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Capacitive scanning dilatometry and frequency-dependent thermal expansion of polymer films
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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 numbsds): 61.41+e, 64.70.Pf

[. INTRODUCTION yet reliable capacitive method with which to determine ther-
mal expansion properties of thin films of glass-forming ma-

Entropy and volume are among the most basic thermodyterial. The basic idea is to use the specimen itself as the
namic quantities characterizing amorphous polynjéis It dielectric material 11] in the capacitor rather than an air gap.

has long been recognized that in the glass-transformatiof®Wever, with the sample sandwiched between the elec-

range these properties depend on the experimental condfodes, our method is sensitive not only to the thermal but

. - : Iso to the dielectric characteristics of the specimen. Using
tlpns, with |mpor_tant parameters being the thermal Sampl§uitable experimental conditions, useful information on ther-
history and the time scale used for measurement. Entrop

. ; al properties can nevertheless be obtained. One way to
probably the parameter most often determined in the Iabor"’E\chieve this would of course be to restrict our attention to

tpry,' is not 'megsured directly but rather if[s t_emperature deﬁonpolar or only weakly polar polymers, such as polystyrene
rivative, which is relateo! to the heat capacity, is measured. | PS. In order to show that the method of capacitive scanning
order to cover a large time or frequency range, a number Ofjijatometry(CSD) is not restricted to this class of materials,
different calorimetric methods are in use. Among them argp addition to PS we have studied two other amorphous poly-
temperature ramping techniques such as differential scanningers, viz. 1,4-polybutadiendPB) and polyvinylacetate
calorimetry(DSC) [2] and temperature cycling methof),  (PVAc). As we will show, the sensitivity of our method not
as well as high-precision enthalpy relaxation measurementsnly to thermal but also to dielectric material characteristics
based on the application of temperature jurppis lends itself to a particularly simple means to detect the liquid
The measurement of time-dependent thermal expansiofnagility.
coefficients via the observation of volume changes in the Capacitive methods are usually not sensitive to the vol-
glass-transformation range is also not ng®. Mercury ume expansion(which is often detected using mercury
dilatometry has often been used to investigate the volumé@ilatometers but rather to the linear thermal expansion. If
variations of organic specimens following a temperatureone of the geometrical parameteesther the gap or the arga
jump [1,6,7). X-ray scattering and other methods have alscof the capacitor containing the specimen under study is fixed,
been employed for this purpo$8]. Capacitive dilatometry, then a clamped thermal expansion coefficient, is mea-
another standard technique in this area, has mostly been usédred. In the thin-film geometries chosen for this work we
to study equilibrium propertie®], but occasionally was also €XPlore both the constant gap and the constant area condi-
performed in temperature ramping mdd®)]. In capacitance tions, yielding acg and aca, respectively. We will show
dilatometry, an air gap between tkeectrically conducting that our d!latometer can be operated not onI.y In a tempera-
sample surface and a nearby counterelectrode usually repril€ "amping but also in a temperature cycling mode. This

sents the capacitive element. In order to achieve good sensmakes It possible to determine the complex frequency-

e . . : N ependent thermal expansi > (w,T). Although below we
tvity, th.e air gap typically is very narrow.a.nd hence spemal r(f able to derive thgrmal—aerzp()ansi)on coeffigcients from our
precautions are necessary to ensure sufficient mechanical s perimental results which agree well with literature data
b'“fy' hi il he devel f a simpl the emphasis of the current work is mostly on mapping out
n this article we report on the development of a simpley,o §ynamic aspects of the dilatometric properties of amor-

phous polymers.
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Arizona State University, Tempe, AZ 85287-1604. time t=0) changes a characteristic dimension of our speci-

A. Nonequilibrium thermal expansion
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men froml, to I. Then from the definition of the coefficient use what is sometimes referred to as the Narayanaswamy-

of linear thermal expansionp=l‘1(aI/aT)p (taken at con- Moynlhan_ approach. It is based on the numerical solution of

stant pressurep) the normalized length change,=(1  the equation

—lg)/ly, for sufficiently long times after the temperature n AT\

step ish=a,AT. In general, the response A0T' will not be _ k

entirely inst%ntaneous. Denoting the short-tifoe glassy Tf'“_T°+jZl ATJ’F“”“{‘(% qka) ] @

thermal expansion coefficient ag, ; and the long-timeor

liquidlike) one asay,|, one can write with the initial temperaturelo=T;,. In order to perform
explicit calculations, the ramping ratg=AT,/At, has to

ap(D=NO/AT=ap g+ (api—apg[1=PM]. (1) g Gefined for each time stept, . Furthermore, the depen-

dence of the relaxation timeon T andT; needs to be speci-

In order to see what the associated correlation funchg¢t)  fied in Eq.(4). Assuming the familiar Adam-Gibbs equation

(normalized to decay from 1 to) s, it is instructive to note to be applicable, one can writer,=7g exp{B/[ T(1

that the thermodynamic quantities, heat capaci€,  —T,/T;, 1)]}[17]. Thus in order to calculat&(T) there are

=T(3S/9T),, and compressibilityxr=V~'(dV/dp)7 can  four fitting parameters: the attempt frequency,l/the ef-

be related to fluctuations in the extensive variables ent®py fective barrierB, and the divergence temperatdrg, as well

and volumeV, respectively. Likewise, the coefficient of as the Kohlrausch exponept the latter describing the non-

thermal expansion can be expressed in the static case as #gponentiality of the structural relaxation.

cross fluctuation between the variabl&sand V via «a

=(ASAV)/(3kgTV) [12]. This equation includes fluctuating B. Geometrically restricted expansion

guantities such aa S(t) = S(t) — S, with the bar denoting a . . . . .

time average. With the use of an appropriately formulated If an isotropic bpdy is subjected to a temperature jump

fluctuation-dissipation theorefi13], the above relation can AT then the relative changk,=Al,/ly of its lengthly

be generalized to read in the frequency donjai a}long thex d|rect|o_n, as well as those alqng the other Q|rec-
tions, can be derived from the appropriate combination of

d Hooke’s and Poisson’s relatiof&8] and yields

ap(w)=(3kBTV)_lf ( - a<AS(O)AV(t)> e""tdt. )\X:E*l[o_x_ V(O'y+UZ)]+CYpAT, (53)

)

)\y:Efl[o.y_ v(ogt o) ]+ apAT, (5b)

Thus the desired correlation function is given hy(t)=

—d(AS(0)AV(t))/dt. The sine and cosine transforms of N =E o, v(oyto,)]+apAT. (50
®(t) define a complex susceptibilityay ()= ay(w) ) ) ) )
+iap(w). If the temperature is varied sinusoidally around aThus, in order to specify the relation between the extensions
constant mean with frequenay, then @’ and a” simply N an_d the stresses; of an isotropic body, two mdependent
denote the in-phase and out-of-phase components of the Llastic constants are n’eeded. In E5).these are t_he isother-
sociated normalized length variations. From experience wit"@! extensionalYoung's) modulus,E, and the isothermal
other complex susceptibilities determined near the glass trart.0iSSon ratioy, i.e., the ratio of longitudinal expansion to
sition, it may be anticipated that in general () will not ~ Tansverse contraction. In order to account for various geo-

be governed by a single time scale. Corresponding ﬁndmggwetrically restricting conditions, relevant in the present con-
are often accounted for by the introduction of phenomeno!€Xt One needs todspemfy(;/yhlch arfe of the expans:?ns and/or
logical distribution function§15]. Then, in the time domain Stresses zero. Under conditions of constant détaken to
the ensemble-averaged correlation functions decay in a nm?Sa in the x-y plang one has\,=\,=o,=0. Evaluating Eq.
exponential fashion. 5), the normalized expansion along thalirection (this is

Temperature ramping experiments are more complicatelﬁ’hat we call the clamped longitudinal expansion coefficient

to deal with, since in this case nonlinearities and hysteresi€ca) iS derived to be
effects arise almost inevitably. From the number of ap-
proaches developed in the past to treat this situation, those aca=NAT=ap(1+v)/(1-v). (6)
based on the introduction of a so-called fictive temperature L
T, have been quite successful in terms of rationalizing ex°2"€ commonly has €»<0.5[19]. This implies thataca
perimental dataTl; is a parameter which is meant to describe = %p with the eqL!allty arising fow=0 (meaning that longi-
the instantaneous structural state of a glass former. It differ dl_nal compression would lead to no_IateraI stresdesthe
from the thermodynamic temperature as soon as the sampfguid state, where the bulk modulus is much larger than
is brought into a nonequilibrium staf@6]. Using the con- e shear modulusG, the Poisson ratio isy=(3K/G

ventional definition of fictive temperature one way write ~ _ 2)/(6K/G+2)~0.5 and consequentlyaca=3a;/(1
+4G/K)~3a,. This means that the expansion of the

sample, which would normally occur in the lateral dimen-
sions, but which now is impeded by the geometrical restric-
tions, leads to an enhancement of expansivity in the longitu-
In analogy to the treatment for the heat capaditycan be dinal direction. The length change along thexis then is of
modeled in a number of different way8]. Below we will  course maximum if the body is incompressible.

ap(T)zap,g+(ap,l_0‘p,g)de/dTv ©)
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Taking the electrode again to lie in they plane, for Under constant-gap conditions only the dengitghanges
conditions of a constant gapone hasr,=o,=\,=0. This  but the geometric capacitancel,, is invariant, i.e.,
leads to the lateral thermal expansion coefficientg  dC,/dT=0. The change in density is then simply given by

=N /AT=\,/AT. This clamped coefficient is Aplp=—(N+\,). Using the expression farcs appearing
just above Eq(7) one hasAp/AT=—2pacg. Combining
acg=(1+v)ap. (7)  this result with ﬁsx/dT)|Z=(dsx/dp)|z(dp/dT)|z one fi-

nally finds that
The enhancement factor+lv=3[2+2G/(3K)] expected
for a given Poisson ratio is smaller compared to the one -1 (d_C (10)
appearing in Eq(6), since unrestricted expansion is now 7C6CT 2K (£,)Co \ AT .
possible along two directions. Furthermore, this also implies z
that variations of have less impact on the clamped thermalThys in both cases the clamped thermal-expansion coeffi-
expansionzcg than onac, . Variations ofv are expected t0  gients are given by the derivative of the logarithmic capaci-
show up near the glass transition, since here bulk and shegince,d(In C)/dT, times a correction factor which for small
modulus depend upon frequency and temperature. Itis a fols  gepends relatively weakly on the geometry. Taking
tunate circumstance, however, that while the enhancement 2.5, say, one has..+K(s.)=4.75 and X(e.))=4.5.

factors appearing in Eq€6) and(7) typically [20] change by
less than 30%, the linear thermal expansion coefficients
change by typically 300%. Our considerations show that for
a more quantitative determination ef, from thin-film in- Three different polymers were used for this study. Thin
vestigations, information about Poisson’s ratio is requiredfiims of atactic polystyrene (molecular weight M,,
Furthermore, we should emphasize that the treatment pre=119 000 g/mol of variable thickness were produced either
sented in this section starts from the consideration of an isasy spin coating or by drop casting polymer solutions and
tropic body. However, particularly for the constant-gap ge-subsequent drying at elevated temperatures. The thickness of
ometry a distribution of lateral mechanical stresses cannot bhese films was determined using a profilometric device
ruled out with certainty. A quantitative evaluation of such (Alpha-Step 2000 from Tencor Instrumentnd was found

Ill. EXPERIMENT DETAILS

effects is beyond the scope of the present paper. to lie in the 1-10um range with a surface roughness of
typically +5%. The spin-coated films were contacted by
C. Capacitive detection 100-nm-thick Al electrodes evaporated onto the polymer sur-

) ) ) ) ) face with the lower electrode previously deposited onto a

If a dielectric material expands along a direction normaliin glass plate. The cast films were supported by a bottom
to the capacitor electrodes rigidly attached to its surfacesyiectrode made of brass. Here the upper electrode consisted
ie., i_f the cap_acitor gap increases, it is immediately obviougyt 5n 1n foil topped with a brass plate. The foil was used to
that its capacitanc€ =eoe.A/d(=eCo=eoexlily/l7) de- ensure tight contact between the sample surface and brass
creases. Here, denotes the permittivity of free space. There gjectrode. The active electrode area of the different capacitor
are, .however., more subtle effepts. Due to the variation Ohrrangements ranged from 30 to 80 Ao significant dif-
density the dielectric constast, itself changes even if the ferences between films prepared by spin coating or drop cast-
molecular polarizabilityx,, is constant. The changes in the ing were found. For PVAc M, = 14500 g/mol) only cast
high-frequency dielectric constant can be derived fromfjims were used. The PB sample mateli&b% 1,4trans,
the Lorenz-Lorentz equation[21] (s.—1)/(s=+2) 350 1,4eis, 10% 1,2¢vinyl); M= 12400 g/mo) used in
= amoN/(3e0Al7), where p=N/(Al;) is the density, i.., the present investigation was described in detail previously
the numbem of polarizable units per volume. Then the de- [22]. For the investigation of this relatively fluid sample we
rivative with respect to any of the variables,appearing on  have used a cell made of sapphire and invar steel which has
the right-hand side of the Lorenz-Lorentz equation ispeen optimized for a temperature-invariant geometry
de./d{=+{"'K(ex), with K(ex)=(e2—1)(ex+2)/3  [22.23. In this construction the electrode is mainly defined
and the plus sign fof appearing in the numerator and the py the invar steel part, such that constant-gap conditions
minus sign otherwise. In order to obtain the total variation in(gphout 90um) may be assumed as a good approximation
the capacitance, we may writedC=(JdC/dCo).dCo  [24]. The thickness of all samples was large enough so that

+(9Clde)c de.. or bulk behavior can be expected. Confinement-induced effects
typically show up for samples thinner than about @&

d_C_ EJF & ) [11,25. Since the emphasis of the present study is on map-

dT_ °=dT 0dT ping out the frequency and time dependence of the thermal

expansion and not so much on obtaining highly accurate ab-

First, Eq.(8) will be evaluated under constant area condi-solute values, we have not used guard-ring electrodes. Nev-
tions. With (dCy/dT)a=(dCo/dl)a(dl,/dT)s=—Coacs  €rtheless, we were able to reproduce numerical values of the

and @de../dT)a=(de../dl,)A(dl,/dT)s=—K(e.)acs one thermal-expansion coefficient as reported in the literature

has within experimental uncertaintysee Sec. V below This
shows that no corrections taking into account the small ex-
-1 dc pansion coefficients of the electrode materials are necessary,
aCA=—<—) . (9 as may be rationalized by noting that they are considerably
[extK(ex)]Co | AT/, smaller than those of the polymers under study.
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The capacitor assemblies with calibrated Pt sensors at- 154
tached in close proximity to the thin polymer films were
thermostatted using a commercial system from Novocontrol.
This system allowed us to apply a dry stream of nitrogen gas
with an arbitrary temperature program. Using the standard
regulation capabilities of our system, we could achieve maxi-
mum cooling or heating rates 0.1 K/mirjg|<4.5 K/min.
Smaller rates were reached by repeated stepping of the tem-
perature by typically 0.15 K and subsequent stabilization.
The maximum cycling frequency was 10 mHz.

In order to obtain a well defined temperature across the
polymer film, it is necessary that its surface be in good con-
tact with a substrate which on the one hand exhibits no lat- 330 360 ‘ 390
eral temperature gradients and on the other hand has a heat
capacity much larger than the polymer film. Both conditions
are met in our experiments. Because the sample cell materi- FIG. 1. Frequency-dependent capacitafcef PS as measured
als are good thermal conductors relative to the environmentalpon cooling withg=—0.08 K/min. The solid lines are drawn to
N, gas, we expect that the temperature changes are appliegbresent the linear dependence<Coin the glassy and liquid re-
uniformly over the electrode area and that the sensor tengimes. From their intersection the glass-transition temperature may
peratures match those at the electrode surface. In order t read.

ensure that no longitudinal gradients show up, the thermal ) ) )
“skin depth,” |, is required to be much larger than the film the temperature marks the presence of dielectric relaxations.

thickness. With a thermal diffusion coefficiet, =12/~ of ~ Figure 1 thus gives a visual impression of the temperature
typically 10~3cnP/s, the skin depth at our largest tempera-"2ng€ in which the resulits for a given detection frequefcy

ture modulation frequencyo=1/7=2m7x10mHz is more are unaffected by dipolar reorientation processes. It is clear
than 1 mm. Since the equivalent time scales involved in thdhat due to the ever-increasing speedup of the dielectric re-

ramping experiments are even longsee below, longitudi- sponse, at temperatures larger than those shown n F'g' 1the
gpautance signal will also start to reflect the dielectric re-

152

capacitance C (pF)

temperature T (K)

nal gradients are also not expected to be a problem. Neve ) : : .
theless, due to the large thermal mass of the sapphire/inv xation behavior even for the highest frequencies employed
r the present study.

cell, it may be expected that the largest usable modulatio h hich the ch f ol
frequency is lower than for the thin-film assemblies. The temperature at which the change of slope ocirs

For the measurement of the complex dielectric constanf!9- 1) can be shifted considerably by employing different

we used a Solartron SI-1260 gain/phase analyzer equippéi?onng rates. This is dqcumented for the polymers PS and
with a Mestec DM-1360 transimpedance amplifier. The® YAC in Fig. 2 for a variation ofj over a range of about 2
dilatometric results reported in this article correspond to timglecades. The data are represented in normalized form as
scales of seconds or longer. In order to minimize interference — _

of the dilatometric with the dielectric relaxation processes, it S(T)=[C(T)—=C(To)J/C(Ty), (1)

is mandatory to measure the capacitance on much shorter 5 . . . — 20

time scales, or, equivalently, at larger detection frequencies PS T =381 K
fp. Unless otherwise specified, we ulse~550 kHz for PS 0 '

and PB. For PVAc, which exhibits a much larger dielectric . :8'23 zz:: 118
strength than the other two polymers, it turned out to be 30 K/min
necessary to employ a larger detection frequetweg use
fp=10 MH2z).

A

10

w

IV. RESULTS AND ANALYSES

N

A. Capacitive scanning dilatometry

In order to ensure that our dilatometric measurements in
the glass-transformation range are not affected by the dielec- 0.4 K/min
tric relaxation processes, we have first determined the varia- 2 -0.8 K/min

1000 x [C(T) - C(T V(T )

tion of the capacitanc€ as a function of frequency. Results ob ° -1.6Kmin

for PS taken at a cooling rate 6f0.08 K/min are presented ° -30Kmin T =304K

in Fig. 1. The high-frequency capacitances show a clear 00 086 098 100
break in slope near the conventional glass-transition tem- scaled temperature T/T_

perature. The relatively steep increase GfT) observed

upon cooling from high temperatures is a consequence of the £, 2. Normalized capacitance of PVAleft-hand scalpand
increase in the density of the polymeric melt. Beldythe  ps (right-hand scale as measured for various cooling rates in
thermal-expansion coefficient drops and conseque(ly)  constant-area geometry. The data for PVAc were collected at 10
increases in a less pronounced fashion. For low detectiomHz, those for PS at 460 kHz. The normalization temperatiliges
frequencies the upturn i€(T) observable upon increasing are indicated in the figure.



PRE 61 CAPACITIVE SCANNING DILATOMETRY AND . .. 1759
1 00 T T T ¥ T 1456 T T T T T T T
00 si¥¥]5.0
- PS SEEE X104 PVAc (@);
X ors| s 145.4
M id Q F
< [ il Y o
® 050 g 125 % 8 14521 \
I > °
T ¢ q =-3 K/min 145.0 + f, =10 MHz
-c [ b
. OO 1 1 IS

0.00 — —L ' '
340 350 360 370 380
temperature T(K)

FIG. 3. Temperature derivativa(T)=—1000<d4é(T)/dT of u¥_
S(T)=[C(T)—C(Ty)1/C(T,y) with Ty=381 K. The input data for o
PS were taken from Fig. 2. We show both the raw datasses '-E

o
?

and resultgdotg obtained by averaging over nine measurements.
-003F - -0.4K/min LR
vs T, with T being a reference temperature. From run to run Lo +0.4K/min e
C(Tp) changed by less than 0.118S and 0.07%(PVAc) 0.06 L——1 I e
for the cast films and less than 0.015% for the spin-coated 270 280 200 300 310 320
films, demonstrating the good stability of our specimens. Un- temperature T(K)
der constant-gap conditions of a reproducibility 0.03% was ) _ ,
achieved. It is evident from Fig. 2 that, despite quite similar /G- 4 (& Capacitance of a spin-coated PVAC film as measured
thermal-expansion behavior, the relative capacitance variatPon ramping the temperature with a ratg} =0.4 K/min. 'I_'he .
tion of PS is much larger than that of PVAc. This is due toS2MPIe Was first cooled down to 270 K and then reheated immedi-
the fact that for the latter polymer the detection frequency o tely. The arrows indicate t.he _d|rect|on of temperature chafge. .
. . . . moothed temperature derivative of the capacitance data shown in

10 MHz is still not large enough to avoid interference with ,, upper frame.
dielectric properties. In other words, dipolar relaxation pro-
cesses lead to an increase in the capacity onto which the
thermal expansion behavior is superimposed. Neverthelesat somewhat lower temperatures is due to the onset of the
the general thermal features, such as the rate-dependdh@wing of dielectric degrees of freedom.
break in slope and the increase in capacitance, hence de-In Fig. 4b) we show the temperature derivative,
crease in fictive temperature upon slow cooling, are still ob-——dC(T)/d T, of the data presented in Figa}. Below about
served. 305 K the derivative signal exhibits pronounced hysteresis

Figure 3 is a plot of the derivative, effects. Here, in the glass-transformation range, the cooling

curve indicates a smooth variation while the heating run

A(T)E—looow, (12) yields a well defined o'vershpot..This latter feature is well
dT known also from DSC investigations and allows for a con-

) o venient determination of an onset glass-transition tempera-
of the q= -3 K/mln_ data for PS as-shown in Fig. 2 The ture[2]. Above 305 K the derivative data are obviously not
derivativeA(T), which may be considered an effective ex- yominated by dilatometric properties. They are nevertheless

pans::)n crﬂerluecr;t, |ns s\c/)rr:ewi:at nflsyatr;ere_flfjrei, V\fle hﬁlv hown here to document the relatively small thermal lag be-
umseu;lnxlaeluepf?gri 7?0 1a1 Z d?gce%t%gfaepgir?fs iggﬁé‘wﬁ Thetween cooling and heating runs. This observation confirms
averaged results are also presented in Fig. 3 for compariso _alt for tthetthlqu:lltras oulr temperatur(_e sensor is in good ther-
The ordinate axis on the right-hand side of Fig. 3 shows th al contact wi € polymeric Specimen.

clamped thermal-expansion coefficient, that was com- In Flg.. 5 we present a similar set of data for PB as mea-
puted from Eq(9) ande.,=2.5. It is seen thaic, changes sured using the constant-gap geometry. Due to the use of a

by a factor of about 3 through the glass-transformatior19id electrode assembly, this geometry makes possible a de-
range. termination of the dielectric properties up to temperatures far
In Fig. 4@ we present data taken for PVAc upon cooling @boveTy. Thus in Fig. %a) not only the break in slope due
at 0.4 K/min and subsequent reheating at the same rate. TH@ the dilatometric glass transition is seen. Also, similarly to
two curves differ in a systematic fashion. While the coolingthe case of PVAc, an upturn in the capacitance shows up at
curve shows a smooth change of slope, in the heating datéigher temperatures, and then, more importantly, a local
this effect is much more pronounced. This is due to the factnaximum is observed i€(T). Somewhat below the tem-
that upon reheating, a retarded response shows up. Theerature at which this maximum is located, we find a dielec-
asymmetry between heating and cooling runs is related to theic loss peak signaling that the time scale characterizing the
nonlinearity of the structural response under nonequilibriundipolar degrees of freedom is aboutuk. In Fig. 5c) the
conditions. It leads to a related asymmetry in temperaturelerivative signal is depicted for several detection frequen-
stepping experimentg4], and is associated with the over- cies. Above approximately 185 K dielectric and dilatometric
shoot phenomenofcf. Fig. 4b)]. The upturn inC(T) evi-  properties are no longer well separated.
dent forT>310K and also the curved behavior showing up The results presented in this section demonstrate that our
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temperature T(K) FIG. 6. Capacitance oscillation amplitudes recorded for PS upon

cycling the temperature at 4 mHz using various modulation ampli-
tudesT, . The straight lines indicate linearity up to a surprisingly

FIG. 5. (a) Dielectric constant of PB as measured upon cooling ; van i
in constant-gap geometry. The capacitance of the empty cell wal&'9€ T The inset shows a Lissajous pattern obtainedd(#m
1 mHz. Note the inverted labeling of the ordinate axis of the

32.1 pF. The inflection point near 220 K indicates the slowing down™

of the dipolar degrees of freedom on a time scalergj= (2=  Nset.

X 162 kHz) *~1 us. The break in slope near 175(Karked by an

arrow) signals the dilatometric glass transitigh) Dielectric loss as

detected for two different frequencidég . The loss measured at 1 sions in order to determine if our experiment operates in the

MHz has been shifted upward for clarityc) Derivative signals linear-response regime. The result of this procedure is shown

A(T) with C(T,) replaced here by the geometric capacitance. Thisn Fig. 6 for two different temperatures. It is seen tis

plot demonstrates that, even for the highigstised here, no plateau «T,, at least forT ,<1.4 K, which is much larger than the

region is reached above the step showing up figar oscillation amplitude used in the remainder of the present
work [28]. The slopeC,,/T,,, via EQ.(9), is directly propor-
tional to the magnitude of the coefficient of thermal expan-

method, CSD, is a useful tool with which to study the dilato-sjon. From this information and the knowledge of the phase

metric glass transition of polymeric materials. Quantitative|ag, g, the imaginary part ofr* can be determinef29].

analyses of the dynamic aspects, which we will discuss in The clamped thermal-expansion coefficient determined

more detail below(Sec. IV), are complicated by the same experimentally for PS is presented in Fig. 7 for a temperature

nonlinearities that also affect the outcome of other rampingycling frequency ofw/27=4 mHz. At first glance, the real

experiments, such as DSC. In the field of heat-capacity spegsayt, al,, looks like the cooling curve shown in Fig. 3.

troscopy it has proven useful to apply temperature cycling

technigues in order to circumvent these probld®26]. In

the following, we report on efforts to carry out related ex-

5.0

periments aimed at determining the frequency-dependent, x10% |
complex thermal-expansion coefficiest (w). .
B. Thermal expansion spectroscopy é 25

For the measurement ef* (w) we have modulated the )
temperature of our specimens sinusoidally and recorded the SN P
capacitanc&(t) and the temperaturg(t), usually for more 1.0——— T
than 10 cycles. By waiting a sufficiently large number of x104 | (b)
periods prior to the data acquisition, we have ensured that I
our samples are structurally stabilized, i.e., that they are not = os- i
affected by physical aging. In particular, we have discarded v
the data from the first few cycles of each run in order to <
eliminate transient effects. In the inset of Fig. 6 we show a =60
typical set of raw data plotted &3(t) vs T(t). This repre- 0.0 ‘55:0 560 3}0 3;30

sentation yields an ellipse that may be describedTigy)
=T+T,e '“ andC(t)=C+C,e (“*9 In order to de-
termine the amplitudes,, andC,,, as well as the phase lag,  FIG. 7. In-phase and out-of-phase components of the clamped
6, we have performed a harmonic analyl23]. In a subse-  thermal-expansion coefficienteca(T), for PS recorded at a
quent step, we have varied the temperature modulation amemperature-modulation frequency of 4 mHz. Lines are drawn to
plitude and recorded the magnitude of the capacitance excuguide the eye.

temperature T (K)
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T i T " J i V. DISCUSSION
20F .
= . PB Our experimental results demonstrate that the simple CSD
X 4ol i technique is a useful tool with which to investigate nonequi-
S e [ librium dilatometric properties of polymer films. But of
< (a) : Sk . .
0.0L{—=—1mHz R course it can also yield information dquasjstatic proper-
M —2a— 4 mHz L ties such as the coefficient of linear expansion in the liquid or
" (b) { the glassy states. From our ramping measurements on the
< o2l | spin-coated and drop-cast films as well as from the tempera-
fé, ture cycling experiments on PS we find, using Ef),
«° | ] that a,4=(7.0+0.5)x10 °K™* and a, =(15.5+1.0)
0.0 e ———— X 10 °K™1. Here we have utilized'=0.33 for the glassy
state andv=0.5 for the liquid[30]. The fact that ourp,
~ 20 value is about 10% smaller than the published one may in-
% dicate that the assumption of a constant area is not perfectly
210 +2 K/min met but is, rather, a good approximation only. It is highly
0.0 ) ‘ ] plausible that in the liquid state the polymer film will not
' 170 175 180 185 stick perfectly to the supporting substrate and hence be able
temperature T(K) to expand slightly in the lateral directions. This will lead to a

slight decrease of the longitudinal expansion, as is experi-
FIG. 8. Effective thermal expansion of PB. Fram@sand(b)  mentally observed. The good agreement of the limiting

show the in-phase and out-of-phase components;¢fT) recorded  thermal-expansion coefficients with published values gives
at two different temperature modulation frequencies. The lowesy;s confidence that the simple treatment presented in Sec. II
frame represents data taken upon ramping the temperature betweﬁfbvides a reasonably good description of the experimental
T>230K andT=150K. The data measured upon heating with 2 sjtation. In particular, this statement implies that, at least for
K/min were shifted vertically for clarity. From the intersection of {na case of PS, distributions of lateral stresses may be con-
thg straight lines the ons@y, was determined. Lines are drawn to ¢iqareq sufficiently small and the detection frequency em-
guide the eye. ployed here is large enough to justify the use of the Lorenz-

Lorentz equation, which is valid only if the contributions
However, it should be realized that, in contrast to the situafrom orientational polarizations play no role.
tion in the ramping experiments, the data shown in Fig. 7 In order to describe ramping experiments quantitatively,
were taken in metastable equilibrium. Near the temperaturee have employed the fictive temperature approach based
wherea(,(T) is steepest, the loss parta(T) shows awell  upon Egs.(3) and (4). This procedure has often been used
defined peak indicating that the dilatometric response time i§€fore to analyze DSC data. Empirical parameters describing
of the order r=w 1~40s. For PB we have carried out the c_alorlmetn_c_ results of PS under a number of d!fferent
analogous measurements in constant-gap geometry with tfj@MPing conditions have been reviewed in an article by

experimental results obtained at two different temperatur odge [31]. From the parameters Inf/s)=—63.5, B

modulation frequencies shown in Fig. 8. The data are agaiﬁazge’oczi;ﬁ:tggo ;'eanr?fr;giiiigs t%'gﬁ';;? tgiggﬁg; r@we

represented in terms of the derivative quantity which in the

: : : AT =[aca(T)—acagl/(@cai—acag)=dT;/dT [cf. Eq. (3)]
‘fsf,, of the modulation experiment is compleX,=A,, \i2'F ) usingAT=0.2 K between 393 and 328 K. In Fig.
I w

, and, in the temperature range shown in Fig. 8, it iSg \ye compare the results of the computations with our ex-
proportional toacg. Itis clearly seen that the position of the perimental data. It is seen that the agreement is very good.
steps inA[(T) and of the peaks iM\[(T) are frequency This indicates that the calorimetric and dilatometric results
dependent. As we have seen in Fig. 5 for temperatilires are closely relatef32]. The relationship between the under-
>185K, the dilatometric properties are no longer well sepalying thermodynamic quantitiesQ, and «,, but alsoxr),
rated from the dielectric effects for the detection frequencywhich may be expected on the basis of suitable thermome-
fp used. Therefore, no data at higher temperatures are shovwghanical model$33], will not be discussed here.
in Fig. 8. A note of caution regarding the parameters obtained from
In addition to the measurements presented in Fig. 8, wanalyzing ramping data within the fictive temperature ap-
have performed a cycling experiment@t2=10mHz. It  proach seems to be in order. It has been reported that these
turned out that the magnitude af.g was somewhat smaller parameters may not be very well defined for a given mate-
than expected from the measurements taken at lower moduial, since they can apparently depend on the ramping rates
lation frequenciegnot shown. However, by multiplying the  [34]. In particular, determination of the stretching exponent
apparent expansion coefficients at 10 mHz by a factor of 1.33 (assumed to be constant in the calculations, but known to
a complete overlap of all data taken in the nondispersivébe temperature dependent for many materiakems to be
temperature regime could be obtained. From this observatiodifficult in temperature-scanning investigations.
we conclude that in constant-gap geometry the thermal con- In order to compare the time scales from CSD directly
tact between sample and temperature sefgsorvided by the  with those from the modulation experiments, in Fig. 10 we
invar electrodesfor the modulation frequency of 10 mHz is have plotted characteristic temperatures for PB from both
not as ideal as it is for the lower frequencies. techniques. The characteristic temperatures we us€ijare
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FIG. 9. Normalized thermal expansiofay(T)=[acg(T)
—acagll(aca)—acag) Of PS. The experimental results were ob-  FIG. 11. Angell plot for PB incorporating relaxation times ob-
tained by cooling to 328 K and immediate reheating. They arefained from the maxima of the imaginary parts of the dilatometric

represented by the symbols. The solid lines refetTo/d T with T; and dielectric susceptibilities. The arrow indicafg,/T, from
computed according to Eq4) and the parameters given in Which the fragility indexF,,=2T,,/Tg—1 can immediately be
Ref. [31]. determined. We find=,,=0.61. The solid line is a fit using a

Vogel-Fulcher expression.

T4(q) as determined from the break of slope ©fT) [cf.

Fig. 5@)], (ii)) the ramping-rate-dependent onset temperawould have been expected for a cycling frequencyvémr
tures as shown in Fig.(8), as well agiii) the peak tempera- =0.23 mHz(right-hand scale of Fig. 20Employing the re-
tures fromA” (T) [cf. Fig. 8b)]. When plotting these tem- lation wr=1, one therefore concludes that the rate
peratures versus the ramping réte and (ii)] or versus the —10K/min, say, corresponds to an average structural relax-
modulation frequencyjii) it is seen that they are all compat- ation timer of about 700 s. If, alternatively, is determined
ible with a shift factor ofa;=1.9 K/decade. The representa- from the onset constructiofcrosses in Fig. 10 rather than
tion in Fig. 10 is chosen such that it facilitates a direct com-from the break in slopécircles, then a rate of 10 K/min
parison of modulation frequencies and hence relaxatioorresponds to about=w~1=150s. This number is com-
times with the cooling rates. One can see that patible with the familiar notion that the calorimetric glass-
—10K/min (open circles, left-hand scale of Fig.)l&Gay, transition temperature is associated with a structural relax-
yields the same characteristic freezing temperature thagtion time of about 100 E35].

Previous experience with supercooled melts shows that
time scales derived from different experiments such as, e.g.,
calorimetric and viscoelastic spectroscopy often closely par-
allel one another. In Fig. 11 we have plotted relaxa-
tion times from dielectric and dilatometric measurements in
a Tgscaled or Angell plot. The steepnessn
=d[logyo(7/8)1/d(T4/T)|7-14 of the relaxation time curve
[36], commonly referred to as the fragility index, can then
easily be determined from the data. Theindex can be
obtained from the data directly or, alternatively, from a phe-

100

(zHw) xzy® Asusnbaliy uoiejnpoLl

magnitude of ramping rate Igl (K/min)

H0.1
N nomenological expression, such as the Vogel-Fulcher rela-
PB tion written as
Pt A T 1 T TOquDTK/(T_TK)] (13)
173 176 179
temperature T (K) Here the divergence temperature is denotgd With 7

=10"s the fragility is related to the paramet®rvia m

FIG. 10. Characteristic freezin@r glass-transitiontempera- —
tures of PB as obtained under various experimental conditions. The Mpsin My In 10D andmyy,=16 [37]. Recently, an alter-

scale on the left-hand side correspondsTgodeterminations from native definition of a fragility index, has been suggested:
the break of slope detected upon coolfeicles, cf. Fig. §a)] and ~ F12=2Tg/T1,—1 [38]. This index depends on two refer-
from the onset observed during rate heating subsequent to coolirgnce temperatures only and thus is similar to the indices
with —0.4 K/min [crosses, cf. Fig. ®)]. Data from the modulation defined in Ref[39]. In the above expressidhy; is the tem-
experimentgfull square$ obtained from the maxima af” corre-  perature at which the relaxation timegy, is halfway between
spond to the axis on the right-hand side. The lines represent a shifts value atTy and T—o, i.e., log(71/S)=[l0og;o( 7o)
factor ofa;=1.9 K/decade. +10919(7y)1/2= —6. If a particular form forr(T), such as
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the Vogel-Fulcher expression, is chosen, the two definitiongients of thermal expansion. In order to obtain a rough esti-
of fragility are of course completely equivalent. They aremate of the stretching of the dilatometric response, one can,
related via[39] however, use the normalized maximum out-of-phase compo-
nent, N=a"/(a@;—ag). If only a single relaxation time is
1+ F1/2= , Ty (14) present, thenN=3, otherwise N is smaller. With the
"1-Fyp MM Ty Ty functional form of the stretching of the response param-
) ) ) . etrized, e.g., via the familiar Kohlrausch functio®(t)
The' rlght-hand S|d9 shows hom can be .determmed if in <ex] — (U/7)?], the relation betweeN and the stretching pa-
addition t0Tg, Ty, is also known. And with these two ref- 5 meterg can be computed numericall$2]. Assuming that
erence points,Tx can simply be obtained frofTy=(Tk  the stretching here is of the Kohlrausch form, we find for PS
+T1)/2. o _ thatN=0.24+0.01 (cf. Fig. 7, hence=0.43+0.02. For
One of the advantages of ti®,, fragility is that it is  ppg the sameN is found from Fig. 8 and the stretching pa-
particularly simple to determine. One only needs to carry oUtameter obtained here is similar to that estimated from the
measurements that are sensitive to motions on time scal@gg|ectric loss peaks. A more detailed analysis of the data
nearr;, as well as near,. This determination should be qptained for PS, including a comparison of time scales from

particularly reliable if the corresponding temperatures can bgjigjectric and dilatometric measurements, will be published
gained in a single experiment. Such an experiment has resisewherd41].

cently been devised by ltet al. [40]. These authors aug-
mented their DSC setup with a dielectric sample heating unit
operated at a frequenay,,=1/(27715). One can alterna-
tively use a dielectric experiment with a detection frequency |n this article we have presented a simple technique useful
nearv,, provided it is also sensitive to relaxation processesor characterizing the dilatometric response of polymeric
nearT,. This is of course just what some of the experimentsiiims in their glass-transformation range. Our capacitive
described in this article are designed for. method works best for polymers with a weak to moderate

In Fig. 11 we have plotted the relaxation times determinedjielectric relaxation strength. The experiment was operated
from the peak maxima of the out-of-phase parts of the diin two different modes. In the ramping modeapacitive
electric and of the dilatometric responses. It is seen that thecanning dilatomety temperature derivative signals are ob-
time constants from the two experiments nicely agree withained that look similar to those from differential scanning
one another. A similar observation was also made fo(®  calorimetry. For CSD, cooling runs are very simple to per-
shown) [41]. The time constants for PB can be describedform for a wide range of ramping rates. This may be consid-
using the Vogel-Fulcher expression, Ed13), with  ered an advantage in comparison to the capabilities of many
log;o(7o/s)=—11.2,B=380K, andTx=148K. The ratio DSC setups. The second mode of operation involves a har-
T1,/ Ty can easily be read off from the plot and giVieg,  monic modulation of the sample temperature. Using this ex-
=0.61. The fragility index thus estimated from Ed44), m  periment, the in-phase and out-of-phase dilatometric re-
=66, is similar to that observed for 1gds-polyisoprene sponses can be mapped out. It should be noted that one of the
(m=62) [36]. These fragility indices are among the lowest advantages of the current technique is that it is also well
reported for polymeric materials so far. It should be notedsuited to an investigation of films that are much thinner than
however, that a direct determination of the slope of the rethe approximately micron-thick specimens used for the cur-
laxation time data neafy gives a somewhat largen index  rent study. Due to the increase in capacitance and the con-
for PB. This is probably due to the fact that for temperaturesomitant gain in sensitivity, reliable determinations Bf
T>T, the dielectric peak frequencies are affected not onlydown to a thickness of about 10 nm become possibié.
by the structural relaxation, but also by the Johari-Goldstein
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