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A series of 1,2-1,4-polybutadienes with varying 1,2 (vinyl) content was investigated using
time-domain dielectric spectroscopy. The time range was 10~ °—300 s, which can be converted by
Laplace transform to a frequency range of 10~°~6000 Hz. The samples were the same as those used
in a previous rheological study from these laboratories. Therefore, a direct comparison of dielectric
and mechanical responses was possible. Within experimental uncertainty, the « relaxation observed
by both methods shows the same temperature dependence but there is an offset between the
characteristic times of both methods, which increases with increasing vinyl content. This result can
be qualitatively understood from the difference of the size of the dipolar groups, viz. cis and vinyl
monomeric units, in the context of the DiMarzio—Bishop model. In addition, the question of
time—temperature superposition was studied using the dielectric data. In the cases of a vinyl content
=0.53 no deviations from time—temperature superposition were detected. Only for the sample with
the lowest vinyl content (0.07) does the attempt to construct a master curve from the dielectric loss
data fail. In this case a fit with a combination of a Havriliak—Negami and a Cole—Cole functions
suggests that this deviation from time—temperature superposition is an intrinsic feature of the «
relaxation rather than an effect of its merging with the B relaxation. The absence of indications for
such a deviation in the rheological study can be explained by the smaller frequency range of the
latter. This stresses the necessity of a large dynamic range in experiments aimed at the examination

of the time—temperature superposition principle.

[S0021-9606(97)50833-6]

I. INTRODUCTION

Dielectric measurements on glass-forming systems (es-
pecially polymers) have a long tradition and have revealed
several general phenomena.

First, an intensive loss peak is detected which shifts
strongly with temperature. Because this is often the peak
occurring at lowest frequency (or highest temperature if the
frequency is held constant) it is usually referred to as the «
peak. The relaxation associated with this peak is generally
reported to show the same temperature dependence as the
mechanical relaxation.! It is normally associated with the
same molecular-level events that give rise to mechanical re-
laxations on a large length scale. The peak shape, which is
not a simple Debye function, is often described phenomeno-
logically by means of the Havriliak—Negami function® in the
frequency domain or the Kohlrausch—Williams—Watts law™*
in the time domain. Both representations give asymmetric
peak shapes of the loss part represented on a logarithmic
frequency scale, but have different asymptotic behaviors at
low frequencies in the frequency domain.

a)Corresponding author: Tel: +49-2461-61-4681; Fax: +49-2461-61-2610;
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Second, a smaller peak which shows a weaker tem-
perature dependence is observed at higher frequency. This
so-called B peak exhibits a rather symmetric shape and is
described phenomenologically by, e.g., the Cole—Cole’ func-
tion or a log-normal distribution.® Both reflect the fact that
this loss peak is symmetric on a logarithmic frequency scale.
The origins of this 8 peak are still unclear. Sometimes it has
been related to material-specific motions (especially of side-
groups in polymers)! but due to its ubiquity other authors
have concluded that the $ relaxation is a more general phe-
nomenon related to the glass transition.’

Because of the different temperature dependencies of the
peak positions of the « and S relaxations there should be a
temperature region where the loss peaks merge. This region
is still a subject of controversy.® One reason for the conflict-
ing views is that when both peaks begin to overlap the pro-
cedure for decomposition into « and B contributions influ-
ences the results strongly.’

In a previous paper we presented results from an inves-
tigation of the dynamic mechanical response of a series of
polybutadienes having different microstructures.'® Here we
extend that investigation using time-domain dielectric spec-
troscopy measurements that cover 7.5 decades in time (trans-
formed to 6.7 in frequency) rather than the 4 decades used in
the mechanical measurements. The larger dynamical range is

© 1997 American Institute of Physics 3645
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TABLE 1. Molecular weights, microstructures, and glass transition temperatures of anionically polymerized

polybutadienes used in this investigation.

1,20 1,4-trans® 14-cis®
Sample M,*/10* g mol ™! fraction fraction fraction T, psc(°C) Ty 1heo(°C)
PB7 19 0.07(0.07) 0.52 0.41 -95 —98.0
PB53 18 0.52(0.53) 0.29 0.19 —-57 —60.4
PB70 16 0.68(0.70) 0.20 0.12 —35 —419
PB95 19 0.95(0.95) ¢ -1 —4.1

“By light scattering in cyclohexane.

"By *C NMR, the values in parentheses are by '"H NMR.

°1,4-cis+1,4-trans: 0.05.

a general advantage of dielectric spectroscopy. In this paper
we show that the dynamical range of the measurements may
significantly affect data interpretation, particularly the appar-
ent validity of time—temperature superposition.

In this investigation the same 1,2-1,4-polybutadienes
were used as in the previous rheological study.' These poly-
mers were synthesized by anionic polymerization. By chang-
ing the conditions of the synthesis (e.g., the solvent or tem-
perature) the 1,2 (vinyl) content was controlled over the
range 0.07-0.95. Hence, these polymers offer the opportu-
nity for studying the influence of an increasing number of
short, rigid side groups on the otherwise unchanged polymer.
A well-known consequence of this modification is a strong
increase in the glass-transition temperature T, with increas-
ing vinyl content.

Our previous study of the rheological response of the
materials'® showed a change of the temperature dependence
of the shift factor, an increase in fragility,'"'” and a change
of the stretching exponent of the rheological « relaxation
with increasing vinyl content. Time—temperature superposi-
tion was shown to be successful in the description of both the
glassy dispersion and the terminal dispersion. The large dy-
namical range covered by the dielectric data allows the ques-
tion of time—temperature superposition to be reexamined.

Il. EXPERIMENTAL METHODS
A. Materials

The four polybutadienes used in this investigation were
prepared by anionic polymerization using high vacuum and
break-seal techniques, generally following the procedures
outlined by Morton and Fetters.!> A detailed description of
the synthesis and characterization of these samples can be
found elsewhere.'” Table I depicts the molecular weights and
microstructures of these polybutadienes. Also shown are the
glass-transition temperatures 7, reported previously from
both differential scanning calorimetry (DSC) and rheological
measurements at an arbitrary relaxation time of 7,,=10s.

In order to avoid degradation of the samples during their
storage ~0.1% of stabilizer (2,6-di-fert-butyl-4-methyl-
phenol) was added. The first dielectric measurements
showed that either this stabilizer or residual Li cations from
the polymerization initiator caused a considerable amount of
conductivity. Therefore all samples were dissolved in tet-
rahydrofurane and precipitated in a methanol/water/HCI

mixture five times immediately before the experiment. After
this procedure only minor traces of conductivity could be
observed.

B. Dielectric measurements (time-domain
spectroscopy)

The dielectric measurements were performed using a
time-domain spectrometer designed and built by Mopsik.'*
This spectrometer allows high accuracy (0.1% of the total
dispersion A€) and high sensitivity (tan 6=10"°) over a
large time range.

The raw data are taken by applying a voltage step (E°
=100 V) to the sample and measuring the resulting charge
Q(1) on the sample capacitor over a time range from 107 to
300 s. (If the leakage current of the sample allows, the long
time limit can be increased.) Capacity data C(t)=Q(t)/E0
were aquired via an analog—digital converter on a personal
computer during the time of the experimental observation.

These data were then converted to the frequency domain
by a Laplace transform:

[’

C*(w)= lim exp(—st)C(1)dt

v—0+

2.1)

with s=v+iw.

The transform is executed by a technique developed to treat
data that is logarithmically spaced over a large range.' It
yields a frequency range of 1073-6X10° Hz in C*(w)
=C'(w)—iC"(w).

The sample cell was constructed from two epoxy-resin
printed circuit (PC) boards. Each board had a 25-mm-diam
sample capacitor electrode etched into it. A guard ring was
etched around one of these. The sample was placed between
the circuit sides of the PC boards and a spacer foil was used
to maintain a thickness of about 0.25 mm. The resulting
empty cell capacitance was Cy~19 pF. This latter value
could not be determined with high precision because after
closing the sample cell only its total thickness can be mea-
sured and the error after subtracting the thicknesses of the PC
boards amounts to 0.05 mm, i.e., approximately 20% relative
error. Furthermore, a 30% reduction in the capacity values
could be detected after some of the experiments (which
lasted about one week for each sample). It is probable that
the PC boards were deformed in loading the samples and
relaxed due to sample flow during the experiments. There-

J. Chem. Phys., Vol. 107, No. 9, 1 September 1997
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FIG. 1. (a) Time-domain spectroscopy data of PB 7 at —97.7 °C. (b), (c)
Real (storage) and imaginary (loss) part of the dielectric function obtained
by transforming the data (a) into the frequency domain.

fore, the absolute value of €*(w)=¢€'(w)—i€"(w)
=C*(w)/C, is affected with a large error'® but the value of
tan 6= €'(w)/€ (w) is precise to the accuracy of the electronic
circuit. It has to be noted that the small changes of the
sample geometry were very slow compared to the measuring
time, so the shape of €*(w) is not distorted by them.

Temperature was controlled using a liquid nitrogen cry-
ostat that was constant to within 0.02 K range over the
—130-+50 °C used during our experiments. The tempera-
ture was measured by a Pt100 resistor which was calibrated
against NIST standards. The error of the absolute tempera-
tures can be estimated to be ~0.5 K.

lll. RESULTS

Figure 1(a) shows a representative data set in the time
domain from the PB 7 sample at —97.7 °C. Figures 1(b) and
1(c) show the real and imaginary parts of the complex di-
electric function obtained by the transform described above.
The imaginary part €”(w) reveals rwo maxima: a sharper one
at f=w/2m=35mHz and a very broad one at ~3 kHz.
These features are only weakly visible visible in the time
domain data and in the real part €' (w).

Figure 2 exhibits all data from this sample in a three-
dimensional plot of the loss tangent tan § versus the loga-
rithm of the frequency and temperature. We draw the read-
er’s attention to three features: (1) A slightly curved ‘‘crest”

3647

100«tand

FIG. 2. Three-dimensional representation of the loss tangent tan & vs the
logarithm of the frequency and temperature for sample PB 7. The figure
comprises 36 spectra at temperatures between — 129.6 and —29.8 °C.

associated with a maximum that occurs in the tan -
temperature plane. Its width is about 20 K and it occurs over
the entire frequency range. This is the « relaxation. (2) A
much less pronounced ‘‘mound’’ around 1 kHz which is also
present at the lowest temperatures. This is the S relaxation.
(3) An upturn in the corner of high temperature/low fre-
quency. The last item is due to residual conductivity which is
still present despite the purification of the sample.

IV. DISCUSSION
A. Analysis of the data in frequency space

In order to quantify the different contributions to the
dielectric function, we have chosen to describe the « relax-
ation by a Havriliak—Negami (HN) function®

€0~ €x

i Gom T -

e*(w)=¢€
and the B relaxation by a Cole—Cole function,” which is the
special case of Eq. (4.1) with y=1. The sum of the imagi-
nary parts was fitted to the €”(w) data.

This combination did not fit the data adequately for tem-
peratures where the @ maximum was at frequencies f,,«
>1 Hz. In these cases the low frequency wings of the peaks
seem to show an additional contribution in €”(w). This con-
tribution could not be ascribed to a residual conductivity in
the sample. Therefore, we arrived at the conclusion that it is
due to a low frequency relaxation in the PC boards used for
the sample holder. The epoxy—fiberglass composite these
boards are made from was recently studied by dielectric

J. Chem. Phys., Vol. 107, No. 9, 1 September 1997
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FIG. 3. Cole—Cole plot (€" vs €') of the dielectric function of PB 7 at
—82.3 °C. The filled dots indicate the frequencies 10°,10,...,10™% Hz from
left to right. The insert shows an enlargement of the low frequency lobe.

measurements,'® which revealed a low frequency relaxation
arising mainly from the Maxwell-Wagner mechanism asso-
ciated with the interfaces in the material. The frequency
range affected by this artifact was subsequently ignored in
the fits.

It is also possible to use a Kohlrausch—Williams—Watts
(KWW)** function to fit the « relaxation. We chose not to
do this sort of data analysis because of the asymptotic be-
havior of the polybutadiene data we obtained. The KWW
function is given in the time domain by

D gww(t) = exp[ — (t/ Trww)”] (4.2)

and in the frequency domain its asymptotic behavior at low
frequencies is given as

e'(w)~a’, €(w)~o'. (4.3)

For the Cole—Cole plot (€¢” vs €") of our polybutadiene data
shown in Fig. 3 this would imply a right angle at the inter-
section of the arc and the axis on the right-hand (low fre-
quency) side. Although this side is distorted by the effect of
the epoxy PC boards mentioned above, the data obviously do
not come into the axis at a 90° angle, implying that the
variation of €”(w) with w is weaker than proportional for
low frequencies. The same result was found by Deegan and
Nagel®® in the case of 0.20 vinyl-fraction polybutadiene and
was given as evidence that the Dixon—Nagel®! scaling rela-
tion does not hold for the case of polybutadiene.

Therefore the HN function, which has as a low fre-
quency asymptote a power law dependence on frequency of
the loss

(4.4)

ell(w)w wa

with @<1, is a better descriptor of the data obtained here
than is the KWW function. The corresponding angle in the
Cole—Cole plot is arctan(am/2) and can have any value be-
tween 0° and 90°. Of course, a fit with the HN function is
done at the expense of having an additional free exponent
parameter. Also, the shape (and especially the width) of a

0.02

8"(f)

0.01

0.00 L 1 1 1 1 1 1
3 -2 A 0 1 2 3 4

log, (f/Hz)

FIG. 4. Symbols: Loss part of the dielectric function €”(w) for PB 7 at
—96.7 °C. Lines: Fits with a sum of the HN and CC functions, (---) with the
HN parameter y=0.32 fixed, (———) with HN parameter 7 fitted.

spectrum now depends on two parameters—a and y—rather
than just the 8 in the KWW function. This fact may compli-
cate the comparison of HN functions from different samples
or different temperatures for the same sample. Whether one
combination of exponent parameters results in a wider spec-
trum than another may depend on the definition of ‘‘width’’
for certain parameter combinations.

In the case of the data we report here, it was possible to
fix a vy value that was independent of temperature for each of
the microstructures. This was done by first fitting the data for
a temperature range in which the whole a peak lies well
within the experimental window and allowing 7y to float. The
resulting 7y values were then averaged and the data were refit
to obtain the value « for the HN function. The deviations in
the fits were still within the limits of the experimental uncer-
tainty (see the example in Fig. 4). The vy values for each
microstructure are listed in Table II. The variations in « as a
function of temperature are presented and discussed subse-
quently.

B. Time—temperature superposition

In order to address the validity of time—temperature su-
perposition we first carried out a model-free comparison of
data sets at different temperatures. Figures 5—8 show plots of
the loss part of €”’(w) normalized to the maximum position
of the « relaxation peak on the frequency axis and its height.
This scaling is equivalent to applying both a horizontal and a

TABLE 1II. Values of the Havriliak—Negami parameter 7y for each of the
polybutadiene microstructures (see the text for a discussion).

Sample 0%
PB7 0.32
PB53 0.46
PB70 0.48
PB95 0.41

J. Chem. Phys., Vol. 107, No. 9, 1 September 1997
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FIG. 5. Plot of the loss part of the dielectric function scaled to its maximum

value, €”'(f )/ €n. » vs the logarithm of the frequency divided by the position
of the maximum on the frequency axis, f/f . for the sample PB 7. Tem-

peratures: (O) —99.7 °C, (@) —95.7°C, (V) —91.8°C, (V) —87.0 °C,
(0) =799 °C.

vertical shift factor in logarithmic plots as is often done for
rheological data.?? If the time—temperature superposition
principle were valid, curves at different temperatures would
superimpose onto a single master curve.
Figures 5—8 show that the scaling is poor for PB 7 (Fig.
5) while it is much better for all other microstructures (Figs.
6—8) for which only the lowest temperature data deviate
from the master curve in some cases. Interestingly, the de-
viations in Fig. 5 seem to consist of a broadening of the peak
with increasing temperature. This stands in contrast to the
usual finding of the opposite temperature dependence in di-
electric experiments, e.g., Refs. 21 and 23. Only in a few
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FIG. 7. Plot of the loss part of the dielectric function scaled to its maximum

" s Vs the logarithm of the frequency divided by the position

value, €"(f )/ € »
of the maximum on the frequency axis, f/f ., for the sample PB 70. Tem-

peratures: (O) —42.1°C, (@) —38.1°C, (V) —33.2°C, (¥) —25.2°C,

(@) —15.2°C.

cases (e.g., Cag 4K 6(NO3), 4, Ref. 24) have dielectric spectra
been reported which broaden with increasing temperature as
in the case of the PB 7 material.

From the same figures (5-8) it can be seen that the 8
relaxation (in relation to the a peak) is exceptionally strong
in the case of PB 7. For all other microstructures the 8 peak
is considerably weaker. This result agrees with the findings

in Ref. 18 for the same material.

The proximity to the « relaxation and the strength of the
[ relaxation may also be reasons for the deviations from
time—temperature superposition in the PB 7 data. On the
other hand, the fact that for PB 7 the deviation from scaling
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FIG. 8. Plot of the loss part of the dielectric function scaled to its maximum
value, €"(f )/ €pay » Vs the logarithm of the frequency divided by the position

FIG. 6. Plot of the loss part of the dielectric function scaled to its maximum
value, €"(f )/ €p.y » Vs the logarithm of the frequency divided by the position
of the maximum on the frequency axis, f/f ., for the sample PB 53. Tem-
peratures: (O) —61.1°C, (@) —57.0°C, (V) —52.6°C, (V) —45.0°C,

(O) —35.2°C.

of the maximum on the frequency axis, f/f ., for the sample PB 95. Tem-
peratures: (O) —3.3°C, (@) +0.7°C, (V) +4.7°C, (V) +12.1°C, (O)

+22.1°C.
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implies a change of slope of the low frequency wing of the «
peak as well as of the high frequency wing indicates that it
may not be simply a consequence of overlap with the 8
relaxation. The question of whether or not the deviation from
time—temperature superposition is an intrinsic feature of the
a relaxation can only be answered fully if a valid model for
the decomposition of the observed dielectric response into
the o and S contributions is used.

Another question as regards time—temperature superpo-
sition arises from the fact that the previous rheological
investigations'® on the same sample did not show any indi-
cation of deviations from time—temperature superposition in
the glassy dispersion region.”> An insight into the apparent
differences in the superposability of the mechanical data and
the dielectric data is obtained by considering Fig. 9, where
the data of Fig. 5 are shown but for a frequency range that
has been reduced to cover only the range on which the pre-
vious dynamic mechanical measurements were made, i.e.,
®w=0.01-100 rad/s. The curves were then shifted by arbi-
trary horizontal and vertical shift factors a; and b in order
to obtain the best overlap. It can be seen that this restriction
of the dynamical range leads to the impression that time—
temperature superposition is possible. This result suggests
that evidence for time—temperature superposition of the
glassy dispersion in the mechanical measurements may re-
quire a greater time or frequency range than that normally
covered in mechanical experiments.

In order to further examine the deviation from time-—
temperature superposition as an intrinsic feature of the «
relaxation rather than simply the result of the overlapping «
and S relaxations, the exponent parameter « of the HN func-
tion in the fit described in the preceding section is shown in
Fig. 10. Because the other exponent parameter, y, was held
constant for each of the microstructures, a is monotonically
related to the ‘‘spectral width’’—a smaller value of « indi-
cating a broader glassy dispersion or « peak. It can be seen
that only in the case of PB 7 is a strong decrease of this
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FIG. 10. Exponent parameter « in the Havriliak—Negami function repre-
senting the « relaxation in the fits described in Sec. III for all microstruc-
tures. Only those temperatures have been included where the o maximum
was contained in the experimental frequency window.

parameter with temperature evident. For all other microstruc-
tures the variation of « is smaller and takes place mainly at
the limits of the accessible temperature range. There, the
precision of the fits may already be degraded because the
wings of the HN function extend far outside the experimen-
tally accessed frequency range.

In summary, we conclude that the evidence for a devia-
tion from time—temperature superposition in the « relaxation
of PB7 is not compelling because the direct comparison of
the data is affected by the overlap with the S relaxation while
any model fit may be doubted because it is based on empiri-
cal functions. Nevertheless, we think that it is likely that
such a deviation exists because both treatments suggest the
same temperature dependence, i.e., a broadening of the spec-
trum of the « relaxation as temperature increases. We also
note again that this broadening with increasing temperature
is unusual.

C. A data analysis issue

Another issue in dealing with the experimental data
arises when one compares two different methods of data
analysis for essentially the same data. Hofmann et al.'® have
investigated the same polybutadiene samples by frequency-
domain dielectric spectroscopy on a slightly higher fre-
quency range (1072-10° Hz). At first glance, the exponent
parameters obtained here seem irreconcilable with those re-
ported by them, especially in the case of PB 7: For T
=—83.2°C a value of 8=0.42%0.02 is reported for the
exponent parameter of the KWW expression (4.2). The latter
was obtained by the approximate relation’®*’ between KWW
and HN parameters

B=(ay)"®b. (4.5)
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If we apply the same equation to our values of « and 7 at
T=-83.2°C, we obtain 8=0.28£0.01. The reason for this
discrepancy is that we used y=const=0.32 as a restraint in

the HN fit, while
y=1-0.812(1—a)*3¥

was used in Ref. 18 in order to restrain the parameters of the
HN function to those which make the function itself an ap-
proximation of the Fourier transform of the KWW function.
When we repeated some of the fits of our data with restraint
(4.6) we obtained similar values of 8 as reported in Ref. 18
and fits similar to those shown in Fig. 3 therein.

This may be regarded as a signal that it may be danger-
ous to overinterpret the significance of exponent parameters
from fitting the HN, KWW, or similarly ‘‘flexible’’ fitting
functions. The parameters may depend strongly on details of
the fitting procedure. This complicates comparisons of pub-
lished values from different sources as well as the physical
interpretation of the parameters themselves.

(4.6)

D. Temperature dependence of dielectric and
mechanical measurements

Because the dielectric data reported here and the rheo-
logical data obtained previously'” are for the same polybuta-
diene samples and were measured in the same laboratory, the
a process measured from both methods can be compared. An
elementary question is whether the temperature dependence
of the dielectric and mechanical time scales is the same. For
a comparison on an absolute time scale it is important how a
characteristic time is defined, e.g., as the average relaxation
time (7), as the inverse of the loss peak frequency 1/, , or
by using characteristic times from fitting functions such as

THN O Txww - Only in the case of a simple Debye relaxation
do all values coincide. For a relative comparison this ques-
tion is of lesser importance because all characteristic times
are proportional if time—temperature superposition is appli-
cable. Although in the case of the PB 7 this was not the case,
the shape changes with temperature are not so dramatic that
they invalidate the definition of a characteristic time com-
pletely.
For reasons of simplicity we chose to compare the in-
verse of the loss peak frequency l/w.,, of the dielectric
function, €”(w), with that of the dynamic modulus G”(w)
(Fig. 11) as a function of reciprocal temperature. In the case
of the dielectric measurements the peak maximum was cal-
culated from the HN parameters in order to eliminate the
influence of the B relaxation contribution and enable an ex-
trapolation for temperatures at which the peak does not have
its maximum within the frequency range of the experiment.
For the rheological measurements the peak position was ob-
tained from low temperature measurements in the glassy
zone and then rescaled by the shift factor determined from a
master curve construction. It has to be conceded that—
especially because of the difference of the shift factors in the
glassy and terminal zones—this may already lead to signifi-
cant errors when T>T7,+ 10 K. But because no rheological
data are available for high frequencies there is no other way
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FIG. 11. Relaxation map for the characteristic times of dielectric (large
symbols) and rheological (small symbols) measurements: the logarithm of
the inverse maximum position ,,,, is plotted vs 1000 K/T. Samples: (®)
PB 7, (V) PB 53, (H) PB 70, (A) PB 95. Open symbols indicate that the
values are calculated by extrapolation, filled symbols that the maxima were
actually present within the frequency range of the respective method.

to make a comparison in the high temperature regions.” In

order to indicate these sources of uncertainty, open symbols
are used in Fig. 11 if the loss peaks are not within the dy-
namical range of the measurements. Those values were de-
rived by extrapolations and therefore have to be considered
with caution.

It can be seen immediately that the absolute values of the
characteristic times are different for all microstructures. This
is by no means surprising because there is no reason why the
arbitrarily chosen characteristic time 1/w,,,, should be iden-
tical for dielectric and rheological measurements. A more
interesting question is whether there are different tempera-
ture dependencies, in other words, whether or not dielectric
and rheological characteristic times are proportional over the
whole temperature range. Because this is difficult to judge
from a relaxation map (Fig. 11), we plot the logarithm of the
ratio, 10g10( ®max rheo/ @max dier)» 10 Fig. 12. This value is con-
ceptually similar to the ‘‘decoupling index’’ which was in-
troduced by Angell”” and other authors’>**° to quantify dif-
ferences in the temperature dependence of conductivity and
mechanical relaxation.

It can be seen that for all microstructures but PB 95 the
values do not indicate major differences in the temperature
dependence. In this respect it is important to note that (1) the
differences have to be viewed on a total dynamical range of
12 decades; (2) small errors in the absolute calibration of the
temperature measurements may induce errors which are
much larger than the apparent differences. The only case
where significant differences occur is PB 95. There, a 3 K
offset on the temperature scale would be necessary to explain
the difference by experimental errors. Nevertheless, we do
not want to make a strong point of this because in this case
only four points could be calculated from maxima present
within the dynamical range of dielectric and rheological
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FIG. 12. The *‘decoupling index’’ 10g;0( @ pax rheo / @max.die) - Open symbols
indicate that the values are calculated by extrapolation in either the dielectric
or the rheological data.

measurements and for the high temperatures the systematic
error due to the difference of terminal and glassy shift factors
is larger than for all other microstructures as pointed out in
Ref. 1. This again calls for rheological experiments in the
high frequency region which can match the frequency range
of dielectric experiments.

There is only one fact which can clearly be stated for the
decoupling index because it can be seen from the reliable
ranges in Fig. 12 where no extrapolations were done (closed
symbols): There is a tendency for the index to increase with
increasing vinyl content. This means that the dielectric
relaxation—in comparison to the rheological one—becomes
slower if the polymer has more vinyl units. This finding is
consistent with expectations from the DiMarzio—Bishop
model of the relationship between dielectric and mechanical
results. This is elaborated in Sec. IV E.

E. Relationship between dielectric and mechanical
relaxations: The DiMarzio—Bishop model

In order to proceed beyond a simple comparison of the
temperature dependencies of the characteristic times in rheo-
logical and dielectric measurements one has to assume a mi-
croscopic model for the connection between the measured
quantities, e.g., the complex dynamic modulus G*(w) and
the complex dielectric function €*(w). Several such models
were compared in a recent article.®! From these we chose the
model of DiMarzio and Bishop (DB)*? because it allows us
to use the data which are readily available from this study
and the previous rheological measurements.'*

The result of the DB model is a very simple relation:

e*(w)— €, 1

S 11KG* (0)’ @7

€)— €x

which can formally be obtained by replacing the viscosity in
the Debye model®® by the dynamic viscosity #7*
=—G*(w)/iw. [We note that the rigorous derivation of this

TABLE III. Parameters from the fits of the dielectric loss €”(w) calculated
by the DB relation (4.7) to the experimental values. The last column con-
tains the effecting radii calculated by Eq. (4.8) imposing (ey+2)/(€,.+2)
=1

Sample  Tyeo/°C  Tua/°C  Ae  K(X107°Pa!) R (nm)
PB7 —-95.4 -957  0.116 4.7 1.0
PB7 -91.6 -91.8  0.087 10.1 1.3

PB95 -1.8 -13 0.090 24.2 1.9
PBY5 +3.5 +3.7 0.083 23.8 1.9

relation®? is much more difficult than the simplicity of Eq.
(4.7) may suggest.] The constant K is, in the case of spheri-
cal particles with a dipole moment, related to the particle
radius by

47R? €)+2
K= :
kT €,+2

(4.8)

Because the real situation is much more complex—
especially in polymers—K has to be treated as a fitting pa-
rameter and R is the radius of an ‘‘effective sphere’” replac-
ing the dipolar unit.

The values €, and €., can, in principle, be obtained from
the low and high frequency limits, respectively, of €’ (). In
most of our measurements the limits were not attained. An
additional complication arises for PB 7 because of its strong
B peak: It is highly questionable whether the B relaxation
can be treated exactly the same way as the « relaxation.
Therefore, relation (4.7) may be valid only for the « relax-
ation contribution to €*. Because of these uncertainties we
treated €,— €., as an additional fitting parameter and scruti-
nized only the imaginary part of relation (4.7):

KG"(w)
[1+KG'(0)]*+[KG"(w)]*’

€'(w)=(€e— €:) (4.9)
which contains only €,— €,= A€ as a scaling factor.

Table III shows some representative fitting parameters
from the fits to Eq. (4.9) and Figs. 13—16 exhibit the respec-
tive comparisons of €’(w) from the DB relation and the
actual data. It is important to note that, in addition to the
small temperature differences between the nominal tempera-
tures of the dielectric and mechanical measurements, there
may be a temperature difference of up to 1 °C because of the
uncertainty of the absolute temperature determinations.
However, this would result in a shift of at most half of a
decade on the frequency axis and should not affect the peak
shape seriously because the deviations from time—
temperature superposition are evident only over a larger tem-
perature range. Hence these are not the cause of the lack of
agreement between the model calculations and the experi-
ment.

It can be seen immediately that the calculated dielectric
loss part €”(w) does not fit well to the experimental values.
The calculated peaks are generally too narrow. Figure 13
shows the influence of a (forced) change of the parameter K.
If K is increased, the calculated curves become even nar-
rower and Ae changes to a smaller value to adjust the peak
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FIG. 13. Test of the DB model. Points: Loss part of the dielectric function
€"(w) of PB 7 at —95.7 °C. Lines: €"(w) calculated from the rheological
dynamic moduli of PB 7 at —95.4 °C using the DB model with the follow-
ing parameter sets K, Ae: (solid line, best fit; 4.7X 107% Pa™!, 0.116); (long
dashed line, 2.5X107° Pa™!, 0.164); (medium dashed line, 1X 1078 Pa™!,
0.086).

height. If K is decreased, the loss peak broadens and shifts to
higher frequency, therefore the agreement is not improved by
changing K.

In the case of PB 7 the overlap between « and S relax-
ations may be invoked as an argument why the DB relation
fails. If this were true, the fit should be better for PB 95.
Figures 15 and 16 show that the opposite is true. The dis-
crepancy in the width between calculated and measured loss
peaks seems to be even larger for PB 95 than for PB 7.

Despite the insufficiency of the DB fits themselves, the
fitting parameters have reasonable values. The values of the
effective sphere radii R can be obtained by relation (4.8). In
this calculation, the factor (€y+2)/(€,+2) can be neglected
because it is close to unity. The results shown in the last
column of Table III lie in the range which would be expected
for segmental reorientations. The temperature dependence of
R is small but there is a significant dependence on micro-
structure which can simply be explained by the fact that in
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FIG. 14. Test of the DB model. Points: Loss part of the dielectric function
€"(w) of PB 7 at —91.8 °C. Lines: €"(w) calculated from the rheological
dynamic moduli of PB 7 at —91.6 °C using the DB model with the param-
eters K=10.1X10"° Pa~! and Ae=0.087.
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FIG. 15. Test of the DB model. Points: Loss part of the dielectric function
€"(w) of PB 95 at — 1.3 °C. Lines: €”"(w) calculated from the rheological
dynamic moduli of PB 95 at — 1.8 °C using the DB model with the param-
eters K=24.2X107° Pa! and Ae=0.090.

PB 7 the dipole moment arises from cis monomeric units but
from vinyl units for PB 95. It is clear that motions of the
vinyl groups sweep out a larger volume than do those of the
cis units and, therefore, should have a higher effective sphere
radius. The values of Ae are similar to those obtained from
the HN fits, which lie in the range 0.103-0.110.

We note that an increase in R implies an increase in K,
which shifts the maximum of €”(w) calculated by the DB
model to lower frequencies. Therefore, the increase of K
with vinyl content is consistent with the increase of the ratio
of dielectric and rheological characteristic times found
above.

V. SUMMARY AND CONCLUSIONS

The availability of dielectric and rheological'® data from
the same samples and measured in the same laboratory offers
a unique opportunity to directly compare the electric and
mechanical relaxation due to the « process. Here we report
on measurements from a series of 1,2-1,4-polybutadienes
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FIG. 16. Test of the DB model. Points: Loss part of the dielectric function
€"(w) of PB 95 at +3.7 °C. Lines: €”"(w) calculated from the rheological
dynamic moduli of PB 95 at +3.5 °C using the DB model with the the
parameters K=23.8X10"? Pa~! and Ae=0.083.
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with a vinyl (1,2) fraction ranging from 0.07 to 0.95. Time-
domain dielectric spectroscopy was used here to obtain the
dielectric response over a large dynamic range and compare
it with the mechanical response. Additionally, there data
were used to reexamine the question of time—temperature
superposition.

The temperature dependencies of the characteristic times
were found to be identical for both dielectric and mechanical
responses within the experimental uncertainties of the mea-
surements. These arise mainly from the fact that the rheo-
logical measurements were restricted to a frequency range in
which the glassy relaxation can only be observed for the
lower temperatures near the glass transition. The extension
of the temperature range by means of time—temperature su-
perposition suffers from the well-known fact®” that the shift
factors for different modes of motion (e.g., in the glassy and
terminal zone) may differ. Therefore, the results presented
here demonstrate how important it is that the dynamic range
of rheological experiments be extended toward higher fre-
quencies in order to fully scrutinize the possible identity of
the temperature dependencies of dielectric and mechanical
relaxations. The limitations of normal measurements to 4
decades in frequency or time (and even the extension to 6.7
decades) are obvious from the comparisons made here and
are strong arguments for such measurements to be extended
to 7-9 decades at a minimum. Similarly, dielectric experi-
ments would be significantly enhanced by extension to a
larger frequency range.

Nevertheless, in the case of our data, a temperature
range where both methods give reliable results could be
found for each of the microstructures. A comparison with
regard to the vinyl content yields an increase of the dielectric
characteristic times with respect to the rheological ones if the
vinyl content is increased. This result is consistent with the
qualitative expectation from the DiMarzio—Bishop (DB)*?
model. According to this model the higher volume swept out
by the vinyl groups (i.e., the effective sphere radius in the
model) as compared to the cis groups leads to an increase in
the parameter K in Eq. (4.7), which relates the complex dy-
namic modulus and the complex dielectric function. This, in
turn, shifts the dielectric loss peak toward lower frequencies.

On the other hand, the DB model was not confirmed
quantitatively. The model [Eq. (4.7)] always predicts a nar-
rower loss peak than is actually observed in the dielectric
data. Several reasons for this were already given by the
authors:* (1) No distribution in the effective sphere radii
was assumed. (2) Neither an electrical nor a mechanical cou-
pling of the individual dipoles is included. Especially for
polymers the latter coupling is important because the dipolar
monomeric units are connected by covalent bonds. (3) No
anisotropy of the dipolar units or their local environment was
taken into account. All these factors would increase the
width of the resulting dielectric loss peak if they could be
implemented in the model. Unfortunately, the molecular de-
tails necessary for doing this exceed our current capabilities.

The larger dynamic range of the dielectric data made
examination of time—temperature superposition behavior
more solid than the rheological experiments'® permitted. Es-

pecially for PB 7 (0.07 vinyl fraction) we show that the
obvious deviations from time—temperature superposition
which occur when one attempts to construct a master curve
from the €”(w) data vanish when one reduces the frequency
range to that of the rheological experiments. This is again an
argument for extending the dynamical range in rheology.

Nevertheless, direct comparison of the loss peak was
still limited to a temperature range of about 25 K due to the
frequency window of our dielectric apparatus (6.7 decades).
Therefore, even in dielectric experiments the dynamical
range should be improved beyond the 7 decades obtained
here. In principle, this can be done by combining different
dielectric techniques®'**3 but currently some of these tech-
niques do not have the resolution necessary to apply in the
case of materials with a low dielectric response as, e.g., po-
lybutadiene. However, we do note that for the polybutadiene
microstructures with vinyl content =0.53 we could not de-
tect significant deviations from time—temperature superposi-
tion in either dielectric or mechanical measurements.

In the case of PB 7, where the dielectric data encompass-
significant portions of both a and S relaxations, the question
does remain open whether the apparent deviation from time—
temperature superposition is due to the overlap of the a and
B relaxations (the latter being strongest for PB 7 among all
microstructures) or an intrinsic feature of the « relaxation.
The fit with a combination of Havriliak—Negami (HN) and
Cole—Cole functions shows a significant change of the width
of the HN function, i.e., the a contribution. This supports the
view that the violation of the time—temperature superposition
principle is an intrinsic property of the « relaxation. But
model fits of this sort constitute no proof unless the models
can be justified on microscopic grounds, i.e., by a theory of
the motion of individual molecular dipoles. To our knowl-
edge none of the model functions currently used (HN,
KWW, etc.) fulfills this criterion and in addition the rules
which have to be applied when different relaxations merge
are still a subject of discussion.’

Furthermore, by comparing our results with those of a
similar dielectric investigation,'® one recognizes that param-
eters derived from such models are dependent on subtle as-
sumptions. Therefore, the comparison of results from differ-
ent authors may be difficult.
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