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The technique of Thermally Stimulated Currents is used to study the slow molecular mobility in a se-
ries of poly (1,4-cis-isoprene) samples with different molecular weights, M,,, and low polydispersity.
The technique revealed a high resolution power, particularly useful in the study of the lower molecular
weight samples where the chain and the segmental relaxations strongly overlap. The dynamic
crossover that is reported for the normal mode by varying the molecular weight is clearly revealed
by the thermally stimulated depolarization currents results through the temperature location, Tyy,, of
the normal mode peak, the values of the relaxation time at Ty, 7(Ty,), and the value of the fragility
index of the normal mode, m,,. The kinetic features of the glass transition relaxation of polyisoprene
have also been determined. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906542]

. INTRODUCTION

Among the different dielectric relaxation processes obser-
ved in polymers, some of them have frequency (or temper-
ature) location that are almost independent of the molecular
weight; this is the case for the secondary relaxations and for the
main (or a-) relaxation that display the same location for My,
above a critical value. However, a small number of polymers
show a higher temperature (or lower frequency) mobility, the
so-called normal mode process, that occurs in polymers with a
dipole moment component parallel to the chain contour: type-
A polymers according to the classification of Stockmayer.'
The phenomenology and the theory of the normal mode relax-
ation are described in several works, and the experimental
technique most often used to study this mobility is dielectric
relaxation spectroscopy (DRS).?

Thermally Stimulated Currents (TSC) is a dielectric
related experimental technique that has been extensively used
in the study of slow mobility in polymers,® and new contri-
butions from this technique in this context have been recently
highlighted.”® However, and surprisingly, the TSC studies on
the normal mode (or chain dynamics) are extremely scarce.
One of the reasons for this situation is probably due to the diffi-
culty of using TSC to probe dipole reorientation and diffusion
at temperatures above the glass transition temperature. In fact,
above Ty, in the metastable liquid or rubber state, the viscosity
is lower and the molecular mobility is higher; in these condi-
tions, TSC often shows strong conductivity arising from the
motion of free charge carriers, that disguises any dipolar signal
eventually present above T,. TSC is also fertile in artifacts
arising from polarization due to the presence of hopping charge
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carriers, or heterogeneities leading to interfacial polarization,
sometimes referred to as the Maxwell-Wagner-Sillars effect. It
is thus necessary to be very careful to assign the TSC relaxation
signals above T,.

Despite these difficulties, two important thermally stim-
ulated depolarization currents (TSDC) works on the normal
mode have been published very recently, both concerning cis-
1,4-polyisoprene. One of them® is focused on the specific prob-
lem of the non-exponential nature of the slower Rouse modes,
while the other! is a general TSC study of the segmental and
chain dynamics. As a consequence of its molecular asymme-
try, poly (1,4-cis-isoprene) is one of such polymers displaying
the normal mode relaxation, which has been characterized in
great detail by dielectric relaxation spectroscopy; among the
large number of works on this subject, let us refer those by
Adachi and Kotaka,>''-13 Boese and Kremer,'*'¢ and Schon-
hals.'”!® Given that the normal mode mobility is fully char-
acterized by DRS, and since this polymer is not expected to
present any particular conductivity problems, we chose cis-
polyisoprene to carry through a detailed TSC mobility study.
With the obtained results, we wish to show the usefulness of
TSC to study segmental and chain mobilities, and to underline
the complementarity between the two dielectric techniques of
TSC and DRS.

Il. EXPERIMENTAL
A. Materials

Linear (predominantly cis) poly (1,4-isoprene), PI, sam-
ples with molecular weights, M, in the range 2000-550 000
g mol~!, and degrees of polydispersity indexes, PDI, between
1.04 and 1.17, were prepared by anionic polymerization using
s-BuLi as an initiator in either benzene or hexane at room

©2015 AIP Publishing LLC
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temperature in conditions that yield comparable cis-contents.
The so-obtained average microstructures were 70%/24%/6%,
respectively, 78%/14%/8% of cis/trans/4,3-addition from
H-NMR in CHCI3 from typical anionically prepared polymers
in the investigated range. The polymers were stabilized with
butylated hydroxytoluene (0.1%) upon precipitation in meth-
anol. The weight-average molecular weights My, and weight
distributions were determined by either off-line (Chromatix
KMX6) in n-heptane or on-line low-angle light scattering
(Helios II Wyatt) in tetrahydrofuran from the polydispersity
indexes obtained from size-exclusion chromatography. They
were in good agreement with values from a universal cali-
bration on the basis of polyisoprene standards. The number
average M,, was determined. The molecular weights and poly-
dispersity indexes of the studied samples are listed in Table 1.
Absolute errors on molecular weights are about 500, respec-
tively, 5000 g mol~! in the low and high molecular weight.

B. Methods
1. Differential scanning calorimetry (DSC)

The calorimetric measurements were performed with a
2920 MDSC system from TA Instruments, Inc. (USA). The
samples of ~5-10 mg were introduced in aluminium pans.
The measuring cell was continuously purged with dry high
purity helium gas at a flow rate of 30 ml min~'. An empty
aluminium pan, identical to that used for the sample, was used
as the reference. Cooling was achieved with a liquid nitrogen
cooling accessory which permits automatic and continuous
programmed sample cooling down to —150 °C. The baseline
was calibrated by scanning the temperature domain of the
experiments with an empty pan. Additional details on the
calibration procedures, including temperature and enthalpy,
are given elsewhere.!”

2. TSDC and thermally stimulated polarization
currents (TSPC)

Thermally stimulated current experiments were carried
out with a TSC/RMA spectrometer (TherMold, USA) cover-
ing the range from —170°C to +400 °C. For these measure-
ments, the sample was placed between the disc-shaped elec-
trodes (7 mm diameter) of a parallel plate capacitor.

The TSDC technique is based on the possibility of produc-
ing a stable non-equilibrium dipolar electret by cooling down
the sample under the influence of a polarizing dc electric field.
This is so because the relaxation time of the motional processes
increases as temperature decreases, so that it can be rendered

TABLEI. Weight averaged molecular weight, M, and polydispersity index,
PDI, of the different PI samples.

Polymer Mw PDI
2k 2 600 1.13
Sk 4600 1.04
10k 8100 1.05
200k 237700 1.11
750k 542 900 1.17
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exceedingly long (freezing process) compared with the time-
scale of the experiment. The TSDC technique is adequate to
probe slow molecular motions (1-3000 s).

The partial polarization (PP) procedure, also called frac-
tional polarization (see the Appendix for a short description of
a TSDC experiment), is currently used in order to decompose
a wide and broad relaxation into narrowly distributed compo-
nents. Two important parameters in a TSDC experiment are the
temperature, Tp, at which the polarizing electric field is turned
on, and the temperature Tp’ < Tp at which the field is turned off
(see Figure 1(a)). If the polarizing field is applied in a narrow
temperature interval, i.e., if the difference Tp — Tp’ = AT is
small, it will probe narrowly distributed relaxation modes (see
the Appendix) and, in the limit of a very narrow polarization
window, the experimental depolarization current peak is sup-
posed to correspond to an elementary mode of relaxation.”® Let
us note that using the partial polarization procedure does not
imply the assumption of a discrete distribution of relaxation
times. The result of a PP experiment is a peak that does not
correspond to a discrete mode of motion, but rather to a narrow
slice of the broad continuous distribution. The discussion of
the methods for TSDC data treatment and of the nature of
the information provided by the TSDC technique is presented
elsewhere.*0:20-22

Another experimental protocol sometimes used in ther-
mally stimulated currents is the so-called polarization mode:
we are dealing now with TSPC. The TSPC experiment is
schematically represented in Figure 1(b). In this procedure,
the sample is submitted to a constant rate heating process in
the presence of the polarizing field, and the current intensity,
I(T), is recorded while the sample is under short-circuit during

Th
T,
(b)
2
Todimoe —2
Time

FIG. 1. Experimental protocol, in the form of a temperature-time diagram,
for (a) A TSDC experiment. The width of the polarizing window is AT =Tp
— Tp’ which is typically between 0 and 5 °C in a PP experiment. The electric
field is on in steps 1 and 2 (red thicker lines). The depolarization current is
measured during the constant rate heating process (step 6). (b) A TSPC exper-
iment. The electric field is on in steps 1 and 2 (red thicker lines). The polar-
ization current is measured during the constant rate heating process (step 2).
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heating. The charging current has two contributions: the dipolar
orientation and the motion of space charges. These contribu-
tions behave differently as a function of temperature as will be
discussed later.

lll. RESULTS AND DISCUSSION
A. Differential scanning calorimetry

Differential scanning calorimetry was used to characterize
the calorimetric glass transition signal of the different samples;
furthermore, the analysis of the heating rate influence on the
temperature location of this signal allows the determination of
the activation energy of the structural relaxation, E,(T,), and
of the steepness (or fragility) index, m, of the glass transforma-
tions. The most relevant results are displayed in Table II, and
the DSC heat flow curves for the three lower molecular weight
samples are shown in the inset of Figure 2.

The influence of the molecular weight on the glass tran-
sition temperature, Ty, and on the fragility index, m, will be
discussed later, together with the TSDC results.

B. Thermally stimulated currents

In the TSDC thermogram of the lower molecular mass
polyisoprenes (2k, 5k, and 10k), two relaxation peaks were
found which are shown in Figure 2. It is clear that the two peaks
in 2k show a significant degree of overlapping, that both peaks
shift to higher temperatures as the molecular weight increases,
and that the difference in the temperature location of the two
peaks also increases with increasing molecular weight.

These features suggest that the higher temperature peak is
the signature of the normal mode relaxation in TSDC.'* More-
over, from the inset of Figure 2, we see that the higher temper-
ature relaxation does not display any signature in the heat flow
curve. The technique of PP was used to decompose the widely
distributed global thermogram into single peaks that corre-
spond to narrowly distributed relaxation components. Some
results relative to the sample 2k are displayed in Figure 3 that
shows different PP depolarization peaks that are the signature
of narrowly distributed components of the complex relaxa-
tions. Let us briefly note here that several figures displayed to
illustrate our experimental results are based on sample 2k data;
this is so because the behavior of the other samples is similar
except, as discussed later, for the normal mode in the higher
molecular weight samples 200k and 750k.

Given that the two relaxations in the sample 2k are over-
lapped (see Figure 2), Figure 3 illustrates very interestingly
the resolution power of the TSDC technique, i.e., the ability

TABLE II. Onset of the glass transition DSC signal (at 10°C min~! on
heating), (T ),n, activation energy of the structural relaxation, E,(T,), and
steepness index, m, of polyisoprene with different molecular weights.

2k 5k 10k 200k 750k
(Ty)on/°C -71 -68 -63 -61 -62
Eo(T,)/KJ mol™! 199 275 249 243 188
m (DSC) 51 70 62 60 47

J. Chem. Phys. 142, 044903 (2015)

Heat Flow (a. u.)

I (au)

-130 -115 -100 85 70 -55
Ti*C

FIG. 2. TSDC thermograms of the three lower molar mass isoprene samples:
(1) 2k; (2) 5k; (3) 10k. The results were taken from wide polarization window
experiments (see the Appendix) with AT =90 K (between —40 and —130 °C)
at a heating rate of 8 °C min~!. The inset shows the DSC heat flow curves
(exo up) of the same samples in the region of the glass transition signal, taken
at 10°C min~! on heating.

of the PP procedure for decomposing a complex, broad, and
widely distributed relaxation peak into its narrowly distributed
components. The peak with higher intensity in the glass tran-
sition relaxation (left hand side of Figure 3) has a maximum at
Tinax = =76.5 °C =Tjy,, which is the glass transition relaxation
provided by the TSDC technique?* (see Table III below). On
the other hand, in the right hand side of Figure 3, the peak with
higher intensity in the normal mode relaxation has a maximum
at Tnax = —72 °C =Ty, (see Table IV below).

1. The temperature dependent relaxation time

The standard treatment of each experimental PP peak
provides the kinetic information regarding the correspond-
ing motional mode, i.e., the temperature dependent relaxation
time, 7(T') (see supplementary material of Ref. 22 for details).
In synthesis, the analysis of the partial polarization results is
based on the hypothesis that the depolarization process obeys

‘A

I x102

FIG. 3. PP peaks obtained on 2k polyisoprene in the glass transition trans-
formation region and above T, . In the complex dotted peaks, there is overlap
between segmental and chain modes. The polarization temperatures were
from Tp =—-88 °C to —67 °C with intervals of 1 °C. The applied voltage was
V =400V, to a sample of thickness of ~0.2 mm; the polarization time, tp =5
min, the width of the polarization window AT =2 K, and the heating rate
r=6°C min~ .
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TABLE III. Kinetic features of the glass transition relaxation provided by
TSDC: temperature location of the glass transition peak, Tasg, enthalpy
of structural relaxation, E,(Targ), relaxation time at Tar,, T (Targ), and

steepness index.

Sample 2k 5k 10k 200k 750k
Tre/°C -76.5 =73 =71 —68 -69
E o(Taz)/kJ mol™! 215 226 236 240 240
T(Tpg)fs 16 14 14 14 14
m(TSDC) 55 60 61 62 62
a first order rate kinetics, i.e., that

dP(t) J(T)= P(T) 0

dr (1)’

where P(¢) is the polarization stored by the sample at time #,
J(T) the depolarization current density at temperature 7', and
7(T) is a temperature dependent relaxation time, characteristic
of the narrowly distributed component under consideration.
This assumption was the subject of controversy, and its correct-
ness was discussed in detail elsewhere.”** In Eq. (1), temper-
ature and time are related by dT = r-dt, where r is the heating
rate of the linear heating ramp of the TSDC experiment (step
(6) in Figure 1). The temperature dependent relaxation time
can be obtained by rewriting Eq. (1) as

) L[ J(1)dT I [ 1rydr
- J(T) - Iy

where [ is the current intensity, whereas J denotes the current
density (the current intensity per unit area). Equation (2) al-
lows the calculation of the relaxation time at each temperature
T of the depolarization process given that J(T') is the output
of a partial polarization experiment, and P(T’) represents the
area of the PP peak above the temperature 7. This capability
of directly calculating the temperature dependent relaxation
time from the results of a single PP experiment constitutes an
important quantitative feature of the TSDC technique.

The kinetic parameters (apparent activation energy and
pre-factor, or activation enthalpy and entropy) are obtained by
fitting 7(7T") with a suitable equation (Arrhenius, Eyring, Vogel,
WLE, ...). Figure 4 shows the obtained kinetic information
in the form of a relaxation map, where the activation energy
at the temperature of the maximum intensity, E,(Tmax), of the
partial polarization peaks shown in Figure 3 is plotted against
the temperature location (Tjh,x) of the PP peaks; the dashed
line displayed, often called zero entropy line or Starkweather
line, describes the behavior of motions with zero activation en-

2

TABLE IV. Kinetic features of the normal mode relaxation provided by
TSDC: temperature location of the normal mode peak, Tyy,, activation en-
thalpy at Ty, E o (Tyn), relaxation, relaxation time at Ty, T (Tyn), steepness

index, m.

Sample 2%k sk 10k 200k 750k
Tyn/°C -72 -65 -60 36 51
E o(Tyz)/kJ mol™! 145 133 128 71 40
Tn (Ty)/s 18 23 25 100 200
iy 42 37 34 13 7

J. Chem. Phys. 142, 044903 (2015)
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FIG. 4. Relaxation map of polyisoprene 2k: activation energy, E;, of the
partial polarization components of the TSDC spectrum as a function of the
temperature of maximum intensity, Tax, of the corresponding current peak.
The dashed line is the zero entropy line. Three different kinds of mobility are
shown. The triangles belong to the zero entropy line, so that they correspond
to local motional modes of the secondary relaxations. The circles show a
strong and progressive deviation from the zero entropy line, which is a feature
of the glass transition relaxation. The squares correspond to the motional
modes of the mobility found above T, (see Figure 3).

tropy,>>?% i.e., the local and non-cooperative motional modes

(Arrhenius prefactor 79 = 10713 ).

2. The segmental mobility

Figure 4 shows that the relaxation with maximum inten-
sity at —76.5°C in polyisoprene 2k (blue circles) is widely
distributed in energy (from 60 to 225 kJ mol~') and in entropy
(from 0 to 800 J K~! mol~"). The strong deviation from the
zero entropy behavior, i.e., the sharp increase with temperature
of the activation energy in the glass transformation region,
was shown not to arise from the superposition of different
Arrhenius-like component processes, but rather to the partic-
ular Vogel-Fulcher-Tammann (VFT) temperature dependence
of the relaxation time in the temperature range that separates
the glassy polymer from the equilibrated polymer melt.?” This
is a feature of the glass transition relaxation as studied by
TSDC, so that we conclude that this relaxation, located in
the proximity of the calorimetric glass transition temperature,
is the glass transition relaxation of poly (cis-isoprene) 2k as
observed by TSDC. Note that the calorimetric 7, values in
Table II are ~6 K higher compared with the values in Table 111
obtained by TSDC.

The fragility (or steepness) index of this glass forming
polymer can be calculated from TSDC data using the definition

__E(Ty)
2.303%RT,’
:Tg

dlog,,7(T)
d(T,/T)

3)

and considering the highest intensity PP peak in the glass
transformation region.”*>?® For polyisoprene 2k, this higher
intensity peak is one of those shown in Figure 3, obtained in
a partial polarization experiment with polarization temperature
atT, = —79 °C, whose temperature location is at Tp; = —76.5 °C
=T,. The Arrhenius activation energy associated to this mode,
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calculated at Ty = T, was found to be E, =215 J K™ mol™!,
and the fragility index m =55 (see Table III), in reasonable
agreement with the value reported before obtained by DSC,
and with the values m = 55,293 m = 573! and m = 6232 re-
ported in the literature. An analysis of the mobility at the glass
transformation region, similar to that reported before relative to
polyisoprene 2k, has been performed on the other polyisoprene
samples, with different molecular weights. The parameters that
characterize this molecular mobility for these different polyiso-
prenes are displayed in Table III.

From Tables II and III, it comes out that the chain length
dependence of T, (from DSC as well as from TSDC) follows
the general trend for polymers, i.e., it slightly increases with
the molecular weight with a tendency to stabilize at high M,,.
This non-continuous behavior with two regimes is believed
to arise from the entanglement threshold, M,, the molecular
weight at which entanglements starts in the polymer melt.*

The influence of M, on the steepness index of poly-
mers is, contrarily to the influence on T, less predictable (see
Tables II and III). For example, polyisobutylene is reported
to have a fragility that decreases with increasing M,,.>* For
most polymers, however, fragility increases as M, increases
(polystyrene, for example, Ref. 35) and a direct correlation
between m and M, such that m/M,, = cte was proposed,33’36’37
based on a study of different polymers. Our results do not seem
to fit to such a correlation. Moreover, molecular dynamics
simulations for poly(propylene oxide) showed that fragility is
independent of the chain length.’® Our fragility values of the
structural relaxation obtained by DSC (Table II), as well as
those obtained by TSDC (Table III), do not show any apparent
trend or correlation with the molecular weight.

3. The chain mobility

The peak observed above 7, in the lower molar mass
samples (2k, 5k, and 10k) is a very stable and reproducible
peak, that has a temperature location strongly dependent on
the molecular weight compared to the glass transition peak
(see Figure 2). The peaks in the right hand side of Figure 3,
and the squares in the right-hand side of Figure 4, correspond
to the narrowly distributed components of this relaxation in
polyisoprene 2k (with maximum intensity at ~ —72°C). It
comes out from Figure 4 that the temperature dependence of
7 for this relaxation is weaker compared to that of the glass
transition relaxation. On the other hand, the analysis of the
steepness index of this relaxation in the 2k sample, similar to
that explained before for the glass transition, leads to the value
of m, =42. It should be noted that the fragility index of a glass
forming system is a concept that concerns the glass transition,
i.e., the segmental relaxation, and characterizes the strong
slowing down of the mobility that occurs as the glass trans-
formation is approached on cooling. However, some authors
generalized this concept to other relaxations, and particularly
to the normal mode or chain relaxation.*> By analogy to the
structural relaxation, the fragility of the normal mode, m,,, is
calculated as

dlog,,t.(T)
d(Ty,,/T)

_ Ea(TMn)
~ 2.303xRTy,

n=

“4)

T=Tp

J. Chem. Phys. 142, 044903 (2015)

The value of m,, = 42 we obtained from TSDC data for the
normal mode of the sample 2k is exactly the same obtained by
dielectric relaxation spectroscopy.®”> This finding strengthens
our previous suggestion that the peak observed by TSDC above
the T, peak indeed corresponds to the normal mode relaxation.
An analysis of the mobility above T, similar to that reported
before relative to polyisoprene 2k, has been also performed
on the other polyisoprene samples, with different molecular
weights. The main features of the TSDC peaks observed above
Tg, in the lower molecular weight samples (2k, 5k, and 10k),
i.e., the very high reproducibility of the shape and temperature
location, the temperature location strongly dependent on the
molecular weight compared to the glass transition peak, and
the activation energy lower than that of the structural relaxa-
tion,'>17-% strongly suggest that they correspond to the normal
mode relaxation rather than to a space charge process.

Let us introduce here a parenthesis to briefly discuss
this topic of the nature of the relaxations above Ty, which is
important when using thermally stimulated currents. Indeed,
the attribution at the molecular level of the TSDC relaxation
peaks observed above Ty is often a difficult problem since, as
the technique uses dc electric fields to polarize the samples,
the appearance of artifacts arising from space charge motions
is a relatively common occurrence. The space charges present
in a dielectric sample, that become mobile above T, can be
intrinsic (ionic impurities, for example) or extrinsic (normally
electrons) created in dielectrics submitted to high fields by
injection mechanisms from the electrodes. The electron injec-
tion can occur owing to the difference between the ionization
energies (work functions) of the metal electrodes and that of
the insulator sample. Among the methods used to discrim-
inate between dipolar and space-charge relaxations,*>*! we
will focus on the one based on the comparison between the
TSC results obtained in the depolarization mode (TSDC)
and in the polarization mode (TSPC). A dipolar reorien-
tation is a transient process giving rise to a peak, so that
a TSPC dipolar peak should be characterized by the same
position, height, and shape as the corresponding TSDC peak,
the only difference being that the polarization current is of
opposite sign. Oppositely, the motion of free carriers is a
conduction process which gives rise to a current that steadily
increases with temperature, in TSDC as well as in TSPC.
On the other hand, in disordered solids, there are charge
carriers (homo- and hetero-charges) that move by a hopping
mechanism, and can give rise to space charge peaks that can
be distinguished from the dipolar peaks by comparing the
TSDC and TSPC results. Figure 5 shows results obtained on
the sample 2k in both the polarization and the depolarization
modes.

In the lower temperature region (T < —65 °C), the TSDC
and TSPC signals appear as very similar but of opposite signs,
so that both peaks at —77°C (glass transition) and —72°C
(normal mode) appear to arise from dipolar motions. Above
—65 °C, the depolarization signals do not show any signifi-
cant event up to —40°C. On the contrary, the TSPC signals
show a complex series of events: the polarization current in-
creases to positive values, passes through a maximum, and
decreases becoming negative again at ~—40 °C appearing as an
exponentially increasing (in modulus) conduction current. The
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FIG. 5. Evolutions of the TSD current (upper curves) and of the TSP cur-
rent (lower curves) in polyisoprene 2k. The upper curves are the result of
a wide polarization window TSDC experiments with T}, =60°C and T}’
=-125°C. The lower curves are the result of a TSPC experiments where
the polarizing field was applied in a heating ramp beginning at 7o = —120 °C.
The applied voltages were V =50, 100, and 200 V, and the heating rate was
r =8°C min~! for all the experiments.

behavior shown in the lower temperature region of Figure 5,
with a clear symmetry between the TSDC and TSPC traces,
was also observed for the 5k and 10k samples. We can thus
conclude that this test confirms that the peak above T, corre-
sponds to a reorientational relaxation process.

The parameters that characterize the chain mobility in the
studied samples are displayed in Table I'V. For the higher molar
mass samples (200k and 750k), the behavior was found to be
very different compared with the other samples.

First, since the peak above the glass transition peak is
shifted to more than one hundred degrees above 7, (see Tables
[T and IV), it is hidden in TSPC by strong conduction currents.
Furthermore, while the glass transition peak appeared as very
reproducible in all the samples, the normal mode peak also
showed the same reproducibility in the lower M,, samples, but
displayed a significant variability in shape and temperature
location in the 200k and 750k samples. Finally, these peaks
became very broad as shown in Figure 6 from the comparison
between 10k and 750k samples. In fact, the glass transition
peaks have identical temperature locations and similar shapes
in both samples, but the peaks above T, are very far apart and
have strongly different shapes.

Another feature that comes out from the observation of
Table IV is that the activation energy, E,(Tys,), and the fragility
index, m,,, of the normal mode decrease smoothly with increas-
ing M, for the 2k, 5k, and 10k samples, but decrease down
to much smaller values for higher M,, samples: m,,200x) = 13
and m,,(750x) = 7. We must note that these values are lower than
m = 16, which is the lower limit of m,*? observed for the glass
transition relaxation of extremely strong glass formers, or for
simple (local, non-cooperative) viscoelastic relaxations. The
differences found in the behavior of the higher M, samples
when compared with the lower M,, ones are probably manifes-
tations of the threshold at the entanglement molecular mass M,
that defines a dynamic crossover characteristic of the normal
mode, and was detected and carefully characterized by Adachi
et al.'"* The results displayed in Table IV are thus compatible
with the finding that the transition between the two regimes
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FIG. 6. TSDC thermograms of the 10k ((1), thick line) and 750k ((2), thin

line) polyisoprene samples, both recorded at a heating rate r =8 °C min~".

The results were taken from wide polarization window experiments (see
the Appendix) with T;, =40°C for 10k and T, =75°C for 750k, and T}’
=—100 °C for both experiments.

occurs at M,, ~ 10 000 g mol™" for poly (cis-1,4-isoprene).’
The stronger decrease of the fragility index of the normal mode
above M, is expected, and is considered as a consequence of
both the M, dependence of 7,, and the temperature dependence
of the monomeric friction coeflicient. However, the values of
m, < 16 have no physical justification since the prefactor of
the normal mode is without any doubt smaller than 10713 s
More samples with different molecular weights will be useful
to allow a more detailed characterization by TSDC of the
transition between the two dynamic regimes.

IV. CONCLUSIONS

From our study by DSC and TSDC of 1,4-cis-polyiso-
prene samples of different molecular weight and low polydis-
persity, we found that: (i) the fragility index of the structural
relaxation determined from DSC and from TSDC results are
similar, and in agreement with the literature values obtained
by dielectric spectroscopy; (ii) the relaxation peak observed
above T, corresponds to a reorientational process rather than
to a space charge motion, so that it can be attributed to the
chain relaxation; (iii) the dynamic crossover observed in the
normal mode by varying the molecular weight is also revealed
in the TSDC results by the temperature location, Tyy,, of the
normal mode peak, by the values of the relaxation time at
Tvin, T(Tyn), and by the fragility index of the normal mode,
my. In conclusion, the dielectric technique of thermally stim-
ulated currents appears as a useful and powerful technique
in the time domain to study the slow molecular mobility in
polymers, confirming and complementing the results obtained
from other techniques, namely, the dielectric relaxation spec-
troscopy.
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APPENDIX: DESCRIPTION OF A TSDC EXPERIMENT

Figure 1(a) schematically shows the steps of a typical
TSDC experiment. In the first step, the so-called polariza-
tion step, the sample is submitted to a dc electric field at a
given temperature (the polarization temperature, Tp), for a
given period of time (the polarization time, tp). The applied
electric field thus creates in the sample a given amount of
polarization. Given that the molecular mobility increases as
the temperature increases, at low temperatures, a given electric
field only activates simple, local, and non-cooperative dipolar
motions while, at higher temperatures, the same electric field
is able to polarize more complex motions. In the second step
(see Figure 1(a)), the polarized sample is cooled down to a
temperature Tp’ = Tp— AT in the presence of the electric field.
This cooling process allows retaining (at least partially) the
polarization created at Tp by the electric field and, at the end
of this step (2), with the sample at the temperature Tp’, the
polarizing electric field is removed while the sample is left
in step (3) for a short period of time (typically 30-60 s). The
induced polarization (atomic and electronic), characterized by
very short characteristic times, will rapidly disappear at the
very first moments of this step, but part of the orientational
polarization will remain as the characteristic time of the orien-
tational polarization is longer. The sample so obtained thus
presents a given amount of orientational polarization that is
stabilized in step (4), by cooling down to a lower temperature
To, some tens of degrees lower than Tp’. This possibility of
producing a sample with permanent polarization arises from
the fact that the relaxation time of the molecular motions
is, in general, temperature dependent, in such a way that it
increases with decreasing temperature. At the end of step (4)
of the TSDC experiment, the sample is thus a stable electret,
i.e., a non-equilibrium state in which the depolarization is
prevented at Tp. Finally, in step (6) (see Figure 1(a)), the
polarized sample is submitted to a constant rate heating ramp
where the sample depolarizes, returning to the equilibrium
state, which originates a measurable current intensity, /(7'), the
transient depolarization current, that is recorded as a function
of temperature. The experimental result is a current peak,
I(T), whose appearance can be rather complex; this complexity
depends on the temperature interval, AT, where the polarizing
field acts, often referred as polarization window. If AT is wide
(Tp >> Tp’), the polarization at the beginning of the heating
ramp (step (6)) includes a wide variety of motional processes,
which are depolarized in such a way that less hindered motions
depolarize at lower temperatures, while the most hindered
motions depolarize at higher temperatures. In contrast, if AT
is small, the retained polarization arises from a narrow variety
of motional modes. Such an experiment with a narrow AT is
often called PP TSDC experiment, and Figure 3 shows results
of such kind of experiments.
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