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The low frequency dielectric behaviour of copolymers of butanediol terephthalate with poly(tetra- 
methylene oxide terephthalate) is reported. Comparison of the theories for interfacial polarization 
with experimental dielectric observations highlights the role of domain boundary conduction in such 
polar polymers. 

INTRODUCTION 

In a previous paper 1 the authors observed that the low fre- 
quency dielectric properties of styrene-butadiene-styrene 
regular block copolymers could be interpreted using an ex- 
tension of the simplest theories for interfacial polarization. 
Morphologies predicted using the theories were in good 
agreement with those actually observed. In particular the 
dielectric properties could be explained in terms of a regu- 
lar array of two clearly-defined phases, and there was no 
necessity to postulate a diffuse interphase boundary region 
of electrical conductivity differing from (greater than) that 
of either non-polar phase. In this study, observations are 
extended to two phase polar systems where the morphology, 
although not so perfectly regular as in the styrene- 
butadiene systems, can be easily characterized. 

The polymers chosen for study were polyethers- 
polyesters formed between butanediol terephthalate (4GT) 
and poly(tetramethylene oxide terephthalate) (PTMGT) 
and have the structure: 

o o I r o  o l 

The commercial elastomer 'Hytrel' has essentially this 
structure, with a small amount of butanediol isophthalate 
(4GI) included. The copolymers are synthesized by melt 
transesterification of butanediol, poly(tetramethylene oxide) 
and dimethyl terephthalate mixed in proportions to give 
4GT blocks of a size suitable for crystallization 2,s. The 
preferential crystallization of these 'hard' blocks forms a 
three-dimensional structure in which 4GT crystallites are 
separated by 'soft' amorphous regions of PTMGT s'a. The 
phase-separated morphology of these copolymers has been 
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characterized using small-angle X-ray diffraction, transmis- 
sion and scanning electron microscopy, differential scanning 
calorimetry and mechanical relaxation measurements 3-s. 
No evidence of PTMGT crystallization was reported from 
X-ray studies 4's. Dynamic mechanical properties of 
polyurethane/polyether copolymers indicate that for x = 
14 a single a-relaxation is observed while for x = 28 two 
processes occur, attributed to amorphous and crystalline 
phase relaxations". The morphologies obtained in these 
measurements are significantly different from those repor- 
ted both for the SBS copolymers and semicrystalline homo- 
polymers, and so allow further critical comparison of the 
theories of interfacial polarization with experimental 
observation. 

EXPERIMENTAL 

Mater~Is 

The samples studied were provided by Du Pont de 
Nemours and Co., Wilmington, Delaware, USA~ in the form 
of melt crystallized sheets. These polymers are marketed 
under the trade name 'Hytrel' and have M n values between 
2.5 and 3.0 x 104, the poly(tetramethylene oxide) moiety 
having a degree of polymerization (x above) of 14. The 
samples were vacuum annealed at 420K for 24 h and 
then stored over P205 under vacuum until used. The 
measured densities and glass transition temperatures are 
reported in Table 1, and agree with the literature 
data 6. 

Dielectric measurements 

The dielectric measurements were performed using the 
techniques described previously I. Contact with the samples 
was made by colloidal Aquadag electrodes. Uniaxially orien- 
tated samples of one of the copolymers (sample l) were pre- 
pared by drawing the specimen used for the initial study at 
low rates of extension at 300K. The subsequent dielectric 
measurements were confined to temperatures below 300K so 
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as to avoid possible morphological changes. The drawn 
samples are designated in terms of their draw ratio, ~, defined 
as the drawn length/original length. 

Electron microscopy 
Transmission micrographs were obtained as described pre- 

viously 1 and scanning micrographs were obtained by Dr P. F. 
MiUington of the Bioengineering Department of this Univer- 
sity, using a Cambridge 600 Scanning Electron Microscope. 

Figure 1 Transmission electron micrographs of 'Hytrel' polymers: 
(a) sample $1, magnification 80000; sample $2, magnification 
40 000; (c) sample $3, iodine stained magnification 50 000; (d) 
sample $3, magnification 3000 

RESULTS AND DISCUSSION 

Electron microscopy and sample morphology 
The transmission electron micrographs of thin sections of 

the copolymers PSI and $2, cut perpendicular to the sample 
surface and stained by exposure to 0.1% phosphotungstic acid 
solution in Figures la and lb appear as a series of parallel dark 
and light regions which may be ellipsoidal domains of axial 
ratio (a/b) --- 10. These domains are comparable in size to 
those previously reported for these copolymers 4,s. Sample 
$3 exhibited a very iaadistinct morphology which on staining 
with iodine developed a textured structure (Figure lc). This 
type of morphology resembles that observed in polyurethane- 
ether block copolymers 7, the iodine being excluded from the 
crystallite regions and staining the amorphous phase block 
(Figure lc). 

At low magnification (Figure ld) the copolymer (sample 
3) exhibits a grain structure of approximately 3/am size. 
Spherulites of similar size have been reported previously s. 
The copolymers clearly exhibit a phase-separated morpho- 
logy, although neither the detail nor the regularity are so 
clearly defined as in the styrene-butadiene styrene copoly- 
mers. Morphological modelling based on X-ray and electron 
microscopy studies of the Hytrel copolymers 4,s indicates that 
the preferred structure is one in which the 4GT crystallites 
are of approximately rectangular cross-section with axial ratios 
of twenty or less and lengths of up to 200 nm. In such struc- 
tures the 4GT chains are oriented perpendicular to the major 
crystallite axis, and are distributed throughout several adja- 
cent crystallites. In practice this ideal morphology may not 
be achieved since chain mobility and the effects of entangle- 
ment during melt crystallization lead to 'hard' segments being 
found within the 'soft' amorphous regions. The net result of 
the various interactions between hard and soft blocks together 
with the exclusion of short chains from the crystalline regions, 
is the formation of a sheath-like structure. The volume frac- 
tion of crystalline material (Vc) may be estimated from the 
density using the relation 

vc = ~o - pA ) N o c  - p A )  (1) 

where p is the density, PC is the crystallite density (1.43 x 
103 kg/m3) s and the amorphous phase is assumed to have a 
density, PA = 1.05 x 103 kg/m 3, which is the mean of those 
of the poly(tetramethylene oxide) (0.98 x 103 kg/m 3) 9 and 
the isophthalate ester (1.24 x 103 kg/m3). Values ofv c cal- 
culated using equation (1) are presented in Table 1. 

High frequency dielectric relaxation 

Unorientated samples. The dielectric spectra of the three 
copolymers show a peak (a) in the region 250--300K with a 
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Table 1 Characteristics of the 'Hytrel' copolymers 

Crystallite 
Density volume 

Sample code 4GT (wt %) 4GT Block length 4GI (wt %) Tg(K) (103 kg/m 3) fraction, v c 

Sl 38 6 15 209 +- 3 1.146 0.26 
S2 60 8 0 225 -+ 3 1.189 0.37 
S3 72 24 7 265 -+ 3 1.241 0.50 

0 '2  
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A.c. dielectric spectra at 1.34 kHz. [3, Sl ; ~7 $2; e, $3 

smaller broad partly resolved peak (/3) at lower temperatures 
than the main feature (Figure 2) .  The  apparent activation 
energy for the main relaxation process, 190 +- 20 kJ/mol 
(Figure 3 )  is consistent with relaxation due to the coopera- 
tive micro-Brownian motion of the chain backbone in the 
amorphous region, and is similar to that found for the cor- 
responding processes, in other polymers containing 
poly(tetramethylene oxide) or PTMGT moieties s'll. The 
temperature of maximum loss increases with increasing 
'hard' segment content and is higher for block copolymers 
than for the poly(tetramethylene oxide) homopolymers. 
This behaviour is consistent with an increase in motional 
constraint placed on the chain in the amorphous region by 
the increasing crystallinity of the sample 14 and by the 'anti- 
plasticization' effect expected s when 4GI and 4GT segments 
occur at high concentrations in the amorphous region. 

Since both 4GI and 4GT are more polar than PTMGT, 
the relaxation magnitude does not vary in a simple manner 
as the 'hard' segment content is increased. The decrease in 
Ae expected on lowering the PTMGT content is countered 
at high 4GT-4GI  levels by the increased polarity of the isoph- 
thalate (Figure 2) .  Calculations of the amorphous phase per- 
mittivity e¢~, using a model Is applicable to semicrystalline 
polymers, confirms that the amorphous phase of $3 is con- 
siderably more polar than that in the other polymers 
(Table  2) .  

°o 315 ~ 4 0  4 5  
io3/e 

Figure 3 Arrhenius plots for e relaxation: e, S3;V S2; I ,  Sl (k-1 
= 0); 0, Sl (h-1 = 0.77); D, Sl, (k-1 = 1.23) 

Table 2 Electrical characteristics of the amorphous regions 

Permittivity data 
(1 kHz at 298.2K) 

Conductivity data 
(~,-1 m - l )  at 298.2K 

Sample e e c e a a a c o c 

Sl 4.7 5.5 2.8 3,2 X 10 - is  7.7 X 10 - is  10 -19 
S2 4.4 5.6 2.8 6.1 X 10 -16 2.3 X 10 - l s  10 -19 
S3 4.35 6.4 2.8 8,0 X 10 - ]8  4.4 X 10 -17 10 -19 

The lower temperature relaxation corresponds in 
frequency-temperature to a process in similar polymers 
ascribed s41 to librational motion of the chain se~nents. 
This process is complicated by contributions from both 
amorphous and crystalline regions 16'17. 
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Uniaxially oriented samples• The effects of uniaxial orien- 
tation on the high temperature relaxation process are sum- 
marized in Table 3. 

t l  
The observed decrease in emax with draw ratio is consis- 

tent with an increase in population of the trans configura- 
tion of the poly(tetramethylene oxide) moiety la'19 which is 
compatible with the observed increase of density and hence 
of molecular alignment in the amorphous region• These ob- 
servations are similar to those reported for the effects of 
uniaxial orientation of the dielectric behaviour of similar 
polymers 2°-22. 

Low frequency dielectric behaviour 

D.c. transient studies. The normalized time dependent 
discharge traces in Figure 4, show well-defined break points 
characteristic of relaxation processes within the time scale 
of observation• Subtraction of the long time component of 
the decay curve and Fourier transformation 23'24 of the data 
lead to the dielectric relaxation spectra shown in Figure 5. 
Arrhenius plots of the d.c. conductivity and relaxation fre- 

10-3 

Density Tma x (K) 
h -1 (103kg/m 3) Tg(K) (1 kHz) e~a x 

0.00 1.146 209 +- 3 243.7 0.186 
0.53 1.151 211 + 3 247 3 0.166 
0.77 1.152 211 + 3 249.4 0 160 
1.23 1.155 215 +- 3 252.4 0.152 

quency data are shown in Figure 6 which also includes data 
on the isochronal (100 sec) extrapolated absorption current 
for $2. The relaxation parameters at 298.3K are given in 
Table 4. 

It should be noted that as a result of truncation of the 
short time discharge (t ~< 1 sec), the data at 304.7 and 298.4K 
for S1 become distorted on transformation, and the relaxa- 
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Table 3 Effect of uniaxial orientation on the e-relaxation of SI 
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Figure 5 (a) Resolved low frequency relaxation, $1 (X -- 1 = 0): @, 273.2K; o, 297.3K; A, 304.7K. (b) Resolved low frequency relaxation, $1 
(;~ -- 1 = 0.77): @, 265.7K; O, 273•2K; A, 298•4K, m, 304.4K 
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Figure 6 (a) Resolved low frequency relaxation, S2. III, 294.2K; t3, 300.0K; @, 307.8K; ©, 313.4K. (b) Resolved low frequency relaxation, S3: 
u, 296.6K; O, 300.8K; A, 305.4K; V, 312.8K 

Table 4 Low frequency relaxation data for the copolymer at 298.2K 

Sample e= eo ZXeex p rex p (sec) 

Activation Activation 
energy for energy for 

aex p relaxation conduction 
(~-I cm-1 ) (kJ/mol) (k J/tool) 

Sl 4.7 7.7 3.0 10.6 
S2 4.4 22.2 17.8 167.5 
S3 4.35 6.35 2.0 589.5 

3.2 X 10 - ]5 72 + 15 82 + 10 
6.1 X 10 -16 83 + 5 77 _+ 5 
8.0 X 10 - ]8 142 -+ 10 144 +_ 10 

tion frequencies are reduced from their true values. Conse- 
quently relaxation frequencies obtained using the Hamon 
approximation 2s were used for construction of the Arrhenius 
plots (Figure 7). This procedure is not expected to lead to 
significant error provided the shape of the relaxation does 
not change appreciably with temperature. On this assump- 
tion, which in this case is justified, fmax(Hamon)/fmax(true) 
will be a constant 26. 

D.c. conductivities and absorption currents. Comparison 
of the data presented in Tables I and 2 indicates that the d.c. 
conductivity decreases as the crystallite volume fraction in- 
creases, indicating that the amorphous phase is the more 
highly conducting of the two. This observation is in agree- 
ment with the predictions of model calculations ]s'28 (Table 
2). The apparent similarity in the activation energies for 
conduction in samples S1 and $2 supports the hypothesis of 
identical amorphous structures. The lower charge mobility 
of $3 is attributed to a higher 4GT content in this sample 

which will both decrease the segmental mobility and increase 
the charge trapping probability. 

Resolved low frequency relaxations 
It is clear from the frequency- temperature loci of the low 

frequency relaxations (Table 4) that the observed features 
are inconsistent with dipolar relaxation processes associated 
with either the amorphous or crystalline domains. A plot of 
the relationship between the relaxation frequency and the 
d.c. conductivity (Figure 8) is approximately linear, indicat- 
ing that the relaxation is due to bulk charge transport The 
mechanism could involve localized carrier hopping between 
adjacent trapping sites in the amorphous regions or an inter- 
facial polarization involving the bulk morphology. 

The idealized hopping model 29 predicts relaxation times 
which are similar to those observed experimentally, while 
the intertrap separation, d, as calculated from the observed 
relaxation magnitude is larger than has been reported for 
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Figure 7 Arrhenius plots for d.c. conduction ([3, O, ~,~) and fmax 
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Figure 8 The relationship between d.c. conductivity and relaxation 
frequency for the low frequency process. The lines are of  unit nega- 
tive slopes, am, $3; t ,  $2; A, $1 (h - 1 = 01; V, $1 (X - 1 = 0.77) 

other polymers a°- 32. Consequently, these low frequency 
relaxations are best ascribed to interfacial polarization. 

Application o f  Maxwell-Wagner-Sillars (MWS) theory. As 
a first approximation we consider the amorphous phase to 
be a continuous matrix in which are dispersed non-conducting 
crystalline prolate ellipsoids. The dielectric properties may be 
calculated as a function of the ellipsoid axial ratio for three 
morphologies, respectively: (a) a-axis paraUe133; (b) a-axis 
perpendicular 33, and (c) randomly orientated to the electric 
field a4. 

The calculated quantities (Tables 5 a - S d )  are not in good 
agreement with the experimental observations (Table 4). 

Although the amorphous phase appears continuous (Figure 
l c )  and it may be argued v a = v c = 0.5 in sample $3, it would 
be equally valid to assume that the matrix was the non- 
conducting crystalline phase (Table 5d). The calculated re- 

laxation time is then in good agreement with experiment for 
axial ratios of around unity, but the magnitude of the relaxa- 
tion is overestimated. 

Although the poor agreement between theory and experi- 
ment may be due in part to the use of the MWS relations at 
volume fractions strictly outside their range of validity, use 
of models expected to hold for higher loadings as gives an even 
poorer fit to the data. Also the idealized situation of isolated 
ellipsoids does not reflect the real morphology which more 
closely resembles an interpenetrating network of two semi- 
continuous phases. A further approximation implicit in the 
simple MWS approach ignores the possibility that the region 
of polarizable charge may be diffuse 36-3s. 

Alternative approaches to the low frequency interracial loss. 
Consideration of charge transport in semicrystalline polymer 
systems 27'3°-32 leads one to the conclusion that migration is 
controlled not only by the bulk mobility, but also by the 
occurrence of traps at interfacial boundaries. Evidence for 
this hypothesis comes from the effect of impurity molecules, 
which concentrate at boundaries, on the polymer conducti- 
vity 36'4°-43. It is therefore not unreasonable to suggest that 
crystallites with appreciable surface conductivity may mar- 
kedly influence the low frequency relaxation properties. 
Introduction of a frequency independent surface conduc- 
tivity with o a >> o c leaves Ae unchanged but decreases r from 
its MWS value and therefore does not improve agreement 
between theory and experiment. 

The effects of a time-dependent surface conductivity can 
be estimated '~ assuming that the crystallites are rods with 
dimensions (a = 100 and b = 10 nm) which are independent 
of copolymer composition (Table 6). The surface mobility 
rl S is assumed to decrease with crystallite volume fraction. 
The number of relaxing charge carriers N r may be obtained 
from the surface charge carrier density o', and the calculated 
crystallite surface area. The bulk charge carrier mobility r/B 
is expected to be greater than r/S since the 'surface' charge 
carriers are constrained in a diffuse interfacial layer of reduc- 
ed molecular freedom. Assuming that rl B equals 2r/S we may 
make a crude estimation of the number of charge carriers in 
the bulk conduction process, N O = van a, where n a is the charge 
carrier density in the amorphous phase. It should be noted 
that the values o fNr /N  . are less than 2 (Table 6) and the n a 
are of the expected order of magnitude for polar polymers 4°. 
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Figure 9 Dependence of fmax at 273.2K on uniaxial orientation. 
The low frequency process, $1 
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Table 5 Relaxation parameters calculated using the MWS model 

Parallel Perpendicular Random 
Axial ratio 
(a/b) coo ~c coo Ae coo ~e r a (sec) r b (sec) 

Sample 1: 
100 4.798 0 4.642 0.422 4.694 0.281 0.632 0.820 

10 4.793 0.006 4.642 0.406 4.695 0.273 0.637 0.815 
1 4.701 0.183 4.701 0.183 4.701 0.183 0.737 0.737 
0.1 4.479 2.606 4.780 0,22 4.679 0.883 1.197 0.650 
0.01 4.407 5.703 4.796 0.002 4.666 1.902 1.496 0.634 
1" 4 .695 0.045 

Sample $2: 
100 4.564 0 4.371 0.419 4,435 0.279 2.156 2.650 

1 4 .442 0.195 4.442 0.195 4.442 0.195 2.441 2.441 
0.01 4.098 3.229 4.561 0.003 4.407 1.078 3.914 2.159 
0 t  4.088 3.480 4.564 0 4.405 1.160 3.989 2.155 
1" 4.432 0.139 

Sample $3: 
100 4.600 0 4.306 0.316 4.404 0.211 128.7 147.5 

1 4.414 0.162 4.414 0.162 4.414 0.162 140.0 140.0 
0.01 3.911 1.617 4.596 0.002 4.368 0.540 183.3 128.9 
1" 4.503 0.106 

Sample S3, randomly oriented amorphousellipsoidsin a cwstall ine matr ix: 
100 4.31 515 22 650 295 

1 4.28 6.9 405 405 
0.1 4.36 383 186 7243 
1" 5.06 17.34 

* Calculated using Hanai--Bruggeman equations (Table Ib, ref 1); t layered dielectric 

Table 6 Calculated parameters for frequency dependent surface conductivi ty 

Crystal lite 
surface area 

Sample rt S (m2/r sec) G' (m -2) (m 2) N R (m -3) r/B (m2/v sec) rtA (m -3) Na (m 3) NR/Na 

$1 4.6 x 10 -15 1.36 X 1014 1.04 1.41 X 1622 9,2 X 10 -15 5.4 X 1022 4.0 X 1022 0.35 
$2 2.9 X 10 -16 3.9 X 1013 1.48 5.8 X 1022 5.8 X 10 -16 3.4 X 1023 2.1 X 1023 0.28 
$3 8.3 X 10 -17 6.6 X 1013 2.0 1.32 X 1022 1.66 X 10 -16 1.7 X 1022 8.5 X 1021 1.55 

Table 7 Low frequency properties of SI at 273.2K under uniaxial 
orientation 

1016 103 fmax E o Ef 
~.--1 (I2 -4  m -1) (Hz) z~e (k J/tool) (kJ/mol) 

0.0 1.62 1.5 2.65 82 + 5 72 + 10 
0.53 1.18 4.6 0.70 . . . . .  
0.77 1.32 6.6 1.135 77 + 5 76 +- 50 
1.23 0.89 4.8 0.44 - - 

Alteration of the crystallite dimensions of the ~7 S - r/B 
relationship does not significantly alter these conclusions. 

It is apparent that the inclusion of a frequency-dependent 
surface conductivity may, in principle, account for the low 
frequency relaxations in the copolymers. However since the 
theory 44 relies on values of the mobility, and charge carrier 
density of the amorphous phase which are not readily deter- 
minable from experiment, the explanation must be consi- 
dered as qualitative. 

Effects o f  axial orientation on the low frequency loss. As 
expected, the uniaxial orientation of the copolymers alters 
the low frequency density on elongation and indicates greater 

molecular order in the amorphous regions and is expected 
to lead to a reduced charge carrier mobility and therefore a 
lower conductivity. However the conduction process will 
also reflect changes in the sample morphology as a result of 
rupture and deformation of the crystallites on drawing. The 
net result of the stretching process is to produce elongation 
and alignment of the crystallites in the direction of draw, with 
an increase in the angles, 7i, subtended by the electric field 
on the crystallite axes. Quantitative evaluation of the MWS 
equations becomes impossible since the cos 2 % coefficients 
are not known exactly. Qualitatively, deformation of a ran- 
dom array of non-conducting crystallites in a 'conducting' 
amorphous matrix leads to an increase in the number of 
orientations in which the major axis and the electric field are 
at right angles, (analogous to the perpendicular rods or 
parallel lamellae in the a-axis notation used previously). 
This and surface conductivity models 43'~ predict the obser- 
ved decrease in both the relaxation time and relaxation mag- 
nitude upon drawing. 

CONCLUSIONS 

It appears from this study of polar polymers that the surface 
conductivity approach provides a more realistic description 
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of interfacial polarization in the present systems. The res- 
tricted applicability of the simple MWS approach was de- 
monstrated in the previous study of very regular SBS co- 
polymers, and this highlights the fact that in polar 
polymers charge trapping and mobili ty within a diffuse in- 
terfacial region have a dominant effect on the low frequency 
dielectric properties. 
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