamped thermal expansion coefficient,aC , is mea-
sured. In the thin-film geometries chosen for this work w
explore both the constant gap and the constant area co
tions, yielding aCG and aCA , respectively. We will show
that our dilatometer can be operated not only in a tempe
ture ramping but also in a temperature cycling mode. T
makes it possible to determine the complex frequen
dependent thermal expansion,aC* (v,T). Although below we
are able to derive thermal-expansion coefficients from
experimental results which agree well with literature da
the emphasis of the current work is mostly on mapping
the dynamic aspects of the dilatometric properties of am
phous polymers.

II. THEORETICAL CONSIDERATIONS

A. Nonequilibrium thermal expansion

Let us suppose that a temperature jumpDT ~applied at
time t50) changes a characteristic dimension of our spe

ry,
1755 ©2000 The American Physical Society
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1756 PRE 61C. BAUER et al.
men froml 0 to l. Then from the definition of the coefficien
of linear thermal expansionap5 l 21(] l /]T)p ~taken at con-
stant pressurep! the normalized length change,l[( l
2 l 0)/ l 0 , for sufficiently long times after the temperatu
step isl5apDT. In general, the response toDT will not be
entirely instantaneous. Denoting the short-time~or glassy!
thermal expansion coefficient asap,g and the long-time~or
liquidlike! one asap,l , one can write

ap~ t !5l~ t !/DT5ap,g1~ap,l2ap,g!@12F~ t !#. ~1!

In order to see what the associated correlation functionF(t)
~normalized to decay from 1 to 0! is, it is instructive to note
that the thermodynamic quantities, heat capacity,Cp
5T(]S/]T)p , and compressibility,kT5V21(]V/]p)T can
be related to fluctuations in the extensive variables entropS
and volumeV, respectively. Likewise, the coefficient o
thermal expansion can be expressed in the static case a
cross fluctuation between the variablesS and V via ap
5^DSDV&/(3kBTV) @12#. This equation includes fluctuatin
quantities such asDS(t)5S(t)2S̄, with the bar denoting a
time average. With the use of an appropriately formula
fluctuation-dissipation theorem@13#, the above relation can
be generalized to read in the frequency domain@14#

ap~v!5~3kBTV!21E S 2
d

dt
^DS~0!DV~ t !& Deivtdt.

~2!

Thus the desired correlation function is given byF(t)5
2d^DS(0)DV(t)&/dt. The sine and cosine transforms
F(t) define a complex susceptibilityap* (v)5ap8(v)
1 iap9(v). If the temperature is varied sinusoidally around
constant mean with frequencyv, then a8 and a9 simply
denote the in-phase and out-of-phase components of th
sociated normalized length variations. From experience w
other complex susceptibilities determined near the glass t
sition, it may be anticipated that in generala* (v) will not
be governed by a single time scale. Corresponding findi
are often accounted for by the introduction of phenome
logical distribution functions@15#. Then, in the time domain
the ensemble-averaged correlation functions decay in a
exponential fashion.

Temperature ramping experiments are more complica
to deal with, since in this case nonlinearities and hyster
effects arise almost inevitably. From the number of a
proaches developed in the past to treat this situation, th
based on the introduction of a so-called fictive temperatu
Tf , have been quite successful in terms of rationalizing
perimental data.Tf is a parameter which is meant to descri
the instantaneous structural state of a glass former. It dif
from the thermodynamic temperature as soon as the sa
is brought into a nonequilibrium state@16#. Using the con-
ventional definition of fictive temperature one way write

ap~T!5ap,g1~ap,l2ap,g!dTf /dT, ~3!

In analogy to the treatment for the heat capacityTf can be
modeled in a number of different ways@3#. Below we will
the
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use what is sometimes referred to as the Narayanaswa
Moynihan approach. It is based on the numerical solution
the equation

Tf ,n5T01(
j 51

n

DTj H 12expF2S (
k5 j

n
DTk

qktk
D bG J . ~4!

with the initial temperatureT0[Tf ,0 . In order to perform
explicit calculations, the ramping rateqk[DTk /Dtk has to
be defined for each time stepDtk . Furthermore, the depen
dence of the relaxation timet on T andTf needs to be speci
fied in Eq.~4!. Assuming the familiar Adam-Gibbs equatio
to be applicable, one can writetk5t0 exp$B/@Tk(1
2T2 /Tf,k21)#% @17#. Thus in order to calculateTf(T) there are
four fitting parameters: the attempt frequency 1/t0 , the ef-
fective barrierB, and the divergence temperatureT2 , as well
as the Kohlrausch exponentb, the latter describing the non
exponentiality of the structural relaxation.

B. Geometrically restricted expansion

If an isotropic body is subjected to a temperature jum
DT, then the relative changelx5D l x / l x of its length l x
along thex direction, as well as those along the other dire
tions, can be derived from the appropriate combination
Hooke’s and Poisson’s relations@18# and yields

lx5E21@sx2n~sy1sz!#1apDT, ~5a!

ly5E21@sy2n~sx1sz!#1apDT, ~5b!

lz5E21@sz2n~sx1sy!#1apDT. ~5c!

Thus, in order to specify the relation between the extensi
l i and the stressess i of an isotropic body, two independen
elastic constants are needed. In Eq.~5! these are the isother
mal extensional~Young’s! modulus,E, and the isotherma
Poisson ratio,n, i.e., the ratio of longitudinal expansion t
transverse contraction. In order to account for various g
metrically restricting conditions, relevant in the present co
text, one needs to specify which are of the expansions an
stresses zero. Under conditions of constant areaA ~taken to
lie in the x-y plane! one haslx5ly5sz50. Evaluating Eq.
~5!, the normalized expansion along thez direction ~this is
what we call the clamped longitudinal expansion coefficie
aCA! is derived to be

aCA5lz /DT5ap~11n!/~12n!. ~6!

One commonly has 0<n<0.5 @19#. This implies thataCA
>ap with the equality arising forn50 ~meaning that longi-
tudinal compression would lead to no lateral stresses!. In the
liquid state, where the bulk modulusK is much larger than
the shear modulusG, the Poisson ratio isn5(3K/G
22)/(6K/G12)'0.5 and consequentlyaCA53ap /(1
14G/K)'3ap . This means that the expansion of th
sample, which would normally occur in the lateral dime
sions, but which now is impeded by the geometrical rest
tions, leads to an enhancement of expansivity in the long
dinal direction. The length change along thez axis then is of
course maximum if the body is incompressible.
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Taking the electrode again to lie in thex-y plane, for
conditions of a constant gapd one hassx5sy5lz50. This
leads to the lateral thermal expansion coefficientaCG
5lx /DT5ly /DT. This clamped coefficient is

aCG5~11n!ap . ~7!

The enhancement factor 11n53/@212G/(3K)# expected
for a given Poisson ratio is smaller compared to the o
appearing in Eq.~6!, since unrestricted expansion is no
possible along two directions. Furthermore, this also imp
that variations ofn have less impact on the clamped therm
expansionaCG than onaCA . Variations ofn are expected to
show up near the glass transition, since here bulk and s
modulus depend upon frequency and temperature. It is a
tunate circumstance, however, that while the enhancem
factors appearing in Eqs.~6! and~7! typically @20# change by
less than 30%, the linear thermal expansion coefficie
change by typically 300%. Our considerations show that
a more quantitative determination ofap from thin-film in-
vestigations, information about Poisson’s ratio is requir
Furthermore, we should emphasize that the treatment
sented in this section starts from the consideration of an
tropic body. However, particularly for the constant-gap g
ometry a distribution of lateral mechanical stresses canno
ruled out with certainty. A quantitative evaluation of su
effects is beyond the scope of the present paper.

C. Capacitive detection

If a dielectric material expands along a direction norm
to the capacitor electrodes rigidly attached to its surfac
i.e., if the capacitor gap increases, it is immediately obvio
that its capacitanceC5«0«`A/d([«`C05«0«`l xl y / l z) de-
creases. Here«0 denotes the permittivity of free space. The
are, however, more subtle effects. Due to the variation
density the dielectric constant«` itself changes even if the
molecular polarizabilityamol is constant. The changes in th
high-frequency dielectric constant can be derived fr
the Lorenz-Lorentz equation @21# («`21)/(«`12)
5amolN/(3«0Alz), where r5N/(Alz) is the density, i.e.,
the numberN of polarizable units per volume. Then the d
rivative with respect to any of the variables,z, appearing on
the right-hand side of the Lorenz-Lorentz equation
d«` /dz56z21K(«`), with K(«`)5(«`21)(«`12)/3
and the plus sign forz appearing in the numerator and th
minus sign otherwise. In order to obtain the total variation
the capacitance, we may writedC5(]C/]C0)«dC0
1(]C/]«`)Co

d«` or

dC

dT
5«`

dC0

dT
1C0

d«`

dT
. ~8!

First, Eq. ~8! will be evaluated under constant area con
tions. With (dC0 /dT)A5(dC0 /dlz)A(dlz /dT)A52C0aCA
and (d«` /dT)A5(d«` /dlz)A(dlz /dT)A52K(«`)aCA one
has

aCA5
21

@«`1K~«`!#C0
S dC

dTD
A

. ~9!
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Under constant-gap conditions only the densityr changes
but the geometric capacitance,C0 , is invariant, i.e.,
dC0 /dT50. The change in density is then simply given b
Dr/r52(lx1ly). Using the expression foraCG appearing
just above Eq.~7! one hasDr/DT522raCG. Combining
this result with (d«` /dT) l z

5(d«` /dr) l z
(dr/dT) l z

one fi-
nally finds that

sCG5
21

2K~«`!C0
S dC

dTD
l z

. ~10!

Thus in both cases the clamped thermal-expansion co
cients are given by the derivative of the logarithmic capa
tance,d(ln C)/dT, times a correction factor which for sma
«` depends relatively weakly on the geometry. Taking«`

52.5, say, one has«`1K(«`)54.75 and 2K(«`)54.5.

III. EXPERIMENT DETAILS

Three different polymers were used for this study. Th
films of atactic polystyrene ~molecular weight Mw
5119 000 g/mol! of variable thickness were produced eith
by spin coating or by drop casting polymer solutions a
subsequent drying at elevated temperatures. The thickne
these films was determined using a profilometric dev
~Alpha-Step 2000 from Tencor Instruments! and was found
to lie in the 1–10-mm range with a surface roughness
typically 65%. The spin-coated films were contacted
100-nm-thick Al electrodes evaporated onto the polymer s
face with the lower electrode previously deposited onto
thin glass plate. The cast films were supported by a bot
electrode made of brass. Here the upper electrode cons
of an In foil topped with a brass plate. The foil was used
ensure tight contact between the sample surface and b
electrode. The active electrode area of the different capac
arrangements ranged from 30 to 80 mm2. No significant dif-
ferences between films prepared by spin coating or drop c
ing were found. For PVAc (Mw514 500 g/mol) only cast
films were used. The PB sample material@55% 1,4-trans,
35% 1,4-cis, 10% 1,2-~vinyl!; Mw512 400 g/mol# used in
the present investigation was described in detail previou
@22#. For the investigation of this relatively fluid sample w
have used a cell made of sapphire and invar steel which
been optimized for a temperature-invariant geome
@22,23#. In this construction the electrode is mainly defin
by the invar steel part, such that constant-gap conditi
~about 90mm! may be assumed as a good approximat
@24#. The thickness of all samples was large enough so
bulk behavior can be expected. Confinement-induced eff
typically show up for samples thinner than about 0.3mm
@11,25#. Since the emphasis of the present study is on m
ping out the frequency and time dependence of the ther
expansion and not so much on obtaining highly accurate
solute values, we have not used guard-ring electrodes. N
ertheless, we were able to reproduce numerical values o
thermal-expansion coefficient as reported in the literat
within experimental uncertainty~see Sec. V below!. This
shows that no corrections taking into account the small
pansion coefficients of the electrode materials are necess
as may be rationalized by noting that they are considera
smaller than those of the polymers under study.
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1758 PRE 61C. BAUER et al.
The capacitor assemblies with calibrated Pt sensors
tached in close proximity to the thin polymer films we
thermostatted using a commercial system from Novocont
This system allowed us to apply a dry stream of nitrogen
with an arbitrary temperature program. Using the stand
regulation capabilities of our system, we could achieve ma
mum cooling or heating rates 0.1 K/min,uqu,4.5 K/min.
Smaller rates were reached by repeated stepping of the
perature by typically 0.15 K and subsequent stabilizati
The maximum cycling frequency was 10 mHz.

In order to obtain a well defined temperature across
polymer film, it is necessary that its surface be in good c
tact with a substrate which on the one hand exhibits no
eral temperature gradients and on the other hand has a
capacity much larger than the polymer film. Both conditio
are met in our experiments. Because the sample cell ma
als are good thermal conductors relative to the environme
N2 gas, we expect that the temperature changes are ap
uniformly over the electrode area and that the sensor t
peratures match those at the electrode surface. In orde
ensure that no longitudinal gradients show up, the ther
‘‘skin depth,’’ l t , is required to be much larger than the fil
thickness. With a thermal diffusion coefficientD th5 l t

2/t of
typically 1023 cm2/s, the skin depth at our largest temper
ture modulation frequencyv51/t52p310 mHz is more
than 1 mm. Since the equivalent time scales involved in
ramping experiments are even longer~see below!, longitudi-
nal gradients are also not expected to be a problem. Ne
theless, due to the large thermal mass of the sapphire/i
cell, it may be expected that the largest usable modula
frequency is lower than for the thin-film assemblies.

For the measurement of the complex dielectric cons
we used a Solartron SI-1260 gain/phase analyzer equip
with a Mestec DM-1360 transimpedance amplifier. T
dilatometric results reported in this article correspond to ti
scales of seconds or longer. In order to minimize interfere
of the dilatometric with the dielectric relaxation processes
is mandatory to measure the capacitance on much sh
time scales, or, equivalently, at larger detection frequen
f D . Unless otherwise specified, we usef D'550 kHz for PS
and PB. For PVAc, which exhibits a much larger dielect
strength than the other two polymers, it turned out to
necessary to employ a larger detection frequency~we use
f D510 MHz!.

IV. RESULTS AND ANALYSES

A. Capacitive scanning dilatometry

In order to ensure that our dilatometric measurement
the glass-transformation range are not affected by the die
tric relaxation processes, we have first determined the va
tion of the capacitanceC as a function of frequency. Resul
for PS taken at a cooling rate of20.08 K/min are presented
in Fig. 1. The high-frequency capacitances show a c
break in slope near the conventional glass-transition t
perature. The relatively steep increase inC(T) observed
upon cooling from high temperatures is a consequence o
increase in the density of the polymeric melt. BelowTg the
thermal-expansion coefficient drops and consequentlyC(T)
increases in a less pronounced fashion. For low detec
frequencies the upturn inC(T) observable upon increasin
t-
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the temperature marks the presence of dielectric relaxati
Figure 1 thus gives a visual impression of the temperat
range in which the results for a given detection frequencyf D
are unaffected by dipolar reorientation processes. It is c
that due to the ever-increasing speedup of the dielectric
sponse, at temperatures larger than those shown in Fig. 1
capacitance signal will also start to reflect the dielectric
laxation behavior even for the highest frequencies emplo
for the present study.

The temperature at which the change of slope occurs~cf.
Fig. 1! can be shifted considerably by employing differe
cooling ratesq. This is documented for the polymers PS a
PVAc in Fig. 2 for a variation ofq over a range of about 2
decades. The data are represented in normalized form a

d~T![@C~T!2C~T0!#/C~T0!, ~11!

FIG. 1. Frequency-dependent capacitanceC of PS as measured
upon cooling withq520.08 K/min. The solid lines are drawn t
represent the linear dependences ofC in the glassy and liquid re-
gimes. From their intersection the glass-transition temperature
be read.

FIG. 2. Normalized capacitance of PVAc~left-hand scale! and
PS ~right-hand scale! as measured for various cooling rates
constant-area geometry. The data for PVAc were collected a
MHz, those for PS at 460 kHz. The normalization temperaturesT0

are indicated in the figure.
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vs T, with T0 being a reference temperature. From run to r
C(T0) changed by less than 0.11%~PS! and 0.07%~PVAc!
for the cast films and less than 0.015% for the spin-coa
films, demonstrating the good stability of our specimens. U
der constant-gap conditions of a reproducibility 0.03% w
achieved. It is evident from Fig. 2 that, despite quite simi
thermal-expansion behavior, the relative capacitance va
tion of PS is much larger than that of PVAc. This is due
the fact that for the latter polymer the detection frequency
10 MHz is still not large enough to avoid interference w
dielectric properties. In other words, dipolar relaxation p
cesses lead to an increase in the capacity onto which
thermal expansion behavior is superimposed. Neverthe
the general thermal features, such as the rate-depen
break in slope and the increase in capacitance, hence
crease in fictive temperature upon slow cooling, are still
served.

Figure 3 is a plot of the derivative,

D~T![21000
d@d~T!#

dT
, ~12!

of the q523 K/min data for PS as shown in Fig. 2. Th
derivativeD(T), which may be considered an effective e
pansion coefficient, is somewhat noisy; therefore, we h
usually employed an averaging procedure. Typically,
mean value from 7 to 11 adjacent data points is shown.
averaged results are also presented in Fig. 3 for compar
The ordinate axis on the right-hand side of Fig. 3 shows
clamped thermal-expansion coefficientaCA that was com-
puted from Eq.~9! and«`52.5. It is seen thataCA changes
by a factor of about 3 through the glass-transformat
range.

In Fig. 4~a! we present data taken for PVAc upon coolin
at 0.4 K/min and subsequent reheating at the same rate.
two curves differ in a systematic fashion. While the cooli
curve shows a smooth change of slope, in the heating
this effect is much more pronounced. This is due to the f
that upon reheating, a retarded response shows up.
asymmetry between heating and cooling runs is related to
nonlinearity of the structural response under nonequilibri
conditions. It leads to a related asymmetry in temperat
stepping experiments@4#, and is associated with the ove
shoot phenomenon@cf. Fig. 4~b!#. The upturn inC(T) evi-
dent forT.310 K and also the curved behavior showing

FIG. 3. Temperature derivativeD(T)[210003dd(T)/dT of
d(T)5@C(T)2C(T0)#/C(T0) with T05381 K. The input data for
PS were taken from Fig. 2. We show both the raw data~crosses!
and results~dots! obtained by averaging over nine measuremen
n
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at somewhat lower temperatures is due to the onset of
thawing of dielectric degrees of freedom.

In Fig. 4~b! we show the temperature derivativ
2dC(T)/dT, of the data presented in Fig. 4~a!. Below about
305 K the derivative signal exhibits pronounced hystere
effects. Here, in the glass-transformation range, the coo
curve indicates a smooth variation while the heating r
yields a well defined overshoot. This latter feature is w
known also from DSC investigations and allows for a co
venient determination of an onset glass-transition temp
ture @2#. Above 305 K the derivative data are obviously n
dominated by dilatometric properties. They are neverthe
shown here to document the relatively small thermal lag
tween cooling and heating runs. This observation confir
that for the thin films our temperature sensor is in good th
mal contact with the polymeric specimen.

In Fig. 5 we present a similar set of data for PB as m
sured using the constant-gap geometry. Due to the use
rigid electrode assembly, this geometry makes possible a
termination of the dielectric properties up to temperatures
aboveTg . Thus in Fig. 5~a! not only the break in slope du
to the dilatometric glass transition is seen. Also, similarly
the case of PVAc, an upturn in the capacitance shows u
higher temperatures, and then, more importantly, a lo
maximum is observed inC(T). Somewhat below the tem
perature at which this maximum is located, we find a diel
tric loss peak signaling that the time scale characterizing
dipolar degrees of freedom is about 1ms. In Fig. 5~c! the
derivative signal is depicted for several detection frequ
cies. Above approximately 185 K dielectric and dilatomet
properties are no longer well separated.

The results presented in this section demonstrate that

.

FIG. 4. ~a! Capacitance of a spin-coated PVAc film as measu
upon ramping the temperature with a rateuqu50.4 K/min. The
sample was first cooled down to 270 K and then reheated imm
ately. The arrows indicate the direction of temperature change~b!
Smoothed temperature derivative of the capacitance data show
the upper frame.
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method, CSD, is a useful tool with which to study the dila
metric glass transition of polymeric materials. Quantitat
analyses of the dynamic aspects, which we will discuss
more detail below~Sec. IV!, are complicated by the sam
nonlinearities that also affect the outcome of other ramp
experiments, such as DSC. In the field of heat-capacity s
troscopy it has proven useful to apply temperature cycl
techniques in order to circumvent these problems@3,26#. In
the following, we report on efforts to carry out related e
periments aimed at determining the frequency-depend
complex thermal-expansion coefficienta* (v).

B. Thermal expansion spectroscopy

For the measurement ofa* (v) we have modulated the
temperature of our specimens sinusoidally and recorded
capacitanceC(t) and the temperatureT(t), usually for more
than 10 cycles. By waiting a sufficiently large number
periods prior to the data acquisition, we have ensured
our samples are structurally stabilized, i.e., that they are
affected by physical aging. In particular, we have discard
the data from the first few cycles of each run in order
eliminate transient effects. In the inset of Fig. 6 we show
typical set of raw data plotted asC(t) vs T(t). This repre-
sentation yields an ellipse that may be described byT(t)
5T̄1Tve2 ivt and C(t)5C̄1Cve2( ivt1u). In order to de-
termine the amplitudesTv andCv , as well as the phase lag
u, we have performed a harmonic analysis@27#. In a subse-
quent step, we have varied the temperature modulation
plitude and recorded the magnitude of the capacitance ex

FIG. 5. ~a! Dielectric constant of PB as measured upon cool
in constant-gap geometry. The capacitance of the empty cell
32.1 pF. The inflection point near 220 K indicates the slowing do
of the dipolar degrees of freedom on a time scale oft1/25(2p
3162 kHz)21'1 ms. The break in slope near 175 K~marked by an
arrow! signals the dilatometric glass transition.~b! Dielectric loss as
detected for two different frequenciesf D . The loss measured at
MHz has been shifted upward for clarity.~c! Derivative signals
D(T) with C(T0) replaced here by the geometric capacitance. T
plot demonstrates that, even for the highestf D used here, no platea
region is reached above the step showing up nearTg .
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sions in order to determine if our experiment operates in
linear-response regime. The result of this procedure is sh
in Fig. 6 for two different temperatures. It is seen thatCv

}Tv , at least forTv<1.4 K, which is much larger than th
oscillation amplitude used in the remainder of the pres
work @28#. The slopeCv /Tv , via Eq.~9!, is directly propor-
tional to the magnitude of the coefficient of thermal expa
sion. From this information and the knowledge of the pha
lag, u, the imaginary part ofa* can be determined@29#.

The clamped thermal-expansion coefficient determin
experimentally for PS is presented in Fig. 7 for a temperat
cycling frequency ofv/2p54 mHz. At first glance, the rea
part, aCA8 , looks like the cooling curve shown in Fig. 3

as
n

s

FIG. 6. Capacitance oscillation amplitudes recorded for PS u
cycling the temperature at 4 mHz using various modulation am
tudesTv . The straight lines indicate linearity up to a surprising
large Tv . The inset shows a Lissajous pattern obtained forv/2p
51 mHz. Note the inverted labeling of the ordinate axis of t
inset.

FIG. 7. In-phase and out-of-phase components of the clam
thermal-expansion coefficient,aCA(T), for PS recorded at a
temperature-modulation frequency of 4 mHz. Lines are drawn
guide the eye.
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However, it should be realized that, in contrast to the sit
tion in the ramping experiments, the data shown in Fig
were taken in metastable equilibrium. Near the tempera
whereaCA8 (T) is steepest, the loss partaCA9 (T) shows a well
defined peak indicating that the dilatometric response tim
of the ordert5v21'40 s. For PB we have carried ou
analogous measurements in constant-gap geometry with
experimental results obtained at two different temperat
modulation frequencies shown in Fig. 8. The data are ag
represented in terms of the derivative quantity which in
case of the modulation experiment is complex,Dv* [Dv8
1 iDv9 , and, in the temperature range shown in Fig. 8, it
proportional toaCG. It is clearly seen that the position of th
steps inDv8 (T) and of the peaks inDv9 (T) are frequency
dependent. As we have seen in Fig. 5 for temperatureT
.185 K, the dilatometric properties are no longer well se
rated from the dielectric effects for the detection frequen
f D used. Therefore, no data at higher temperatures are sh
in Fig. 8.

In addition to the measurements presented in Fig. 8,
have performed a cycling experiment atv/2p510 mHz. It
turned out that the magnitude ofaCG was somewhat smalle
than expected from the measurements taken at lower m
lation frequencies~not shown!. However, by multiplying the
apparent expansion coefficients at 10 mHz by a factor of
a complete overlap of all data taken in the nondispers
temperature regime could be obtained. From this observa
we conclude that in constant-gap geometry the thermal c
tact between sample and temperature sensor~provided by the
invar electrodes! for the modulation frequency of 10 mHz i
not as ideal as it is for the lower frequencies.

FIG. 8. Effective thermal expansion of PB. Frames~a! and ~b!
show the in-phase and out-of-phase components ofDv* (T) recorded
at two different temperature modulation frequencies. The low
frame represents data taken upon ramping the temperature bet
T.230 K andT5150 K. The data measured upon heating with
K/min were shifted vertically for clarity. From the intersection
the straight lines the onsetTg was determined. Lines are drawn
guide the eye.
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V. DISCUSSION

Our experimental results demonstrate that the simple C
technique is a useful tool with which to investigate noneq
librium dilatometric properties of polymer films. But o
course it can also yield information on~quasi!static proper-
ties such as the coefficient of linear expansion in the liquid
the glassy states. From our ramping measurements on
spin-coated and drop-cast films as well as from the temp
ture cycling experiments on PS we find, using Eq.~6!,
that ap,g5(7.060.5)31025 K21 and ap,l5(15.561.0)
31025 K21. Here we have utilizedn50.33 for the glassy
state andn50.5 for the liquid@30#. The fact that ourap,l

value is about 10% smaller than the published one may
dicate that the assumption of a constant area is not perfe
met but is, rather, a good approximation only. It is high
plausible that in the liquid state the polymer film will no
stick perfectly to the supporting substrate and hence be
to expand slightly in the lateral directions. This will lead to
slight decrease of the longitudinal expansion, as is exp
mentally observed. The good agreement of the limiti
thermal-expansion coefficients with published values gi
us confidence that the simple treatment presented in Se
provides a reasonably good description of the experime
situation. In particular, this statement implies that, at least
the case of PS, distributions of lateral stresses may be
sidered sufficiently small and the detection frequency e
ployed here is large enough to justify the use of the Lore
Lorentz equation, which is valid only if the contribution
from orientational polarizations play no role.

In order to describe ramping experiments quantitative
we have employed the fictive temperature approach ba
upon Eqs.~3! and ~4!. This procedure has often been us
before to analyze DSC data. Empirical parameters describ
the calorimetric results of PS under a number of differe
ramping conditions have been reviewed in an article
Hodge @31#. From the parameters ln(t0 /s)5263.5, B
57630 K,T25260 K, andb50.54 as given in that paper w
have calculated the normalized thermal expansionaN
[@aCA(T)2aCA,g#/(aCA,l2aCA,g)5dTf /dT @cf. Eq. ~3!#
via Eq.~4! usingDT50.2 K between 393 and 328 K. In Fig
9 we compare the results of the computations with our
perimental data. It is seen that the agreement is very go
This indicates that the calorimetric and dilatometric resu
are closely related@32#. The relationship between the unde
lying thermodynamic quantities (Cp and ap , but alsokT),
which may be expected on the basis of suitable thermo
chanical models@33#, will not be discussed here.

A note of caution regarding the parameters obtained fr
analyzing ramping data within the fictive temperature a
proach seems to be in order. It has been reported that t
parameters may not be very well defined for a given ma
rial, since they can apparently depend on the ramping r
@34#. In particular, determination of the stretching expone
b ~assumed to be constant in the calculations, but known
be temperature dependent for many materials! seems to be
difficult in temperature-scanning investigations.

In order to compare the time scales from CSD direc
with those from the modulation experiments, in Fig. 10 w
have plotted characteristic temperatures for PB from b
techniques. The characteristic temperatures we use ar~i!

st
een
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Tg(q) as determined from the break of slope ofC(T) @cf.
Fig. 5~a!#, ~ii ! the ramping-rate-dependent onset tempe
tures as shown in Fig. 8~c!, as well as~iii ! the peak tempera
tures fromDv9 (T) @cf. Fig. 8~b!#. When plotting these tem
peratures versus the ramping rate@~i! and ~ii !# or versus the
modulation frequency~iii ! it is seen that they are all compa
ible with a shift factor ofaT51.9 K/decade. The represent
tion in Fig. 10 is chosen such that it facilitates a direct co
parison of modulation frequencies and hence relaxa
times with the cooling rates. One can see thatq5
210 K/min ~open circles, left-hand scale of Fig. 10!, say,
yields the same characteristic freezing temperature

FIG. 9. Normalized thermal expansionaN(T)[@aCG(T)
2aCA,g#/(aCA,l2aCA,g) of PS. The experimental results were o
tained by cooling to 328 K and immediate reheating. They
represented by the symbols. The solid lines refer todTf /dT with Tf

computed according to Eq.~4! and the parameters given i
Ref. @31#.

FIG. 10. Characteristic freezing~or glass-transition! tempera-
tures of PB as obtained under various experimental conditions.
scale on the left-hand side corresponds toTg determinations from
the break of slope detected upon cooling@circles, cf. Fig. 5~a!# and
from the onset observed during rate heating subsequent to co
with 20.4 K/min @crosses, cf. Fig. 8~c!#. Data from the modulation
experiments~full squares! obtained from the maxima ofDv9 corre-
spond to the axis on the right-hand side. The lines represent a
factor of aT51.9 K/decade.
-

-
n

at

would have been expected for a cycling frequency ofv/2p
50.23 mHz~right-hand scale of Fig. 10!. Employing the re-
lation vt51, one therefore concludes that the rateq5
210 K/min, say, corresponds to an average structural re
ation timet of about 700 s. If, alternatively,Tg is determined
from the onset construction~crosses in Fig. 10!, rather than
from the break in slope~circles!, then a rate of 10 K/min
corresponds to aboutt5v215150 s. This number is com
patible with the familiar notion that the calorimetric glas
transition temperature is associated with a structural re
ation time of about 100 s@35#.

Previous experience with supercooled melts shows
time scales derived from different experiments such as, e
calorimetric and viscoelastic spectroscopy often closely p
allel one another. In Fig. 11 we have plotted relax
tion times from dielectric and dilatometric measurements
a Tg-scaled or Angell plot. The steepnessm
5d@ log10(t/s)#/d(Tg /T)uT5Tg of the relaxation time curve
@36#, commonly referred to as the fragility index, can th
easily be determined from the data. Them index can be
obtained from the data directly or, alternatively, from a ph
nomenological expression, such as the Vogel-Fulcher r
tion written as

t5t0 exp@DTK /~T2TK!#. ~13!

Here the divergence temperature is denotedTK . With t0
510214s the fragility is related to the parameterD via m
5mmin1mmin

2 ln 10/D andmmin516 @37#. Recently, an alter-
native definition of a fragility indexF1/2 has been suggested
F1/2[2Tg /T1/221 @38#. This index depends on two refer
ence temperatures only and thus is similar to the indi
defined in Ref.@39#. In the above expressionT1/2 is the tem-
perature at which the relaxation timet1/2 is halfway between
its value at Tg and T→`, i.e., log10(t1/2/s)[@ log10(t0)
1 log10(tg)#/2526. If a particular form fort(T), such as

e
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FIG. 11. Angell plot for PB incorporating relaxation times o
tained from the maxima of the imaginary parts of the dilatome
and dielectric susceptibilities. The arrow indicatesT1/2/Tg from
which the fragility indexF1/252T1/2/Tg21 can immediately be
determined. We findF1/250.61. The solid line is a fit using a
Vogel-Fulcher expression.
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the Vogel-Fulcher expression, is chosen, the two definiti
of fragility are of course completely equivalent. They a
related via@39#

m5mmin

11F1/2

12F1/2
5mmin

Tg

T1/22Tg
. ~14!

The right-hand side shows howm can be determined if in
addition toTg , T1/2 is also known. And with these two ref
erence points,TK can simply be obtained fromTg5(TK
1T1/2)/2.

One of the advantages of theF1/2 fragility is that it is
particularly simple to determine. One only needs to carry
measurements that are sensitive to motions on time sc
neart1/2 as well as neartg . This determination should b
particularly reliable if the corresponding temperatures can
gained in a single experiment. Such an experiment has
cently been devised by Itoet al. @40#. These authors aug
mented their DSC setup with a dielectric sample heating
operated at a frequencyn1/251/(2pt1/2). One can alterna-
tively use a dielectric experiment with a detection frequen
nearn1/2 provided it is also sensitive to relaxation process
nearTg . This is of course just what some of the experime
described in this article are designed for.

In Fig. 11 we have plotted the relaxation times determin
from the peak maxima of the out-of-phase parts of the
electric and of the dilatometric responses. It is seen that
time constants from the two experiments nicely agree w
one another. A similar observation was also made for PS~not
shown! @41#. The time constants for PB can be describ
using the Vogel-Fulcher expression, Eq.~13!, with
log10(t0/s)5211.2, B5380 K, andTK5148 K. The ratio
T1/2/Tg can easily be read off from the plot and givesF1/2
50.61. The fragility index thus estimated from Eq.~14!, m
566, is similar to that observed for 1,4-cis-polyisoprene
(m562) @36#. These fragility indices are among the lowe
reported for polymeric materials so far. It should be not
however, that a direct determination of the slope of the
laxation time data nearTg gives a somewhat largerm index
for PB. This is probably due to the fact that for temperatu
T@Tg the dielectric peak frequencies are affected not o
by the structural relaxation, but also by the Johari-Goldst
b process@22#.

Due to the rather limited frequency range available to
present temperature cycling technique we have not attem
to map out the explicit frequency dependence of the coe
M
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cients of thermal expansion. In order to obtain a rough e
mate of the stretching of the dilatometric response, one c
however, use the normalized maximum out-of-phase com
nent, N5a9/(a182ag8). If only a single relaxation time is
present, thenN5 1

2 , otherwise N is smaller. With the
functional form of the stretching of the response para
etrized, e.g., via the familiar Kohlrausch function,F(t)
}exp@2(t/t)b#, the relation betweenN and the stretching pa
rameterb can be computed numerically@42#. Assuming that
the stretching here is of the Kohlrausch form, we find for
that N50.2460.01 ~cf. Fig. 7!, henceb50.4360.02. For
PB the sameN is found from Fig. 8 and the stretching pa
rameter obtained here is similar to that estimated from
dielectric loss peaks. A more detailed analysis of the d
obtained for PS, including a comparison of time scales fr
dielectric and dilatometric measurements, will be publish
elsewhere@41#.

VI. CONCLUSION

In this article we have presented a simple technique us
for characterizing the dilatometric response of polyme
films in their glass-transformation range. Our capacit
method works best for polymers with a weak to moder
dielectric relaxation strength. The experiment was opera
in two different modes. In the ramping mode~capacitive
scanning dilatometry!, temperature derivative signals are o
tained that look similar to those from differential scanni
calorimetry. For CSD, cooling runs are very simple to p
form for a wide range of ramping rates. This may be cons
ered an advantage in comparison to the capabilities of m
DSC setups. The second mode of operation involves a
monic modulation of the sample temperature. Using this
periment, the in-phase and out-of-phase dilatometric
sponses can be mapped out. It should be noted that one o
advantages of the current technique is that it is also w
suited to an investigation of films that are much thinner th
the approximately micron-thick specimens used for the c
rent study. Due to the increase in capacitance and the
comitant gain in sensitivity, reliable determinations ofTg
down to a thickness of about 10 nm become possible@11#.
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@15# C. J. F. Böttcher and P. Bordewijk,Theory of Electric Polar-
ization ~Elsevier, Amsterdam, 1978!, Vol. 2.

@16# Here the equilibrium state is to be understood as the metas
melt and of course not the crystalline phase which in m
cases will constitute the true equilibrium state close toTg .

@17# In fact, this expression is equivalent to the Vogel-Fulcher
WLF equation. It involves the fact that the thermal suscep
bility is inversely proportional to temperature; see G. W
Scherer, J. Am. Ceram. Soc.67, 504 ~1984! or Ref. @2#.

@18# L. D. Landau and E. M. Lifshitz,Theory of Elasiticity, Vol. 7
of Course of Theoretical Physics~Pergamon, Oxford, 1986!.

@19# For materials withn,0, see, e.g., R. Lakes, Adv. Mater.5,
293 ~1993!.

@20# In polymeric glasses,n is rarely smaller than 0.3; see, e.g., W
D. Callister, Jr.,Materials Science and Engineering—An Intr
duction ~Wiley, New York, 1997!.

@21# Other expressions may be used instead, but for the relati
small dielectric constants of interest here, this should make
significant difference.

@22# C. Hansen and R. Richert, Acta Polym.48, 484 ~1997!.
@23# T. Bretz, diploma thesis, Fachhochschule Wiesbaden, 199
@24# Taking typical values forK ~' 1 GPa! anda ('1024 K21), a

temperature change of 1 K alters the pressure on the rigi
capacitor plates by about 1 bar.

@25# J. A. Forrest, C. Svanberg, K. Re´vész, M. Rohdal, L. M.
Torell, and B. Kasemo, Phys. Rev. E58, R1226~1998!.

@26# N. O. Birge and S. R. Nagel, Phys. Rev. Lett.54, 2674~1985!;
T. Christensen, J. Phys.~Paris! Colloq. 45, C8-635~1985!.

@27# See, e.g., P. K. Dixon and L. Wu, Rev. Sci. Instrum.60, 3329
~1989!.

@28# An approximate linearity of response up to oscillation amp
le
t

r
-

ly
o

tudes of 1–1.5 K was also observed in thermomodulated D
experiments, J. E. K. Schawe and S. Theobald, J. Non-Cr
Solids235-237, 496~1998!; C. Schick, M. Merzlyakov, and A.
Hensel, J. Chem. Phys.111, 2695~1999!.

@29# Since in the vicinity ofTg the slope ofC(T) is negative, out-
side of the dispersive range the experimentally determi
phase lags are close to 180°.

@30# Polymer Handbook, 2nd ed., edited by J. Brandrup and E. H
Immergut~Wiley, New York, 1975!.

@31# I. M. Hodge, Macromolecules20, 2897~1987!. The alternative
set of parameters withT25210 K given in this reference yields
somewhat less satisfactory agreement with our data show
Fig. 9.

@32# For previous comparisons of dilatometric and calorimetric
sponses, see, e.g., C. T. Moynihanet al., Ann. ~N.Y.! Acad.
Sci. 279, 15 ~1976!; S. Takahara, M. Ishikawa, O. Yamamur
and T. Matsuo, J. Phys. Chem. B103, 792 ~1999!; 103, 3288
~1999!.

@33# T. Christensen and N. B. Olsen, Phys. Rev. B49, 15 396
~1994!; J. Non-Cryst. Solids235-237, 296 ~1998!.

@34# C. T. Moynihan, S. N. Crichton, and S. M. Opalka, J. No
Cryst. Solids131-133, 420 ~1991!.

@35# A. Hensel and C. Schick, J. Non-Cryst. Solids235-237, 510
~1998! performed a similar comparison for PS using mod
lated calorimetry.

@36# D. J. Plazek and K. L. Ngai, Macromolecules24, 1222~1991!;
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