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ABSTRACT: Dielectric measurements were carried out on undiluted cis-polyisoprene (PI) over a wide
frequency range from 10~* to 10° Hz around the glass transition temperature T4 (=200 K). The data
indicate that the dielectric loss curves including both the normal and segmental mode processes are
superposable in the range above 230 K (T4 + 30 K). Below 230 K, the time—temperature superposition
is not applicable to the whole loss curve. The ratio of the relaxation times of the normal and segmental
modes is constant above 230 K but decreases below 230 K with decreasing temperature.

Introduction

Cis-Polyisoprene (P1) exhibits dielectric normal mode
relaxation reflecting the fluctuation of the end-to-end
vector and the segmental mode relaxation reflecting
local motions.=* The relaxation time t,, for the normal
mode depends strongly on the molecular weight and is
much longer than the segmental mode relaxation time
7s. Since our previous experimental window was limited
in the range from 20 Hz to 100 kHz, we used the time—
temperature superposition principle to cover a wide
frequency range.2® The superposition was successfully
made over the regions covering both relaxations. In
fact, we observed that the Arrhenius plot of 7, and that
of 75 are parallel to each other. However, Schonhals and
co-workers reported that the 7, and 75 of low molecular
weight Pl and poly(propylene glycol) merge around the
glass transition temperatures T4.578 This indicates that
the superposition principle does not hold over the
frequency ranges where the segmental and normal
modes are observed. In the present study, we aimed to
examine the conditions and frequency regions where the
superposition principle can be applicable. For this
purpose, we required an apparatus for measurements
in a low-frequency region and attempted to measure €"
of Pl by a modified absorption current method with a
rectangular wave instead of the usually employed single
steplike voltage. We report the method briefly and then
the results of the measurements.

Experimental Section

1. Materials. Samples of cis-polyisoprene were prepared
by anionic polymerization with sec-butyllithium as the initia-
tor. Details of the polymerization and characterization were
reported previoualy.? To minimize the effect of the direct
current conduction in low-frequency measurements, impurity
ions mainly derived from the initiator were carefully removed
by repeated precipitation of the Pls from benzene solution in
large amounts of methanol and then dried in a vacuum at 40
°C for 5 days. The characteristics are listed in Table 1.

2. Method. Dielectric constant ¢' and loss factor €" in the
range from 0.02 to 20 kHz were measured with a transformer
bridge (General Radio 1615A). An LCR meter (Hewlett-
Packard 4284A) was also used to cover the range from 10 to
200 kHz. The measurements in the range from 104 to 10 Hz
were made by a rectangular wave method as follows. A similar
method in the audio frequency range was reported by Haya-
kawa et al.®
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Table 1. Characteristics of Pl Samples

Code My Mw/Mp
PI-10 9 600 1.08
P1-43 43 000 1.08
P1-86 86 000 1.08

Let us consider a capacitor whose empty capacitance is C,,
and the capacitor is filled with a sample of complex dielectric
constant €*(w) = €'(w) — i€'"(w). To this capacitor is applied a
rectangular voltage with period 2A and amplitude V, (see
Figure 1A). The voltage is decomposed into a Fourier series:

Vo2 1 )
V*(w) = w1 exp(iopt) 1)
2p—-1
oy =L @

where i is the unit imaginary number; o, is the angular
frequency for the (2p — 1)th harmonics. Theoretically, the
summation of eq 1 can be taken up to p = «, but experimen-
tally, the limiting p is finite due to the finite rising time of
the pulse. Then the imaginary current 1*(w) is given by

I* = iwC e*V* 3)

From egs 1 and 3, € and ¢" are given by

€w) = %OCO L1 cos(wyt) dt )

e"(w,) = %OCO L1 sin(,) dt )

Here it is noted that the current I(t) is due to the orientational
polarization of permanent dipoles, and hence the high-
frequency dielectric constant due to electronic polarization is
not included in €'(wp) of eq 4. These equations indicate that if
the time dependence of I(t) from time O to A is measured, the
complex dielectric constant at w, can be determined.

Figure 1B shows the block diagram of the rectangular wave
method. A rectangular wave with an amplitude of 90 V was
generated by driving a relay with a pulse generator (Hokuto-
denko, HB-104). Two dry batteries supplied positive and
negative 90 V, which were stable within 0.1 V. The capaci-
tance cell with the empty capacitance of 130 pF was reported
previously.’® Current was measured with a current amplifier
(Keithley, Model 427). When the voltage was changed step-
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Figure 1. Block diagram of the circuit for measurements of
low-frequency dielectric constant and loss.

wise at time t = ty, an instantaneous large current flowed due
to the discharge of the electronic polarization. This current
overcame the signal of the orientational polarization for ca. 3
s from t;. To minimize this effect, we used a gate that short-
circuits the electrode and ground for 5 ms fromt=t; tot; +
5 ms, as shown in Figure 1.

The output signals from the ammeter were transformed into
digital signals and were accumulated in a personal computer
(NEC, PC9801). In the measurements at A < 100 s, the
current was measured for a period of 100 half-waves and the
average of the waves was used for the Fourier transform to
increase the S/N ratio. For measurements at A > 100 s, the
measurements were performed for 3 h. The ammeter was
calibrated with a circuit composed of a calibrated battery and
resistances. Equation 5 indicates that €"(w;) can be calculated
up to infinite frequency. Due to the operation of the short-
circuit for the initial 5 ms, €"(wp) was determined for the modes
of p < 9. The accuracy of the ¢ and €' measurements is
estimated to be +3 x 1073,

Results and Discussion

Dielectric Loss Factor. Figures 2 and 3 show the
double logarithmic plot of ¢’ versus frequency f for PI-
10 and P1-43, respectively. The data above 20 Hz were
obtained by the bridge method and below 10 Hz by the
rectangular wave method. It is seen that the data
points obtained by both methods around 10 Hz coincide,
indicating the reliability of the rectangular wave method.
As reported previously,'™ the low- and high-frequency
peaks are assigned to the normal mode and segmental
mode relaxations, respectively. Since the characteristic
molecular weight M, is 10 000 for PI, PI-43 is in the
entangled regime while PI-10 is in the crossover region
between the nonentangled regime and the entangled
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Figure 2. Double logarithmic plots of dielectric loss factor ¢"
versus frequency f for P1-10. The data points above 20 Hz were
obtained by using a bridge and below 20 Hz by the apparatus
shown in Figure 1.
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Figure 3. Double logarithmic plots of dielectric loss factor ¢"
versus frequency f for P1-43. The data points above 20 Hz were
obtained by using a bridge and below 20 Hz by the apparatus
shown in Figure 1.

regime. Irrespective of the entanglement effect, the ¢"
curves thus obtained at temperatures near the glass
transition temperature T4 (=200 K) have a shape very
similar to the master curves obtained by using the
time—temperature superposition principle reported
previously.=* This fact indicates that the error of using
the time—temperature superposition is small if any.

Applicability of Superposition Principle. To
examine the temperature dependence of the distribution
of relaxation times, the curves shown in Figures 2 and
3 are superposed by shifting them both in the directions
of the abscissa and ordinate. The normalized € curves
of P1-10 and PI-43 covering both the normal and
segmental mode regions are shown in Figure 4A,B,
respectively, in which the subscripts n and m represent
the normal mode and the loss maximum. For PI-10 the
€' curves measured at temperatures above 232 K are
approximately superposable but the curve at 220 K
(solid line) is not superposable with the others. Com-
paring the curve at 220 and those above 232 K, we see
that the separation of the loss maximum frequencies
between the normal and segmental modes decreases
slightly at 220 K. This phenomenon was first reported
by Schonhals and co-workers and will be discussed in
the next section.6—8

For PI1-43, we see that the superposition principle
holds well. All data shown in Figure 3 are obtained at
temperatures above 230 K, and hence the result is
consistent with that for PI1-10. Thus we conclude that
all €' curves at temperatures above Ty + 30 K are
superposable. We have reported the shift factor for bulk
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Figure 4. Double logarithmic plot of the normalized €" curves
for (A) PI1-10 and (B) for P1-43.
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Figure 5. (A) Double logarithmic plot of €' versus f for P1-86
in the segmental mode region near Tg. (B) Superposition of
the data shown in (A).

Pls in the range of temperature above Ty + 25 K.2 The
shift factors for the present samples agree with those
reported previously.

Figure 5A shows the €" curves for the segmental mode
of P1-86 measured near Tyg. The increase of " in the
low-frequency region of the curves at 223 and 237 K is
due to the normal mode relaxation. It appears that the
€' curves narrow slightly with decreasing temperature.
However, as shown in Figure 5B, the curves are ap-
proximately superposable. This behavior is different
from the dielectric behavior observed for many amor-
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Figure 6. Loss maximum frequency f, for the normal and
segmental modes plotted against 1/T.
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phous polymers!! such as poly(ethyl methacrylate)!? and
poly(vinyl acetate),’314 which exhibited broadening of
the loss curve with decreasing temperature.

Temperature Dependence of Relaxation
Strength. In the above section we have seen that
although the whole €' curve becomes not superposable
below 230 K, each of the normal and segmental modes
is still superposable near the Tgy. In other words, the
distribution of relaxation time for the each mode does
not change with temperature. In this case, the relax-
ation strength Ace is proportional to the maximum value
of ¢ denoted as €' max. Examining the temperature (T)
dependence of €' max in Figures 2, 3, and 5, we see that
Ae for the normal mode and that for the segmental mode
both increase slightly with decreasing temperature.
These weak temperature dependences in Ae are due to
the density change and the 1/T dependence of Ae¢, and
hence, both the components of the dipole moment
aligned parallel and perpendicular to the chain contour
are independent of T within the experimental error.

Temperature Dependence of Relaxation Time.
Figure 6 shows the Arrhenius plots of the loss maximum
frequencies fy, and s for the normal (subscript n) and
segmental modes (s), respectively. The ambiguity in the
determination of log fy, is ca. +0.05 decade throughout
this experiment. We see that fs of PI-10, PI-43, and
P1-86 coincide and hence fs is independent of molecular
weight. It is also seen that the ratio of f,n and fys is
almost independent of temperature. Hereafter we call
such a behavior “parallel”. However, as shown in Figure
7, the ratio of fs/fmn decreases slightly in the temper-
ature range below ca. 230 K, as pointed out in the
previous section. In the range T > 230 K, the ratio is
almost constant within experimental errors. Recently,
Schonhals reported that the ratio has a maximum at a
temperature near T4 for poly(propylene oxide).8 It is
difficult to conclude whether this trend is seen in the
present data due to the error.

The nominal relaxation time for the normal mode ()
and that for the segmental mode (zs) are defined by

7, = U(2nf.y) (6)
where j is either n (normal mode) or s (segmental mode).
The relaxation time for large scale motions of a macro-

molecule in the bulk state is given by a form?®

7, = {(T) F(M/M,) @)
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Figure 7. Plot of log(fms/fmn) versus 1/T for P1-10. The error
of the values of log(fms/fmn) is 0.1.

where (T) is the friction coefficient depending on
temperature T and F(M/Mg) the structure factor de-
pending on the large scale structure of the macromol-
ecule with the molecular weight M. Here M. denotes
the average molecular weight between entanglements.
The parallel change of 7, and 75 indicate that ¢(T) is
proportional to s and suggests that the successive
segmental motions of a chain result in the large scale
motions. In the above section we have seen that t, and
7s are not parallel near T4. This indicates that at least
two shift factors are required to make a composite curve.
The shift factor for the normal mode is given by ¢(T)/
&(T,) at high temperatures since F(M/Mg) is independent
of temperature. Here T, denotes the reference temper-
ature. However, around T4, F(M/Me) is expected to
depend on temperature, as will be discussed in the final
section. We also note that usually the €' curves for the
segmental mode are not superposable near Ty. There-
fore, the shift factor cannot be defined in the tempera-
ture range near Tg.

For segmental motions, many molecular models have
been proposed.1®22 They are classified into two groups,
namely, (1) the theories of local motions in a single chain
and (2) those based on the cooperative motions of chains.
Among the models of the first group, Helfand!® proposed
a model in which crankshaft-like units rotate around
their co-axes under constraints of the barrier for the
internal rotation and the viscous drag from the sur-
rounding molecules. The other models based on the
single chain implicitly assumed the Kramers model,?3
which expresses the rate of the local conformational
change in terms of the barrier for the internal rotation
and the local viscous drag from the medium. The local
viscosity is different from the macroscopic one, as
demonstrated experimentally by Ediger and co-work-
ers.?* On the other hand, the theories of the second
group assume that the barrier height for reorientation
of segments depends on the size of the cooperative
motional unit. The segmental motion in bulk polymers
near Ty was discussed by Matsuoka and Quan'® and
Adachil® who proposed the cooperative rearrangement
of the segments. These models indicate the distribution
of relaxation times of the segmental motion increases
with decreasing temperature, especially around Ty. The
present results are not in harmony with the theories.

These theories predict little about the relationship
between the large scale motion and the local motion.
Schonhals®” explained the change of fs/fmn by consider-
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Figure 8. Local vitrification model: (A) Relatively high
temperature above Ty and only one part of the chain vitrified;
(B) Two parts vitrified with decreasing temperature.

ing that 75 increases with decreasing temperature at the
rate higher than 7, due to the cooperativity of the
segmental motions.

In our previous paper?s we reported the concentration
dependence of /75 for concentrated solutions of Pl in
toluene: 7n/7s decreases with decreasing concentration.
We explained the result by assuming that the size of
the unit of local jump increases with decreasing con-
centration. The molecular weight for the unit of local
jump was estimated on the basis of the results of the
computer simulation reported by Verdier and Stock-
mayer.?6 The relationship between the present tem-
perature dependence of t,/ts near Ty and previous
solution data is not clear at the present stage. If we
assume that the size of the unit of local jump increases
with decreasing temperature due to the cooperativity
of the segmental motion, the present result can be
consistent with the solution data.

An anonymous reviewer?? of the present paper sug-
gested an interesting model for the present case, as-
suming that there exist vitrified regions near Ty, as
shown in Figure 8A. The hatched region indicates a
local vitrified region. It is expected that the higher
normal modes might be more susceptible to local freez-
ing of the molecules as Ty is approached. We assume a
chain composed of N + 1 beads and, in the hatched
region, there are beads with indices n; to n,. Since PI-
10 for which the temperature dependence of 7,/ts was
observed has a molecular weight close to the charac-
teristic molecular weight, we assume the Rouse model.?8
Then the normal mode relaxation time z,, is proportional
to N2 before the occurrence of local vitrification but,
upon vitrification (Figure 8A), t, becomes proportional
to the weighted average of 4n;2 and 4(N — np)2. As Ty
is approached, the number of vitrified regions increases,
as shown in Figure 8B. Then the beads between the
two vitrified parts (from n; to n4) do not contribute to
the normal mode relaxation as the vector connecting n;
and ny4 is fixed. Thus, only the chain ends become
dielectrically active. As a result, the apparent relax-
ation time becomes short and n/ts (=fms/fmn) decreases.

However, we expect that local vitrification causes a
decrease of the relaxation strength Ae and broadening
of the distribution of normal mode relaxation times.
Those effects are not seen in the present data: in Figure
4, the distribution of relaxation times is independent
of temperature and the dipole moment does not decrease
with decreasing temperature. Probably our experiment
was conducted ca. 20 deg above Ty and hence the
fraction of the vitrified region is still small.
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Conclusion

The shape of the ¢ curve for the normal mode and
that for the segmental mode are independent of tem-
perature. The whole €' curve covering normal and
segmental modes is not superposable below 230K. The
ratio 7, /7s decreases with decreasing temperature below
230 K.
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