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Heat Capacity Spectroscopy Compared to Other Linear Response
Methods at the Dynamic Glass Transition in Poly(vinyl acetate)
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ABSTRACT: Heat capacity spectroscopy measurements in the frequency range from 1.25 to 12 600 rad/s
at the dynamic glass transition in poly(vinyl acetate) are reported. The data are compared to results of
dielectric and shear spectroscopy in a comparable frequency range on the same sample. The peaks of
the different imaginary parts do not have the same position across the main transition zone. The sequence
of the peaks with increasing frequency is as follows: dielectric compliance, entropy compliance, and shear
modulus. The distances between the different peaks are 0.3 + 0.4 and 1.0 + 0.4 frequency decades,

respectively.

I. Introduction

Heat capacity spectroscopy (HCS) according to Birge
and Nagel'2 allows the determination of the complex
specific heat capacity, cj(w) = cy(w) — ic'y(w), at the
dynamic glass transition, a, in equilibrium.3v1‘a According
to the fluctuation dissipation theorem (FDT),> the
natural frequencies of the spontaneous system fluctua-
tions are identified with the external frequencies at
which the system can absorb thermal energy.16-8 HCS
tests the time scale and the intensity of internal entropy
fluctuations of a sample by means of the entropy
response to an external temperature perturbation; in
other words, cj(w) is the equilibrium entropy compli-
ance.?10

An important question is how this thermal property
(or activity9) is related to other activities with a linear
response (dielectric, shear, etc.). There are few inves-
tigations comparing frequency-dependent HCS data
with data from the other activities.® In general, precise
experiments with different linear response methods on
identical samples of a glass former are rare. An
analysis of the results'~19 does not yield a consistent
picture. The positions of the different loss maxima in
the a relaxation zone seem to be different, whereas the
shift factors are rather universal (same Vogel temper-
atures). These observations are in agreement with
theoretical approaches (WLF scaling) assuming that
different activities are sensitive to different molecular
modes of the same cooperative motion at the dynamic
glass transition.%10

We can ask if there is a general sequence of the a
traces for the different activities in the log w vs 1/T
diagram for all glass formers.1* Additionally, for poly-
mers, a comparison of frequency-dependent c} data
with dynamic shear data allows one to check some
results of the fluctuation approach for the dynamic glass
transition.1® Polymers offer special interest because
they have some internal length scales (gyration radius,
entanglement spacing, characteristic length of the glass
transition, Kuhn's segment length), permitting a length
scaling of the results.10

From the experimental point of view, it is necessary
to ensure a high reproducibility of the temperature
measurements and a truly comparable temperature
scale for the samples in the different devices and
laboratorities (1 K corresponds to 0.3 frequency decades
of a in an Arrhenius diagram). Similar problems are
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caused by the water contents of the samples in the
different equipment, changing, for instance, during the
measurement by drying with a gas stream originally
applied for the temperature program.

As far as we know, the present experiments are the
first HCS measurements on a polymer. Some experi-
mental effort was necessary to realize the adhesion of
the polymer layer to the thin (<100 nm) nickel strip of
the spectrometer. In this paper, heat capacity spec-
troscopy data on poly(vinyl acetate) (PVAC) are com-
pared with results from dielectric and mechanical shear
spectroscopy.

Il. Experimental Section

A. Samples. The poly(vinyl acetate) sample was pur-
chased from Buna AG. The molecular weight distribution was
determined by gel permeation chromatography with polysty-
rene standards. The molecular mass My, is 5.6 x 10° £+ 0.3 x
10° g/mol and the polydispersity My/M, = 3.7 £+ 0.2. Slight
branching seems to be possible. The conventional glass
transition temperature T4 of our sample is 38 + 1 °C. It was
obtained by an equal-area construction from DSC measure-
ments at a heating rate of T = £10 K/min using a DSC 7 from
Perkin-Elmer. Absorbed moisture in poly(vinyl acetate) has
a great influence on the linear response near T4. The sample
was dried under vacuum at 105 °C for 36 h before measure-
ment. During all measurements, the samples were kept under
dry nitrogen gas.

poly(vinyl acetate)

B. Measurements. The temperature—time programs in
the three devices were similar. All isothermal frequency
sweeps were made in the following way: After reaching the
measuring temperature, the sample was annealed for 900 s.
The frequency sweep was then started beginning at the lowest
frequency. In the heat capacity spectrometer, the sweeps at
the lowest temperature were first measured. Subsequently,
the temperature was increased step by step. In the other
spectrometers, the measurements were started at the highest
temperatures. Practically all measurements were carried out
above the conventional glass transition temperature at ther-
modynamic equilibrium.

1. Heat Capacity Spectroscopy (HCS). The frequency
dependence of the complex product mass density x heat
conductivity x heat capacity, (oxCp(w))*, is measured in equi-
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Figure 1. Experimental setup for the HCS determination of
prci(w) in the frequency range from 1.25 to 12 600 rad/s. The
insert schematically shows the nickel heater on the surface of
a substrate coated with the sample.

librium by a heat capacity spectrometer according to Birge and
Nagel.? The experimental setup with our modifications is
sketched in Figure 1. The central part of the device is a thin
(70—100 nm) nickel heater on the surface of a thick (1.5 mm)
substrate of glass fiber filled epoxy resin. The dimensions of
the nickel strip are about 1 x 4 mm2. The heater has a high
resistance temperature coefficient (~x1000—2000 ppm-K~1) and
is also used as the thermometer. It was coated with the
sample after a reference measurement without sample for the
determination of the heater and substrate parameters. The
sample thickness was 1.8 mm.

Let us recall in brief terms the main idea of HCS.22° The
heater is supplied with an alternating electric current I(t) =
lo cos(wt/2) of frequency w/2 and amplitude 1o during the
isothermal measurements. By virtue of the high temperature
coefficient of the heater resistance, the latter is modified by
the diffusion of temperature waves in the surroundings
(substrate and sample). The Joule dissipation, P(t), in the Ni
layer is

P(t) = IP()R(t) = %R(t)loz(l + cos(wt)) 1)

where R(t) is the time-dependent resistance of the heater. The
periodic resistance variation of the heater, due to the temper-
ature oscillations in the sample and substrate, is given by

R(t) = Ry(1 + aT, cos(wt — ¢)) 2)

where Ry is the resistance at a fixed measuring temperature,
o its temperature coefficient, T,, the temperature amplitude
(typically smaller about 1 K) as a response to the alternating
dissipation P(t), and ¢ the phase shift. Ohm's law gives the
voltage across the heater

U(t) = I)R() = Ryl, cos(wt/2) +

ZR,1G0LT,, C0S(wt2 = ) + ZRolaT, cOS(E0ti2 — ¢) (3)

The phase-shifted part of the first and the third harmonic
depends on the details of temperature diffusion in the sample
and substrate. The stationary problem can be described
(assuming that the heater has zero thickness and infinite area)
by the one-dimensional temperature diffusion equation for the
temperature oscillation in sample or substrate,
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) FPT(X,
—iwpe,T(x,0) = K% )

under the boundary condition T(x,w) — 0 as x — o (for large
thickness of sample and substrate), with c, the (possibly
frequency dependent) specific heat, « the thermal conductivity,
p the density, and x a space coordinate perpendicular to the
heater area. The solution of the differential equation for an
infinite half-space is

T(X,w) = T(0,w)e ™™ (5)

where T(0,w) is the complex amplitude of the temperature
oscillation at the heater. The complex thermal wave vector k

is
_ [9PC iy [@PC (1)
NN 5 ©

A second boundary condition is given by Fick’s first law. Let
us now consider the heater between the sample and substrate.
The heat flux jq is connected to the temperature gradient at
both surfaces of the heater layer, facing the sample (without
index) and the substrate (index s),

aT aT .
Ks&lxﬁof - K&|x~»0+ = Jq (7)

Combining this equation with eq 5, we have®220

j J' ei(n/4)
q q

K+ KKg \/a(ﬁ/pl(cp + /pSKSCpS)

Reference measurements on the unloaded system (only
heater and substrate, (p«cy)* = 0) showed that the epoxy—glass
fiber substrate has no relevant relaxation in the temperature
frequency region of interest; i.e., the phase shift ¢(T) is
practically constant, /4, and (ps«sCps)'' IS zero. Thus, both the
amplitude, |(p«cp)*|, and phase, J, of the complex (pxCp(w))*
product for the sample can be observed from the amplitude
Us,(w) and the phase shift ¢(w) of the third harmonic by

T(0,0) = =T,e" (8)

293
oRgly

v I(pKCp)*Iei({VZ) = —ei(x/47¢) Y, Ksloscps 9)
2AVwU,,

with psksCp, the product for the unloaded system taken from
the reference measurement, and A the area of the heater. The
real and imaginary parts of (o«cp(T,w))* can be calculated from
the projections to the real and complex axes. In this way,
measurements of the amplitude Uz, and phase shift ¢ of the
third harmonic across the Ni heater (eq 3) allow the calculation
of the real and imaginary parts of the product (p«cp)* without
correction terms of higher order. The only assumption is that
the thermal wavelength should be small compared to the
lateral dimensions of the heater and lateral and normal
dimensions of the sample and substrate (thickness). Let us
assume, in a first approximation, that the heat conductivity
k(T,w) is constant. From now on, p and « are considered as
real parameters, and the complex product is written as
prck. [This is usually fulfilled at the dynamic glass transi-
tion, T > Ty.42t At the thermal glass transition (at Tg) only a
bend (and not a step) of « is observed,? similar to the behavior
of the density. But it is the bulk modulus, i.e., the derivative
of density, that shows the usual dispersion, not the density
itself.] The real and imaginary parts of the heat capacity can
be obtained then from the amplitude and phase shift of the
third harmonic.

The determination of the third harmonic needs an experi-
mental setup which compensates the in-phase part of the first
harmonic, because the relevant amplitude Us, in the measured
signal is up to 1000 times smaller than the amplitude U,,. This
was realized by a complex bridge using an on-line Fourier
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Figure 2. Output voltage from the Wheatstone bridge in the
time (a) and frequency (b) domains. The solid line in part (a)
is the fit by a superposition of the first and third harmonic
which matches 2048 data points. For reasons of clarity, only
every eighth point is shown. The frequency signal (b) is
determined from 250 cycles of the time signal by a fast Fourier
transformation.
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Figure 3. Frequency dependence of the amplitude U, in the
range from 1.25 to 12 600 rad/s at T =90 °C. The fitted slope
of —0.43 (solid line) is close to the theoretical value of —1/2
according to eq 9 (dotted line). The log symbol always means
|0910-

technique to balance the bridge. The criterion is a minimiza-
tion of the amplitude ratio U,/Us,. The measuring signal
and the stimulating signal are simultaneously detected by a
DSA 602 digital oscilloscope from Tektronics (Figure 1).
Figure 2a shows an example for a typical signal at 100 Hz.
The amplitude and phase shift of the third harmonic are
calculated externally by a fitting program using a Gauss—
Jordan algorithm. It is proved that there are only sinusoidal
components of the first and third harmonics of the applied
frequency. This can be seen from the fast Fourier transforma-
tion (FFT) of our signal (Figure 2b) and also from the good
agreement between the fit (solid line) and the experimental
data (dots) in Figure 2a.

The results of frequency-dependent measurements at 90 °C
in Figure 3, outside the relaxation region of the sample,
demonstrate the nearly square-root dependence (Us, ~ w12
inegs 8 and 9). A linear fit in Figure 3 yields a slope of —0.43
instead of —0.50 over a broad frequency range. This effect is
reproducible for the given heater. The reason for this differ-
ence is not yet clear. The actual exponent 0.43 for the
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frequency dependence in eq 9 was used in the data evaluation.
The resulting p«cy curves for the different frequencies still
showed some variation in the plateau value above the transi-
tion region because small uncertainties on the logarithmic
scale of Figure 3 cause a great scatter on the linear scale of
prck. The values of p«cy are, therefore, vertically shifted to
yield the expected frequency-independent value above the
dispersion region (we used a temperature of 90 °C; see Figure
4). The remaining scatter on the low-temperature side of the
dynamic glass transition is probably the result of finite size
effects, especially the finite width of the heater.

As the phase angle of the reference measurement differs
from the theoretical value of 45° for some frequencies, in these
cases its phase angle ¢o was taken as a reference value.
Usually, the deviations of the reference value ¢o from the
theoretical value 45° were smaller than 20%.

The relative error (reproducibility) of the points inside an
isochronous measurement is relatively small (about the size
of the symbols in Figure 4), whereas the error of the calculated
absolute values for p«c, is considerable if all other variables
(heater area A, heater resistance Ry, temperature coefficient
o) are independently determined. We are trying to reduce this
error by a calibration procedure.

Assuming a constant heat conductivity of x = 0.159 W K™
m~12 and a density of p = 1.191 g cm=3 for PVAC, we
calculated values of cp,,s = 1.65 + 0.8 J g* K™ for the heat
capacity above the dispersion zone and Acp = Cpjguiq — Cpgrass =
0.44 £ 0.2 J g7* K1 These values are in reasonable agree-
ment with the results from usual nonequilibrium measure-
ments by DSC (Cpjqq = 1.92 J g7* K™* and Ac, = 0.48 J g7*
K1 24),

2. Dielectric and Mechanical Spectroscopy. The di-
electric function €*(w) was measured in the frequency range
from 0.063 to 6.3 x 10° rad/s (10 mHz to 1 MHz) by a
commercial Novocontrol spectrometer based on a Schlum-
berger FRA 1260 frequency response analyzer supplemented
with a high-impedance preamplifier of variable gain.?®> Ad-
ditional experiments in the frequency region from 630 to 6.3
x 108 rad/s (100 Hz to 1 MHz) were realized by a HP4284A
LCR bridge.

Measurements of the dynamic shear modulus G*(w) were
performed in the frequency range w = 0.01—100 rad/s using a
Rheometrics RDA 11 analyzer.

3. Comparison of Temperatures in the Different
Devices. The absolute temperature displays of the three
devices were checked by small resistance thermometers near
the samples. These resistance thermometers are carefully
calibrated in a gauge thermostat with a PT 100 having a
certified accuracy of the absolute temperature scale with AT
< 0.03 K. The deviation of the absolute temperature scale was
smaller than 0.3 K for the dielectric and mechanical spectrom-
eters and is corrected for in the data evaluation. The station-
ary temperature difference inside the sample volume, mea-
sured with thin thermocouples, is smaller than 0.3 K for
dielectric spectroscopy and smaller than 1 K for mechanical
spectroscopy.?®

In heat capacity spectroscopy, a stationary temperature
difference in the sample of the order 10 K or more is caused
by the time-independent part of the Joule dissipation in the
heater according to eq 1. This temperature error can be
corrected by a separate measurement of heater resistance with
different signal amplitudes. The remaining uncertainty is
smaller than 1 K. As long as the penetration depth of the
temperature wave in the sample (the half thermal wavelength
is 1.2 mm at w = 1.25 rad/s, the worst case) covers only a small
part of the total temperature gradient, the smearing and shift
of the pc} curves is expected to be small. An experimental
test with a reduced power and gradient down to 25% at a
frequency of 1.25 rad/s showed no difference in the pxcy
values larger than the experimental uncertainty of 0.5 K.

11l. Results

The temperature dependence of the real part p«c,
near the dynamic glass transition in PVAC is shown in
Figure 4. The frequency-dependent dynamic glass
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Figure 4. Temperature dependence of the real and imaginary
parts of prc) (proportional to entropy compliance) for several
frequencies between 1.25 and 12 600 rad/s ((») 1.25, (v) 3.77,
(<€) 12.56, (+) 37.7, (x) 125.6, (*) 377, (—) 1256, (|) 3770, and
(O) 12560 rad/s). The imaginary part is shown only for two
selected frequencies. The solid lines are guides to the eye. The
dotted lines are fits with a Gaussian function to the p«c" data.

transition temperature, Tq(w), shifts to higher values
with increasing frequency, as expected. The pxc* shift
is of the order of 6 K/decade, similar to the dielectric
function in the comparable frequency region (see below).
Zones of pxc, = const are observed on the low- and
high-temperature sides of the a relaxation (representing
the glassy and the liquid zones, respectively). The
liquid-zone real parts at 90 °C were corrected to a
constant absolute value (to the measurement point at
125.6 rad/s) as described in the Experimental Section.
The small variation of the glassy-zone values of the real
part, below the dispersion region, is partly due to the
influence of the finite heater size, the thickness of the
sample and substrate, and measurement errors.

The temperature dependence of the imaginary part,
pkc'y, for two selected frequencies is also illustrated in
Flgure 4. The results show a loss peak corresponding
to the step in the real part p«c,. The results for the
imaginary part at higher frequencies, not shown here,
are subject to considerable scatter because the signal-
to-noise ratio dramatically decreases. For lower fre-
quencies, the finite dimensions of the heater and sample
disturb the curve shape.

The isotherms of the real part of p«c;, as a function of
logarithm of frequency are presented for several tem-
peratures in Figure 5. The characteristic step of the
dynamic glass transition was observed at all tempera-
tures near Tg. The pkc, = const zones can also be
detected in this representatlon All isothermal repre-
sentations can be approximated by the Havriliak—
Negami (HN) function?’ for generalized compliances o:

f —_
Ao*(w) =0 — o, — i0" = Ao[l + (ii)[] ! (10)
DHN

The p«c, data for 56.6 °C are fitted using this HN
functlon which results in A(prc) = 8.3 x 1074 J2 K2
cm™4s” 1, PKCpiiguia = 3.1 x 1073 JK2em4st , and opn
= 171.4 rad/s. The exponents are g = 0.73 i 0.2 and
Py = 0.8 £ 0.2 with a considerable uncertainty. The
curves at all other temperatures were fitted with this
fixed parameter set (pkCp;q,qs AlpkCy), B, 7), because the
temperature dependence of the step height Ac, and of
the shape of our equilibrium data seems to be too small
to be determined with reasonable accuracy. Only the
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temperature dependence of wyn can be determined with
reasonable confidence (see Figure 8). The fit results are
satisfactory and are shown as dotted lines for the real
parts in Figure 5. The imaginary part of the HN
function can be calculated from the real-part fit param-
eters. The result is shown for 56.6 °C together with the
experimental values in Figure 5. The fair coincidence
demonstrates the internal consistency of the real and
imaginary parts, which are independently measured.
Within the experimental uncertainty, the linear re-
sponse activity pxc*(w) obeys, therefore, the Kramers—
Kronig relation. 5.28

Isothermal measurements of the dielectric permittiv-
ity e* = € — i¢" of our poly(vinyl acetate) sample in the
frequency range from 0.063 to 6.3 x 10° rad/s are shown
in Figure 6, aand b. The real part €'(w) shows a steplike
decrease from a higher value in the liquid state, €. +
Ae, to a lower value in the glassy state, €., similar to
the heat capacity. (As well known, this behavior is
characteristic for generalized compliances, in contrast
to the modulus-like properties, which show an upward
step.) The results are comparable with the literature
data.?® The step height, Ae, decreases with increasing
temperature. The obtained ¢''(w) data are fitted with a
superposition of a conductivity term and a complex
Havriliak—Negami function. The HN component rep-
resenting the dynamic glass transition is given as a
dotted line.

The results of dynamic shear measurements in the
frequency range from 0.01 to 100 rad/s are presented
for our sample in Figure 7. They are also similar to
those of the literature.®°=32 In contrast to the other
susceptibilities, for shear the modulus values, G*(w) =
G'(w) + iG"(w), are presented, because the imaginary
part of the shear compliance J" does not show a
characteristic maximum for the o relaxation (see Figure
9). The peak in J" is hidden by the terminal transition
because of the moderate molecular weight of our sample.
The G' axis is logarithmically scaled because the
changes of the mechanical properties at the main
transition are, as a rule, dramatic in comparison to the
dielectric or thermal properties (¢* or cj). This has
some influence on the Havriliak—Negami-like fit: The
experimental data are fitted only in the neighborhood
of the G" maximum. The complex MHN function (M
for moduli, 4)3 was used there,

w Bl-v
Au*=u' —u, +iu' = Alu[l + (—I MHN) ] (11)

corresponding approximately to the HN function for
compliances 0. The results are shown as dotted lines
in Figure 7. There are significant deviations in the
region outside the loss peak G"(w) corresponding prob-
ably to spectral components of modified Rouse and
Andrade modes. The fit is sensitive to small changes
in the shape and intensity parameters, but only small
changes of 5, y, and AG were observed.

IV. Discussion

A. Heat Capacity Spectroscopy (HCS) in the
Scheme of Linear Response. In the scheme of linear
response, the experimental value p«cy is interpreted as
a susceptibility: cj is an entropy compllance related to
the natural entropy fluctuation by the FDT. The
experimental arguments that HCS measures the en-
tropy compliance at the dynamic glass transition are
as follows (see also ref 34):
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Figure 5. Isotherms for the real part of p«cy, at the dynamic
glass transition in poly(vinyl acetate) ((O) 53.6, (A) 56.6, (V)
59.6, (O) 62.6, and (<) 65.6 °C). The dotted lines are the
results of an unbiased fit by a Havriliak—Negami function for
56.6 °C and with a partially fixed parameter set for all other
temperatures (only wnn free). Also shown is the imaginary
part p«c', at a selected temperature of 56.6 °C and the
corresponding curve, calculated from the parameters of the
real part fit.
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log (w / rad s'l)

Figure 6. Frequency dependence of the real part (a) and
imaginary part (b) of the dielectric function (¢* — ¢) in the
frequency range from 0.063 to 6.3 x 1068 rad/s for different
temperatures ((O) 45.6, (a) 53.5, (V) 66.5, (¢) 77.5, (+) 89.4,
and (x) 104.4 °C). The data are fitted by the superposition of
a complex HN function and a conductivity term. The HN
component, representing the dynamic glass transition, is given
by the solid lines.

(i) The frequency dependence of p«cj is in accordance
with the typical shape of compliances in other relaxation
spectroscopy (compliance because entropy is an exten-
sive thermodynamic variable): a step in the real part
corresponds to a peak in the imaginary part, and outside
the dispersion zone, the real part shows plateau values.

(i) Consistency of pkc, and p«c'y by the Kramers—
Kronig relation: The shape of the real part of the
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Figure 7. Isothermal frequency sweeps for the storage (a)
and loss (b) parts of the shear modulus at different tempera-
tures ((m) 36.2, (|) 37.9, (—) 39.6, (*) 41.5, (x) 43.5, (+) 45.4,
() 47.4, (v) 49.4, (») 52.3, (O) 55.2, and (O) 58.2 °C). A
representative MHN fit for the loss modulus at 41.5 °C is given
by the dotted line.

entropy compliance p«cy, in the dispersion zone can be
fitted by the real part of the HN function, and, using
the estimated parameters, the imaginary part can be
computed in reasonable accordance with the measured
values (Figure 5).

(iii) The equilibrium quantity pxc} shows the typical
properties of susceptibilities in the glass transition
zone: non-Debye shape of the imaginary part, the
dispersion zone moves to higher frequencies with in-
creasing temperature, and we find a curved trace in the
Arrhenius diagram (see Figure 8). The susceptibility
pkc* fits into the scenario of the other susceptibilities
Wit?‘l similar VFTH parameters B and T, (see Table 1).

(iv) The extrapolated p«c', peak temperature for a
frequency of 0.01 Hz can reasonably be compared with
the DSC glass transition temperature Tg.

(v) The pkck response is proportional to the distur-
bance temperature amplitude (linearity).

B. Comparison of Different Activities in the
Glass Transition Zone. Characteristic points of the
different activities are transferred to a common Arrhe-
nius diagram (Figure 8). For HCS, the points at half
step height of the real part, and for all others the
maxima of imaginary parts (as calculated from spline
fits), are used. (The difference between the frequencies
of half step height of ¢, and maximum of ¢, are of the
order of a few percent of a decade for typical c* curves.
This difference is always neglected in the l%llowing
discussion.) Additionally, shift factors ar from shear
measurements are also presented. The shift factors at
were estimated by the Rheometrics software from a
simultaneous horizontal shift of the G' and G" curves
(for details, see also ref 35).
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Figure 8. Common Arrhenius diagram for the o traces of the
signals from different activities ((®) €4 (®) G iy (O) ar, (M)
c¥ (®) tan Jspearmax). The dotted lines are VFTH fits (see
Table 1). The DSC glass transition temperature (T = 10
K/min) is indicated by an arrow.

Table 1. VFTH-Fit Parameters (Eq 12) for the Different
Activities at the Dynamic Glass Transition of PVAC2

activity To/K B log wo/rad-s—*
cx (251) (990) (14.7)

€' 266 + 3.5 660 + 50 12.3+0.3
G" 276 £ 7 450 £ 70 117+ 22
tan Omech 2775 453 + 100 10.1+1.0
ar 277+ 3 420 + 50 11.5+0.3

a2 The errors are statistical uncertainties of the fit procedure.
The reproducibility from repeated measurements is comparable.

The trace for the c} signal fits well into the same
dispersion zone as the other responses. It is curved
similarly to the other susceptibilities in this frequency
region. All curves seem to be only vertically shifted.
With decreasing temperature, or increasing frequency,
the loss peaks are sorted across the glass transition zone
in the succession shear loss factor tan dmax, dielectric
function €, dynamic entropy compliance c',, and shear
modulus G". The (hidden) loss maxima for the shear
compliance J" would be at considerably lower frequen-
cies than tan dmax. The relative position of ¢', and €” is
uncertain in the limits of experimental errors.

All data sets can be approximated by the VFTH
equation®® (equivalent to the WLF equation®?),

'°9(%) —ror (12)

where B, wo, and T, are the fitting parameters. Poly-
mers usually show VFTH behavior over a wide fre-
guency range (1072—10° rad/s). The VFTH curves for
the dielectric loss maxima, the maxima in G", the shift
factors ar, and the mechanical loss tangent are given
as dotted lines in Figure 8. The VFTH fit parameters
are listed in Table 1. The parameters for the cj data
are, of course, more uncertain than the others. The
estimated parameters for T, compare well with litera-
ture results of 271 K from dielectric measurements?®
and 279 K from shear.3?

The imaginary parts of the shear modulus and the
compliances from the different activities at 56.6 °C are
compared in Figure 9. Considerable differences in the
position of different activities are observed (similarly
to Figure 8, of course). The distance between the loss
maxima of €' and G" is 1.3 + 0.3 frequency decades,
equivalent to about 5 K. This is beyond the experimen-
tal uncertainty of the temperatures. The distance
between ¢’y and € amounts to only 0.3 & 0.4 frequency
decades, so that no clear decision can be made. The
width of the peaks is also different. Whereas c'; and ¢"
are rather sharp (about 2 frequency decades), tf')]e peak
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Figure 9. Loss peaks for the different activities at a reference
temperature of 56.6 °C. The solid line is for dynamic entropy
compliance calculated from the parameters of the real part
fit. The dielectric function (¢) and the master curves for shear
compliance (O) and shear modulus (®) were slightly VFTH
shifted from temperature-neighbored experiments to the same
reference temperature.

in G" is broader (about 3 frequency decades). The shear
compliance curve in Figure 9 shows that the J" loss
peak at the dynamic glass transition is superposed by
the high-frequency wing of the flow transition but also
that the a peak maximum lies at significantly lower
frequencies as for the other activities.

We interpret Figure 9 in the following way:1° Gener-
ally, any compliance emphasizes longer times than the
conjugate modulus. Moreover, each experimental method
(we have different properties or activities?) is specifi-
cally sensitive to the general, broad frequency spectrum
of the cooperative motions at the dynamic glass transi-
tion (or main transition). The dielectric detection is
based, for example, on changes of the dipole moments,
while specific heat spectroscopy feels only entropy-active
motions changing the molecular disorder. Shear re-
sponse is rather sensitive to all modes.

From this point of view, it is expected that there are
differences in the temperature—frequency position and
shape of the a loss peaks from different susceptibilities.
Assuming a common dispersion law for the cooperative
motions,’® we can see from Figure 9 that the G" peak
is sensitive to shorter modes, whereas the €' and c';
peaks are sensitive to longer modes of the cooperativity.

V. Conclusion

The dynamic entropy compliance cj behaves simi-
larly to the dielectric compliance ¢* at the dynamic glass
transition in poly(vinyl acetate). The frequency sweeps
can be fitted by a HN function and the o traces in an
Arrhenius diagram are similarly curved. The investi-
gated activities cj(w), €*(w), and G*(w) in poly(vinyl
acetate), under isothermal conditions, have different
frequency positions of the loss peaks; the difference
between ¢, and G" is about one decade. The dynamic
entropy compliance peak probably has slightly higher
frequencies than the dielectric function.
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