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Relaxations in lamellar polystyrene—polybutadiene diblock copolymer.
Thermally stimulated depolarization current study
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Abstract

The samples of the polystyrene-polybutadiene (PSPB) diblock copolymers with lamellar structure were investigated by
integral and partial thermally stimulated depolarization current (TSDC) measurements in the 160-303 K range, and compared
to the analogous investigation performed on a homopolymer sample of polystyrene (PS). The current peak, which appeared at
187 K, was found to be a dipolar relaxation « peak caused by the glass transition in the PB phase. The space-charge relaxation,
distributed in the 220-260 K range and split into two parts — denoted as (3; and 3,, was attributed to the possible local motion
of the phenyl rings in the PS phase. The current maxima of the (3 relaxations significantly increased and shifted to the lower
temperatures in the copolymer samples due to the PS—PB interfaces. The occurrence of doubleness and the relative distance
between (3; and (3, was discussed. The relative numbers of the relaxing dipoles (N) vs. E, were approximated. The energy
width (w) was significantly increased in the copolymers due to the released motions at the glass—liquid PS—PB interfaces.
© 1998 Elsevier Science B.V.
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1. Introduction

Block copolymers due to their blocks incompat-
ibility, are able to segregate and form microdomains
under the condition xN>10 (strong segregation
limit), where x is the Flory—-Huggins segment—seg-
ment interaction parameter, and N the degree of
polymerisation [1,2]. The size and shape of ordered
microdomain structures characterized by narrow inter-
faces are determined by molecular weight and com-
position, respectively. Among various possible
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structures, the lamellar structure is highly interesting
because of its anisotropic physical properties [1,2].
During the process of block segregation, the chains
extended in the direction perpendicular to the lamellae
[3] and contracted parallel to the lamellae in order to
maintain the uniform density. This deviation from the
random-coil conformation has an influence on the
local dynamic behaviour of chain segments. It has
been shown recently on a macroscopically oriented
diblock copolymer, by deuterium NMR spectroscopy,
that chain segments undergo uniaxial reorientations
around the symmetry axis of the system (the direction
perpendicular to the lamellae); an order parameter,
S$~10*, has been measured [4,5].



178 M. Topic et al./Thermochimica Acta 316 (1998) 177-183

In this paper, we report the first results observed by
thermally stimulated depolarization current (TSDC)
on a lamellar structure of polystyrene—polybutadiene
(PSPB) diblock copolymer. Two samples have been
used: the macroscopically oriented sample (OR) and
the sample consisting of randomly oriented lamellar
microdomains (NO).

Concerning the TSDC on PSPB systems, one lit-
erature source dealing with triblock copolymer was
found [6] covering the 120-350 K range. Only one
peak was observed due to the glass transition of the PB
phase. In a recent work [7], the cross-linking in PB
rubber was studied by integral and partial TSDC
showing glass-transition relaxation at 180-205 K.

TSDC measurement is a very powerful method for
studying the relaxation phenomena in non-conductive
polymers. The review for the 1972-1977 period is
given in [8]. Various aspects of the theory and the
experimental techniques can be found in [9-12].
Special progress has been made by fractional polar-
ization which enables one to divide the relaxation
process into a series of elementary processes [13—
21]. New approaches in the analysis of TSDC are
proposed in [22-24].

2. Experimental

A symmetric PSPB diblock copolymer was synthe-
sized by anionic polymerization in benzene, using s-
butyl-lithium as initiator. M, was 84000 (42000 per
block); the M /M, value of the PS chains was 1.03.
DSC, performed with the powder at heating rate of
10 K min~!, showed two glass transitions at 180 and
378 K, corresponding to T, of PB and PS, respectively.
More about preparation can be found in [5]. In the
experiments with homopolymer, the PS of
M,=60000 was used. The preparation of samples
for the TSDC measurements was carried out in two
steps. First, the powder was compressed at 298 K
under 4.81x10°Nm™2 in vacuum and heated, at
10K h™", up to 393 K. The sample was then held at
393 K for 2 h and then cooled, at 10 K hfl, to 298 K.
Second, the 1 mm thick disc-like samples with dia-
meters of 18 mm were formed by flow under con-
straint. At this stage, two different procedures were
carried out. The samples with macroscopically
oriented lamellar structure were obtained by pressure

of 1.47x10° Nm ™2 and by heating up to 423 K, at
3K h™'. Then the sample was annealed at 423 K for
4 h and, subsequently, cooled to 298 K at 10 K h L
The final thickness of the disc was controlled by a 1-
mm thick metallic ring. Small-angle X-ray scattering
(SAXS) data performed on a similarly prepared sam-
ple confirmed that the block lamellae were strictly
parallel to the sample surfaces [4]. This was also
proved by deuterium NMR. The periodicity measured
by SAXS was 497 A. Randomly oriented lamellar
structure was prepared under a pressure of
441x10°Nm 2 and by heating at a rate of
20 Kh™'. Annealing at 423 K was avoided. A sim-
plified diagram of OR and NO is shown in Fig. 1.

For the TSDC measurements, the discs with silver
evaporated electrodes, 13.6 mm in diameter, were
placed in the cell filled with dry nitrogen. For integral
measurements the polarization was performed by the
electric field, E,=12kV cm™!, at a temperature
T,=303 K, unless otherwise stated, for 10 min. The
cooling to the storage temperature, 7,=173 K, under
E, was at the rate of ca. 2 K min~'. The storage in the
short-circuited state (SCS) at T, was 30 min. Depolar-
ization by heating was at the rate of 4 K min~'. The
runs with the partial polarization (thermal sampling)
were carried out by E, at various 7, for 10 min.
Further, the sample was cooled down to T,—5 K under
E, for 4 min. The cooling to T in SCS and the storage
at T, in SCS took altogether 30 min. The current was
measured by a Keithley 617 electrometer and the
temperature was controlled by an LFE model 2012
controller.
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Fig. 1. Simplified diagram of samples with lamellar structure: NO,
non-oriented; OR, oriented; PS polystyrene; PB, polybutadiene.
Arrow shows the direction of electrical measurements.
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Fig. 2. Integral measurements of TSDC vs. temperature, for
different samples: NO, non-oriented PSPB; OR, oriented PSPB;
PS, pure PS; P,, « relaxation peak; P;, space charge relaxation
peak; I, maximum current; E,=12kV cm’l; and 7;,=303 K.

3. Results and discussion
3.1. Integral measurements

The results for integral measurements are shown in
Fig. 2. In the cases of NO and OR one can find two
peaks and a group of small peaks, respectively. Small
peak P, at 18740.5 K is obviously caused by the glass
transition of the PB phase (a peak) [6]. This is in
agreement with the result for the PB rubber [7] and
approximately with the DSC measurements (7,
appears at 180 K). Theoretically, the dipolar peak
should not exist as a PB phase is an non-polar sub-
stance. The peak in question appears due to the
presence of polar impurities depolarized by the
glass-transition motions. The group of small peaks
appear in the 230-248 K range. Moreover, one domi-
nant peak is recorded at ca. 259+2 K. For the PS
samples, the occurrence of P, is practically the same
but with no Py which is specific just for the PB phase.

In order to examine the electric origin of the Py and
P, peaks, the dependence of the maximum current I,
of the peaks vs. E}, was investigated and the results for
one of the copolymer sample are shown in Fig. 3. The
Is for Py are linear against £, for the positive as well
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Fig. 3. Plot of I, vs. E,, for different peaks. (O) Related to Py and
(@) related to P;.

as for the negative E,, and equal to zero when E,
equals zero. This behaviour is characteristic of dipolar
peaks ([10], p. 100). According to [6], the o peak of
the PB phase appears even with no poling at all.
However, it happens with the freshly prepared sample
only due to the charge incorporated during the pre-
paration. As regards Py, I ;s are not linear against E,,
and less reproducible, which is typical for the space-
charge peaks; namely they are influenced by the kind
and concentration of the charge carriers.

3.2. Partial polarization measurements

The measurements with partial polarization gave
much more reliable results. Fig. 4(a) contains the
elementary peaks for OR in the temperature range
of Py which had been confirmed as the « relaxation. P
is divided into five elementary peaks. Fig. 4(b and c)
show comparison between NO and OR. For practical
reasons, the partial peaks are presented only by their
main parameters, i.e. temperature of the peak max-
imum 7, and I,,. No difference between the two
systems was observed except for the negligible varia-
tion in the activation energy distribution.

The application of the partial technique was very
important for the space-charge phenomena. In
Figs. 5-7 one can see the main parameters of the
partial peaks for the PS, NO and OR samples in the
214-260 K range. Instead of only one P; with some
small satellite peaks, obtained by the integral techni-
que, the space-charge relaxation appears to be much
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Fig. 4. Elementary peaks obtained by partial polarization across the v
relaxation. (a) Fully shaped peaks, obtained with OR sample; (b) main
parameters of peaks related to NO sample; and (c) main parameters
related to OR sample. Horizontal lines show the temperature of the £,
application. E,=15kVcm™ (1), (I1) and (A1) the parameters of peaks
used for the approximation of energy distribution.
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Fig. 5. Parameters of elementary peaks for PS in the range of
space-charge relaxation. E,=12kV cm™'; and (———) represents
the course of the peak maxima. The process is splitting into two
parts (3; and (3, relaxations.

more complex. Obviously, filling up the traps with
charge during the poling in the integral procedure was
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Fig. 6. Parameters of elementary peaks for NO in the range of
space-charge relaxation.
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Fig. 7. Parameters of elementary peaks for OR in the range of
space-charge relaxation.

not sufficient to exhibit the complete space-charge
events. If we analyze the relation between T, and T}y, in
the partial runs for the space-charge relaxation in OR
(as an example, Table 1), T, is always at a temper-
ature lower than the applied T}, except for some low
temperature runs. This is another evidence that the
peaks in question are caused by the space charge. On
the contrary, in the cases of dipolar peaks, T,,s appear

Table 1

Main parameters of the partial TSDC peaks caused by the space-charge relaxation in OR sample.

T/K 301 293 283 271.5 261 250.5 246 241 231 225.5 220
Tw/K 248.5 245.5 248 245 240.5 240.5 2325 237.5 237.5 225 218.5
1,/(107"2 A) 0.9 2.36 44 22 1.64 3.83 0.76 1.53 0.48 0.44 0.29
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at higher temperatures than T,s [25] (see Fig. 4).
Fig. 5 contains I, vs. Ty, for the PS sample. Consider-
ing that the T, for PS appears at much higher tem-
perature, this relaxation in the glassy state of PS could
be attributed to some local motions labelled as (3
relaxation. One could propose the motions of styrene
phenyl rings, which interfere with the charge trapped
into the PS, thus causing the charge release like the
‘wet-dog effect’” [26]. As the reproducibility of the
space-charge peaks is moderate, the elementary peaks
of the 8 mode are considered by drawing an approx-
imate course of the peaks maxima (dashed lines in
Fig. 5). One might say that the (3 relaxation appears in
at least two steps, denoted as (3; and . It might
indicate the presence of two locally different sur-
roundings around the phenyl rings. It is known that
dynamics of polymer chains is inhomogeneous along
the chain [27]. One could assume the existence of at
least two quasi-phases.

Figs. 6 and 7 relate to different copolymer samples.
In all the cases, (3 relaxation appeared to be split into
two parts. The released charge increased significantly,
and the maxima are shifted towards lower tempera-
tures. Obviously, the presence of interface plays an
important role. The copolymer with the oriented
structure shows the decrease in the temperature dis-
tance between (31 and (3, due to the increase of global
homogeneity. The dielectric phenomena are an indi-
cator of the events proceeding in the polymer struc-
ture.

3.3. Distribution of activation energy

For further characterization of the observed relaxa-
tions, the energy distribution N(E,) was approximated
as follows. N is the relative number of electric dipoles
which take part in the relaxation. It can be approxi-
mated for any of the partial peaks by the equation [28]:

N =1In % T (1)

The corresponding E, was obtained by the initial-
rise method. In order to approximate the energy dis-
tribution, three extreme partial peaks for one relaxa-
tion were chosen [25]. Peak (I) obtained with the
relatively low Ty,, when I, was still high enough to
apply the initial-rise method for determination of E,
(D). Peak (IT) was the maximum amplitude peak for
determination of E, (II). Peak (IIT) was a high-energy

Table 2
The parameters of the extreme partial peaks and activation energy
distribution N(E,) for «, B; and B, in different samples

I an (1) wleV
T,/K T./K T,/K
InN InN InN
EJ/(eV) E/(eV) EJ/(eV)
PS
o _ _ _ _
By 232.3 242.8 245 0.26
8.49 9.74 9.00
2.18 233 2.44
By 248.7 251.3 259.7 0.42
8.85 9.58 8.65
2.44 2.55 2.82
NO
a 184.5 186.0 186.7 171
8.55 8.95 8.44
0.84 1.26 1.70
B 230.5 231.7 2353 a
11.01 11.12 11.04
3.21 3.74 5.50
By 2443 246.3 253.5 3.15
9.64 10.58 8.67
3.08 474 7.04
OR
a 185.3 186.3 186.7 1.66
8.46 8.98 8.51
0.93 1.36 1.83
B 2375 240.5 245 4.43
9.81 10.74 10.20
0.96 1.64 3.46
Bs 245 248 2485 2.38°
10.20 10.91 9.44
3.46 5.00 2.54

@ Unreal value.
® Partial value.

peak, obtained with the highest T,,, which was still
suitable for determination of E, (III). The chosen
partial peaks (I), (II) and (III) are denoted in
Figs. 4-7 and the corresponding I, II and III values
for T,,, E, and N are listed in Table 2

Fig. 8 contains the N(E) approximations for the «
process in samples NO and OR. By using logarithmic
values for N, the exponential shape of the distribution
can be transformed into a linear one [28]. This enables
to draw the distribution triangles with the help of the
related points I, I and III. All the values of In N were
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Fig. 8. Activation-energy distribution in the glass transitions of PB
phase in the PSPB systems: N, approximate number of dipoles; w,
distribution width at 90% of maximum value; (I), (II) and (III)
extreme values according to Table 2. E,=15kV cm L.

normalized to In (II)=10. The distributions were char-
acterized by widths w at heights equal to 90% of the
maximum value. The comparison between w for NO
and OR shows that the difference is as small as
0.05 eV and can be neglected.

The analogous characterization of 5, and (3, relax-
ations of all the examined samples are shown in Fig. 9.
Determination of w for (3;, sample NO, is not reliable
because the peaks I, I and III are too close. In the case
of (3, relaxation for sample OR, w is only partial
because peak III is too low for a correct determination
of E,. In spite of these exceptions, one can see that ws
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Fig. 9. Activation-energy distribution of the space-charge relaxa-
tion in different samples. E,=12 kV cm .

for copolymers significantly increase, when compared
to w in pure PS.

The width in distribution of the activation energy is
an indicator of the relaxation dynamics. The systems
with the hindered motions show the decrease in variety
of E, [29,30]. An increase in w shows that the 3; and
(> motions in the PS phase are highly influenced and
become more intense in the presence of liquid PB
phase at the interfaces.

4. Conclusions

The integral TSDC measurements in the 160-303 K
range for the copolymer samples with the oriented and
the non-oriented lamellar structure result in two cur-
rent peaks. The same measurements with the pure PS
give only one higher temperature peak. The analysis of
the electric origin of the peaks shows that the low-
temperature peak at 187 K is a dipolar one, caused by
glass transition in the PB phase, whereas the higher
temperature peak is due to the space charge relaxation
probably caused by the local motions of the phenyl
rings in the PS phase, i.e. 3 relaxation.

The partial measurements with the ‘thermal win-
dow’ of 5 K shows that the (3 relaxation is distributed
in the 220-260 K range and split into two parts, 3; and
(3>, probably due to the existence of two quasi-phases
in PS. The current maxima in the ( relaxations of
copolymers significantly increase and shift towards
the lower temperatures because of the PS—PB inter-
faces. The temperature distance between (3; and (3, in
the oriented structure in relation to the non-oriented
one decreases due to the increase in the global homo-
geneity.

The characterization of the « process by the approx-
imate distribution N(E,) indicates that the orientation
of the lamellae in the PSPB does not influence the
distribution width w. The same characterization of 3
indicates that w in copolymers greatly increases. It is
caused by the released motions and by the increase in
variety of E, at the PS-PB interfaces.
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