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Theories currently applicable to the description of the low frequency dielectric loss, associated with 
trapping of charge carriers at interphase boundaries in polymers, are presented. Experimental observa- 
tions on styrene-butadiene-styrene triblock copolymers are compared with theory. The interracial 
polarization process in a film-cast copolymer with 30 wt % styrene was found to be in reasonable 
agreement with predictions for a morphology of parallel cylinders oriented at random, whereas that 
for a 50 wt % styrene copolymer was compatible with prediction for a random arrangement of partly 
parallel lamellae. These structures correspond to morphologies observed by electron microscopic ob- 
servation. No evidence was found for a dielectric effect specifically requiring a diffuse conducting 
interfacial zone between the polystyrene and polybutadiene domains. The bulk d.c. conductivity also 
correlated with predictions made using the same parameters as those involved in calculation of the 
relaxation effects. 

INTRODUCTION 

Phase separation, well-established as a dominant feature in 
determining the properties of block copolymers, also occurs 
in partly crystalline homopolymers 1-6. The direct observa- 
tion of polymer morphology by electron microscopy pro- 
vides a simple means of correlating phase structure and 
macroscopic dynamic properties. In mechanical observa- 
tions, phase separation causes distinct changes in both the 
dynamic and ultimate strength of the material 1'2. Similarly 
diffusivity a-s and dielectric behaviour s'6 show significant 
changes on phase separation. In particular, if the constituent 
phases possess markedly different electrical conductivities, 
trapping of charge carriers at phase boundaries leads to low 
frequency dielectric dispersion phenomena 7'8. The position, 
shape and amplitude of this dispersion is dependent on the 
anisotropy, orientation and electrical properties of each 
phase. 

A variety of theories have been proposed to describe this 
type of phenomenon 7-~s. In practice, apart from a very few 
rather specialized and somewhat artificial situations 9'1°, 
quantitative comparison of theory and experiment has not 
been very successful, particularly for polymers ~. One reason 
for this failure has been an inability to describe accurately 
the complex morphologies found in most polymers. 

In this paper useful theories available for the description 
of the dielectric properties of phase separated polymers are 
reviewed. A study of the dielectric properties of a system 
with a simplified, well-characterized morphology, s tyrene-  
butadiene-styrene triblock copolymer, is reported and dis- 
cussed in the context of these theories. 
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Dielectric properties of  heterogeneous systems 
Permittivity increment. The simplest models 7'9'~° of a 

heterogeneous dielectric consider the solid as an ensemble 
of isotropic ellipsoids of permittivity e2 and volume fraction 
v 2 embedded in a matrix of permittivity e 1, both phases hav- 
ing zero conductivity and e2 > el. The orientation of the 
ellipsoid axes (a, b, c) relative to the applied electric field 
can be defined by the angles 7i (i = a, b, c). The permittivity 
of this simple solid is described by the Maxwell-Wagner- 
SiUars model (MWS): 

e = e l  l+v 2 (e  z - e l )  et +Ai(i---v2---~ez-el 
i (1) 

where A i is the depolarization ratio of the constituent ellip- 
soids along the/-axis and is defined by: 

abc f Os 
Aa = 2 -  (s + a2)[(s + a2)(s + b2)(s + c2)] 1/2 

0 

(2) 

where s is the positive root of the equation of the confocal 
ellipsoid [x2/(a 2 + u) + y2/(b2 + u) + z2/(c 2 + u)] = 1, where 
u is a point outside the ellipsoid (x2/a 2) + (y2/b2) + (z2/c 2) 
=1 .  

The coefficient A a has a value of unity for lamellae, equals 
1[3 for spheres and tends to zero for long thin rods. The only 
orientations which lead to simple analytical forms of equa- 
tion (1) are as follows: 

(i) The a-axis oriented parallel to the electric field: 

COS2Ta = 1: COS2~b = COS2~'c = O. 

POLYMER, 1978, Vol 19, August 913 



Dielectric properties of phase separated polymer solids (1): Alastair M. North et al. 

(ii) The a-axis oriented perpendicular to the electric field: 

cos27a = cos27b = 0: cos27c = 1 

C t t  tOT 

eo - co. 1 + to2~-2 
(8) 

(iii) A random orientation of ellipsoids: 

cos27a = cos2"),b = cos2Tc = 1/3. 

In general, with the a-axis parallel to the electric field, an 
ensemble of rods gives a larger permittivity than a system of 
spheres or random ellipsoids, which in turn are higher than 
perpendicular ellipsoids or a perpendicular lamellar structure. 
Systems polydisperse in the size of the occluded domains 
can be described by equation (1) provided v 2 < 0.2. In fact 
equation ( ! )  with A a = 1/3 has been shown to be valid a° only 
for samples in which there is a size gradation of the disperse 
phase. 

At higher concentrations of the dispersed phase electros- 
tatic interactions between domains become significant and 
modified expressions are required, viz: 

(a) Bruggeman 12 equation: 

- -  = 1 - V 2 ( 3 )  
e2 - el 

(b) Looyenga la equation: 

el/3 _ e~/3 

e21/3 _ ell/3 rE= 
(4) 

Both relationships are applicable to concentrated disper- 
sions of spheres, while Davies t4 has shown equation (4) to 
hold for morphologies in which distinction between disperse 
and matrix phases are lost, as when each phase forms semi- 
continuous paths. 

Dielectric dispersion. The position in the frequency or 
time domain of the dielectric dispersion 7,9,1° and its shape, 
may be obtained by substituting the complex admittances 
[Ai = o i +jtoei(/to)] for the e i in the permittivity equations 
appropriate to the morphology being studied. For dilute 
dispersions in which the conductivity of the occluded phase, 
02 , is greater than that of the matrix phase, 01 , the relaxation 
equations obtained from equation (1) are: 

cos27i 
e 0 = e 1 1 +v2(o 2 -- Ol) ~ Ol +Ai(1 - v 2 ) ( o  2 - ol)  

+v201 ~ c°s27i(°l e2 - °2el) ] 
Y47i--  2) o2- 0 )2 (5) 

e l + A i ( 1 - v 2 ) ( e 2 -  e l ) ]  

r =e ~tt +A/(1 v2)(o 2 or )  ] (6) 

Randomly oriented dispersed phases may be represented 
by an equal combination of three Debye processes ts. The 
relaxation amplitude and time are both increased by ellip- 
soid elongation in the field direction, and this can lead to 
increases of several orders of magnitude. 

Reversal of the relative magnitudes of the conductivities 
of the continuous and discontinuous phases (01 > 02) leads 
to a reduction in the magnitude of the dielectric dispersion 
in all cases except the parallel lamellar morphology. 

These simple models for low volume fractions of a second 
phase have been discussed extensively by Sillars 9, and the 
various relationships are summarized in Table 1. 

In this review we are concerned principally with the case 
usually encountered in polymer solids of a high volume frac- 
tion of dispersed phase. As can be seen from Table 1, Ae[v2 
in such cases is larger than for dilute suspensions, al- 
though the relaxation time is unaffected 19-22. 

Effect of space charge. In the simplest models (MWS) 
the interfacial polarization is assumed to arise from charges 
located on an infinitely thin layer surrounding the dispersed 
phase. In practice, the layer may have a finite thickness of 
the order of the Debye shielding radius X-1 where2a: 

x _ l =  (ee2kTil/2 
-~-~g ] (9) 

where e is the permittivity of free space n is the charge 
carrier density, e is the charge on an electron and e2, k and 
Thave their usual meaning. 

This diffusion layer leads to a decrease (with increasing 
X - t )  in both the magnitude of the dispersion and its relaxa- 
tion time compared with the predictions of the simple theory 
both for spherical and lamellar morphologies 24. The effect 
is significant when xlet/e 2 <<, 10 where I is the domain dia- 
meter or thickness. In addition a dependence is introduced 
into the relaxation behaviour. 

Surface conductivity. A clear inadequacy of the simple 
theories is the assumption of sharp boundaries between the 
constituent phases. In reality, the occluded domain will be 
surrounded by a diffuse region with dielectric properties 
(e s, %) different from either of the pure phases. Analysis 
of this type of model 2s predicts that two distinct dispersion 
regions should be observed. In the limit, when the boundary 
becomes very thin and is of extremely high conductivity, 
(Os >> 01,02), one dispersion region predominates and occurs 
at higher frequency with a larger amplitude than would be 
expected for a system without the conducting layer. 

Two refinements of this model are worth mentioning. 
Both involve the surface conductivity, which in the first 26 
is independent of frequency and in the second 27 exhibits a 
frequency dependence. In the first case 26 the surface con- 
ductivity is given by: 

where e is the permittivity of free space. 
For an axially isotropic dispersion of phases the Debye 

approximation of a single relaxation time, r, may be used: 

e' -- e =  1 

6 0 -- 6** l + to2T2 
(7) 

ks = ~ ni~Sqi (10) 

i 

with an infinitely thin interfacial region, XI > 1~ n i is the 
charge carrier density at the surface, ~ is the mobility of 
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Table I 
(a) MWS relat ions for  l ow  vo lume f ract ion dispersions: v2 < 0.2: XI < 1 

Morpho logy Reference eoo (equat ion 1): e o (equat ion 5); 1, (equat ion 6) 

A a = 1/3: cos23'a = 1; cos23'b = c0s23'c = 0 
Al l  Aa: coS27a = 1 ; cos23,b = cos2-)'c = 0 
0 <<, A b <~ 0.5: cos23,b = 1 ; cos23,a = cos23"c = 0 

Spheres Wagner 10 
Ell ipsoids (a-axis parallel) Sillars (1 1 )9 
Ell ipsoids (a-axis Sillars (1)9 

perpendicular)  
Ell ipsoids (random) Fricke 18 Al l  A F cos2-)'i = 1/3 

(b) MWS relations for  concentrated dispersions: all v2: × / <  1 

Morpho logy  Reference eoo e0 r 

Spheres Hanai 19,20Bruggemaan 12 Equat ion (3) eo [ 3 _  02 ! ] =  Not  given 

G --(71 G--O 2 G 1 

(i) Spheres 
(ii) Semi- 
cont inuous 
ne twork  

Loeyenga 13 Equat ion (4) 

(c) Modification of MWS relat ions in presence of space charge layer: v2 < 0.05: all ×/. Reference: Truckan 23 

Morpho logy  e** e 0 7 

(radius/2) eoo=et  1 + 3 v  2 ~ (2Ol +02~ x 

2e, +e2 (xl)2th(X--'2) + ---~2--- L2(2e2+el)F2th(Xl~\-~/- x/]'~j~ 

(d) Relat ions for  systems w i th  surface conduct iv i t ies 

Morpho logy  Reference e** e 0 r 

Spheres O'Konsk i  26 In the MWS relat ions of Table la 02 is replaced by 02 + Ks 2/a 
(radius a) 

Ell ipsoids 
(a, b = c) 

Spheres 
(radius a) 

Ell ipsoids 
(a-axis paral lel) 

Ell ipsoids 
(random) 

O'Konski  26 

Schwarz 27 

Takashima 2a 

Takashima 28 

In the MWS relat ions of Table l a a  2 is replaced by e 2 + K i h s where K a = o2/b and K b = K c = a4 /Trb 

Equat ion (1): A a = 1/3; 
coS27a = 1 ; cos27b = c0S27c = 0 

Equat ion (1): all Ai ;  
coS27a = 1; cos27b = c0S27c = 0 

Equat ion (1): all Ai ;  
cos27a = 1/3 

9e2o'a v 1 1" = a 2/(2~SkT) 
coo+ 

4ekT[1 + (Vl/2) 2] 

9e 2 a'a2vl a 2 +b  2 
Coo+ - -  T = 

8ekTb(1 + v]) 2 271SkT 

e2 o'vl ~9 a 2 ] a2+b 2 
e o ~ + 3 k ~ l + ~ / 1 ) 2  e ~ + 2 b  1,a-2,Sk T 

1,b Not  given 

* Trukhan 23 uses a s impl i f ied fo rm o f  Wagner's theory  10 (v 2 very small, o l < a 2) 

the charge qi. The relaxation behaviour is obtained by repla- 
cing a 2 in the simple model by (o 2 + k k s )  where k is depen- 
dent on both the shape and size of the dispersed phase. For 
spheres of radius a, k = 2[a, while for long thin rods (a >> b 
= c) k a = 2/b and k b = kc = 4 /nb .  

It has been pointed out that the conductivity may be 
frequency-dependent due to localization of charge by a 
strong electrostatic interaction with the surface of the dis- 
persed phase. This theory predicts that the equilibrium pola- 
rization is governed by surface diffusion, and the relaxation 

time is directly related to the time required for the charge 
carrier to diffuse over a distance of the order of the particle 
diameter. A limitation of this approach is that it ignores the 
possibility of exchange between bound charge carriers and 
the bulk of the matrix phase. It has been argued ~ that since 
the applied field displaces the mobile ions, but not the f~ed  
charge, there is a departure from equilibrium at the interface. 
As a result of the motiom electric fluxes are induced normal 
to the surface, and these give rise to an oscillating diffuse 
volume at the interface reducing the relaxation time and di- 
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Table 2 Characteristics of polymers studied 

Polymer Code M w X 10 s Mw/M n 

Composition of copolymer 

1,2-Butadiene Styrene Styrene 
(mol %) (mol %) (wt %) 

Polybutadiene PB 1.76 -- 10 - -- 
SBS (30 wt %) 30 SP 1.71 1.1 8 21.3 34 3 
SBS (50 wt %) 50 SP 1.70 1.1 9 34.1 49.9 

Polymers doped with benzoic acid: 
SBS (30 wt %) 

SBS (50 wt %) 

30 SD 2.5 
30 SD 3.8 
50 SD 2.5 

2.5 wt % Benzoic acid 
3.8 wt % Benzoic acid 
2.5 wt % Benzoic acid 

electric increment by (1 + 2 Xns/n ), where n s is the charge 
carrier density in the interface and n is the bulk charge car- 
tier density. Such analyses are included in Table 1. 

Comparison o f  theory and experimental observation in 
polymer systems 

Almost all polymer systems studied exhibit interfacial 
polarization with the following characteristics 29-as. The loss 
is often of high magnitude (e" > 100) 31'a2 and has a tempe- 
rature coefficient (activation energy) which mirrors that for 
d.c. conduction 2°'3°. While the conductivity and relaxation 
frequency are increased by adsorbed moisture, the relaxation 
magnitude may be increased or decreased s'29'aa. This seems 
to indicate that in these polymers, generally non-polar and 
non-conducting, the interfacial polarization involves the 
same charge carriers (perhaps arising from spurious ionic or 
ionizable impurities) as does d.c. conduction. There is a gene- 
ral lack of data relating the dielectric increment to the 
volume fraction of the dispersed phase. This reflects the 
lack of reproducibility of morphology in many samples, even 
when obtained from the same polymeric material 3s. 

A study of the relaxation magnitude in a series of nylons a° 
indicated an increase with increasing crystallinity. However, 
the observed dielectric increment was much higher than pre- 
dicted by simple MWS theory 29. 

Better agreement would have been obtained if the dis- 
persed phase had been assumed to be ellipsoidal, which is 
consistent with current theories of the morphology in these 
systems 36. 

Measurements made on surfactant-doped polyethylene 37 
in which the detergent forms a highly conducting layer at the 
crystallite interface gave reasonable agreement with theory 
Similar close correspondence between theory and experi- 
ment has been observed in poly(vinylidene fluoride) as where 
a diffuse double layer was considered to exist at crystaUite 
surfaces. However, in virtually all the cases studied the simple 
MWS theory is inapplicable. 

One of the difficulties in such work has been in obtaining 
samples with a simple clearly defined, two-phase geometry. 
For this reason the principal objective of this study was to 
ascertain the correlation between morphology and dielectric 
behaviour in materials of well characterized two-phase 
geometry. 

Although interfacial polarization in non-polar or non- 
conducting materials occurs at low frequencies, it must be 
emphasized that other phenomena, too, can cause dielectric 
loss at similar frequencies. The blocking of charge carriers at 
sample-electrode interfaces ls'16, and charge carrier hopping 
between trapping sites are two such phenomena 7'9'm'17. The 
former can usually be detected by varying sample and elec- 

trode geometries, while the latter is a general phenomenon of 
which interfacial 'trapping' can be considered a special case. 

EXPERIMENTAL 

Materials 
Styrene-butadiene-styrene copolymers, Cariflex TR4113 

and TR4122, were supplied by Shell Chemicals. Polybuta- 
diene, Intene, was supplied by the International Synthetic 
Rubber Company. 

All polymers were purified before use by reprecipitation 
from benzene using methanol. Molecular weights were ob- 
tained by gel permeation chromatography (g.p.c.) using a 
Waters Anaprep AI, (Table 2). The styrene and vinyl buta- 
diene content were estimated from 220 MHz n.m.r, spectra 
(Table 2). Since the proton resonances of the cis- and trans- 
1,4-olefinic protons are separated by less than 0.05 ppm 
estimation of the cis/trans ratio was very approximate. How- 
ever the resonances centred at 5.4 ppm were very similar for 
the three polymers, indicating a similar isomeric structure in 
each case. For n-butyllithium-initiated polybutadiene the 
expected microstructure is 50% trans, 40% cis and 10% vinyl 
and the reported p.m.r, spectra sg'~ are identical to those of 
the present polymer. 

Sample preparation 
Samples for dielectric measurement were obtained in the 

form of fiat uniform discs, 50 mm in diameter and approxi- 
mately 1 mm thick, by evaporation of dilute solutions, 0.5 wt 
%, on a flat 'Melinex' surface. In order to ensure that samples 
attained well-defined morphologies, evaporation was control- 
led to occur slowly over a period of about 10 days. Samples 
were heated under vacuum for 24 h at 390K to allow evapo- 
ration of residual solvent and annealing processes to take 
place. During this final stage aluminium foil electrodes were 
applied to the sample surfaces while heating under slight pres- 
sure above the sample softening point. 

Electrical measurements 
Dielectric measurements were performed over the fre- 

quency range 104 to 10 -5 Hz using a combination of trans- 
former ratio-arm bridge (104-102 Hz), Scheiber bridge 39 
(102-10 -1 Hz) and d.c. transient (10-1--10 -5 Hz) tech- 
niques 4°. Current-time data were converted to the appro- 
priate permittivity-frequency representation using an inte- 
grated Fourier transformation 34'3s'4~, rather than the appro- 
priate Hamon transform. 
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Alternating regions were also observed in the copolymer 
with 30 wt % polystyrene (Figure lc). However, compari- 
son of the known and calculated phase volume fractions 
indicates that the preferred morphology should consist of 
rods of polystyrene in a butadiene matrix. This discrete rod 
morphology was in fact observed in certain sections (Figure 
ld). The polystyrene rods were 20 nm in diameter with a 
40 nm repeat distance. 

The morphologies described above are in good agreement 
with those reported previously 4a-4s. However some evidence 
of long range structural disorder, and regions of phase inver- 
sion or poorly defined phase separation, were observed in cer- 
tain of the sections studied. Some of the ordered regions were 
interconnected to form extensive areas or 'grains'. These 
'grains' were variously oriented to each other within the 
sample. No information on the sharpness of the interfacial 
region can be obtained from the electron micrographs. How- 
ever it has been suggested on a theoretical basis 46 that in 
these polymers, up to 25% of the sample volume may be 
occupied by the interface. Nevertheless, the lamellar and 
cylindrical morphologies described above can be considered 
generally representative of the bulk of the polymer. 

Figure 1 Transmission electron micrograph of styrene-butadiene-- 
styrene copolymers. (a) 50 SP section; (b) 50 SP section; (c) 30 SP 
section; (d) 30 SP section 

Electron microscopy 
Thin sections for transmission electron microscopy were 

obtained by ultramicrotoming at 130K using 2-methyl pen- 
tane as the trough liquid. The sections were stained by ex- 
posure to a 0.1% aqueous solution of osmium tetroxide for 
30 min. The polybutadiene phase as a consequence appears 
black in the micrographs 4z. The AE1 EM6G electron mic- 
roscope used in this study had a resolution of better than 
1 nm. 

Differential scanning calorimetry 
Glass transitions were measured using a Perkin-Elmer 

DSC- I .  Studies on the benzoic acid-doped samples exhibited 
only one endotherm between 330 and 410K attributed to the 
Tg of the polystyrene domains. The absence of any additio- 
nal features indicates that the benzoic acid is molecularly 
dispersed. 

High frequency dielectric relaxation 
Dielectric measurements of the high frequency relaxation 

in the SBS copolymers (Figure 2) are in good agreement with 
previously reported measurements. The dielectric loss peak 
is ascribed to micro-Brownian motion of the polybutadiene 
chain 47-49. In the case of the copolymer with 30 wt % sty- 
rene, the loss peak is virtually identical (in position on the 
temperature axis) with that of polybutadiene. However, the 
copolymer with 50 wt % styrene exhibits a loss peak shifted 
to higher temperature. Similar results have been reported 
from related dynamic studies 47. A plot of the position of 
ATmax against volume fraction of polystyrene, Figure 3, 
clearly indicates that a distinct transition occurs at Vps bet- 
ween 0.4 and 0.7. This transition can be correlated with a 
corresponding variation in the shear modulus of the copoly- 
mer 49. It has been attributed to a change of morphology 
from a polybutadiene continuous phase to one in which 
both polybutadiene and polystyrene exhibit phase continuity. 
In the region of lamellar morphology the polybutadiene 
volume is constrained by the lower thermal expansivity of 
the glassy polystyrene domains and so has a lower effective 
coefficient of expansion, ~. The shift in Tmax may be 

RESULTS AND DISCUSSION 

Sample morphologies 
The electron micrographs were obtained from specimens 

sectioned perpendicular to the f'dm surface, and so illustrate 
representative average morphologies for the bulk of the 
sample. 

The copolymer with 50 wt % of polystyrene shows alter- 
nating polybutadiene (PB) and polystyrene (PS) domains of 
13 nm thickness. These extend over a distance greater than 
1 Ixm, Figure la. Comparison of the known phase volume 
fractions with those calculated from the phase dimensions 
for several model morphologies, indicates that the sample 
consists of alternating lamellae of styrene and butadiene. 
The micrograph of another section, Figure lb, showing lar- 
ger domains, is consistent with a slanting section through a 
lamellar morphology. 

% 
x 

15 

IO 

Figure 2 
50 SP 

150 

2.1 

1.9 

200  250 300  350 
Temperature (K) 

A.c. dielectric spectra at 1.34 kHz. A, PB; o, 30 SP; o, 

2.5 

2-3 
-= 
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I I I I I. I I I I 

0 O5 
Volume fraction of polystyrene 

Figure 3 Dependence of ATne x (the difference between Tmax 
copolymer and Tma x polybutadiene) on the volume fraction of 
polystyrene in_the copolymers. O, Dielectric and acoustic data4"/; 
[3, n.m.r, data~U; II, this work 

I'O 

Table 3 Relaxation properties of the butadiene phase 

Sample Tn~ Ea /~eff (X e ~ 

code (K) (kJ/mol) e 0 -co= 1031Cm) (,298K) 

PB 191.7 110 0.092 5.8 2.09 
30 SP 191.4 116 0.072 6.0 2.22 
30 SD 2.5 192.1 104 0.071 5.9 2.20 
30 SD 3.8 191.2 107 0.071 5.7 2.24 
50 SP 197.5 119 0.046 5.5 2.30 
50 SD 2.5 197.9 111 0.042 5.2 2.20 
PS . . . .  2.52 
SBS 194 105 -- -- - 
SBS 191 . . . .  
PB - 108 - -- -- 

rationalized by application of the Simha-Boyer model of  
the glass transition: 

where N is the number of butadiene monomers per unit 
volume. Assuming as a first approximation g = 1, Table 3 
indicates that the average dipole moment per monomer unit 
is 5.7 + 0.5 x 10 -31 Cm. Since polybutadiene contains 50% 
of the dielectricaUy inactive trans isomer s9'6°, the effective 
dipole moment of the cis (40%) and vinyl (10%) isomers is 
8.2 x 10 -31 Cm and can be compared with the dipole mo- 
ments observed in small molecules with similar structures 61, 
(cyclobutene)-(cyclohexane) x 10 -31 Cm. 

It is of interest to note that the inclusion of benzoic acid 
in the sample has no effect on the dipole orientation relaxa- 
tion of the polybutadiene. A previous study 47 of the relaxa- 
tion in an SBS copolymer containing 77 vol % po!ybutadiene 
exhibited similar relaxation behaviour and identical micro- 
structure to that reported here. The magnitude of the loss 
amplitude was, however, significantly greater than observed 
in these studies and the loss factor increased steeply above 
330K. Our studies of plasticized SBS exhibited similar 
behaviour. 

Low frequency dielectric behaviour 
D.c. transient experiments. The current-time plot ob- 

tained after step removal of voltage from the copolymer with 
50 wt % polystyrene (Figure 4) shows a monotonic decrease 
with increasing time. The decay current for the copolymer 
with 30 wt % polystyrene undergoes a slight change in slope, 
moving to shorter times as the temperature is increased, and 
is just resolved at 354K as a step in the curve. This type of 
behaviour is expected if a thermally-activated relaxation is 
superimposed on a discharge process described by an activated 
t - n  law. 

In order to magnify the low frequency electrical proper- 
ties, benzoic acid dopant, expected to enhance preferentially 
the conductivity of one phase or of the interphase boundary 
region was added to the sample. As a result a weU-def'med 
relaxation step in the decay was observed. Resolution of the 
decay current into two components by graphical extrapolation 
of the long time decay followed by Fourier transformation 
enables the permittivity-frequency data in Figure (5) to be 
obtained. Apparent activation energies (Table 4) were ob- 
tained from the linear portions of the Arrhenius plots of  
relaxation frequency in Figure 6. 

D.c. conductivities and absorption currents. The conduc- 
tivities of the samples increased with butadiene content and 

( a t  -- = 0 . 1 1 3  (1 1) 

where the suffLxes r and g refer respectively to the rubbery 
and glassy states s°'st. A decrease in (or r - o~) leads to an in- 
crease in Tg and hence in Tmax. Above vps = 0.6 the samples 
have a continuous polystyrene phase and the value of (at - 
t~g) and Tma x remain virtually independent of any further 
increase in the volume fraction of polystyrene. 

The relaxation magnitude at Tmax, obtained by graphical 
integration of the area under the e" - l IT curve, is a linear 
function of the volume fraction of polybutadiene, indicating 
that any mixing of styrene and butadiene segments at the 
phase boundaries is not detectable. Analysis of the relaxa- 
tion magnitude is made using the Kirkwood relationS2: 

(e 0 - e**)(2e 0 + e**) _ gNl~ 2 

co(e** + 2) 2 9kTe 
(12) 

02 t 
1°-31 c BA 
IO-41 D E 

I I0 I00 I000 I0 000 

Time (sec) 

Figure 4 Normalized discharge traces, A. 30 SD 2.5 (351.3K); B, 
30 SD 3.8 (350.7K); C, 30 SP (351.5K); D, 50 SP (353.7K); E, 
50 SD 2.5 (353.3K) 
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Table 4 Apparent  act ivat ion e n e r g i e s  f o r  d.c. conduct ion and iO 3 
relaxation 

Act iva t ion  energy (kJ/mol)  

Sample code D.c. conduc t i v i t y  Relaxat ion 

30 SP 65 - 
30 SD 2.5 55 56 
30 SD 3.8 71 68 
30 SP 88 -- 
50 SD 2.5 84 82 

lie below that of pure polybutadiene, 5 x 10 -17 ~ - 1  m - !  at 
322K. The conductivity of polystyrene is typically 10 -21 
~ - 1  m-1  and there is evidence that its origin lies in long 
time dipolar reorientation losses rather than in charge trans- 
port. These data indicate that the polybutadiene is the more 
conducting phase in SBS copolymers. The increase in acti- 
vation energy with increasing styrene content reflects the 
change from a continuous polybutadiene morphology to 
one in which both phases are semicontinuous. This explana- 
tion is also consistent with a conduction mechanism in which 
charge transport occurs at least partly in the interface bet- 
ween the styrene and butadiene phases. The increased d.c. 
conductivity upon addition of benzoic acid may be attribu- 
ted to either an increase in the number of charge carriers or 
to mobility associated with masking of the trapping sites. It 
is interesting to note that the long time absorption currents 
which are probably due to charge transport and trapping in 
the more conducting regions are reduced on addition of 
benzoic acid. 

The 100 sec isochronal decay function @100 (resolved by 
subtracting the current extrapolated from long times from 
the observed current) in the doped copolymer samples also 
shows a decrease at temperatures above the glass transition 
temperature of the polystyrene domains (Figure 7). This 
behaviour is consistent with a decrease in the local concen- 
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relaxation frequencies: l ,  30 SP; I ,  30 SD 2.5; &, 30 SD 3.8; ©, 50 SP; 
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Figure 7 Temperature dependence of the Haman transformed 100 
sec isochronal absorption (subtraction) current/10o. I ,  30 SD 2.5; 
113, 30 SD 3.8; O, 50 SD 2.5. Glass transitions temperature are 
indicated by the appropriately designated arrows 
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Figure 8 Comparison of the frequency-temperature loci of 
dipole relaxations with the low frequency processes in SBS. I Present 
data; A, B, C-PS ,*-process s3-as. Dopant molecular relaxations 
coupled to PS cx-motions. D, tetracycloneS6; E, anthroneS6; F, 
cholest-4-en-3-one56; G, Imidazoline sufactant 37, Dopant molecule 
relaxations coupled to PS--/~ motions; H, thianthreneST; I, eyclohexyl 
bromideS7; J, cyclohexyl chlorideST; SBR ,*-process; K,30 wt % 
styrene58; L, 50 wt % styrene58; M, 58 wt % styrene s8 

tration of the charge carriers in the polybutadiene regions 
as solubility in polystyrene occurs above the Tg of the poly- 
styrene phase. It should be noted that the Tg of the 2.5% 
doped 50 wt % polystyrene sample is lower than that of the 
pure copolymer. 

Resolved low frequency relaxation process. The low fre- 
quency relaxation process may be due to either dipole orien- 
tation or limited charge carder migration. Dipole relaxation 
may occur by molecular motion of the polystyrene domains 
or in the interracial region. Dopant molecules residing in 
these regions can also contribute a relaxation process by 
motions which may be closely coupled to or independent 
of the polymer matrix. However these dipole mechanisms 
can be eliminated by comparison of expected frequency- 
temperature loci with those observed in this study (Figure 
8) and by evaluation of the relaxation magnitude which is 
larger than could be expected for the dipole process described 
previously s3-sT. Instead, the similarity in the activation ener- 
gies for d c. conduction and the relaxation process indicate 
a charge transport mechanism. A model of localized charge 
carrier hopping in the polybutadiene phase would predict 
that the relaxation magnitude should decrease and the rela- 
xation time remain constant as the volume fraction of poly- 
styrene, Vps, increases. This is not in agreement with the 
experimental data. The dependences of both relative magni- 
tude and time on Vps are in accord with an interfacial pola- 
rization involving charge trapping at the phase boundaries. 

The relaxation magnitude in the 30 wt % copolymer de- 
creases about the Tg whereas that of the 50 wt % polysty- 
rene polymer increases above Tg (Figure 9). It may be pos- 
tulated that, on passing through the Tg of the polystyrene 
domain the effective volume impermeable to charge carders 
(equivalent to v), decreases. Inspection of the MWS equation 
for a system of long thin rods, A a = 0 A b = A c -~ 0.5 with 
o 1 >> 02 reveals that Ae decreases with v 2. So the model 

0"2 
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Figure 9 Temperature dependence of the relaxation magnitude 
O, 30 SD 2.5; O, 30 SD 3.8; [3, 50 SD 2.5. Symbol code, Table 2 
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Table 5 Calculat ion MWS re laxat ion~arameters,  Constants: 
polybutadiene e t = 1.95; (7 t = 7 X 10 -17 ~,-1 m-1 v2 = 0.2; 

polystyrene e 2 = 2.5; 02 = 0 

10-17 

Morphology coo he (S) ~2 -1 m -1 

(A) 30 SD 2.5 
at 351 .3K  
(a) 2.11 0.006 
(b) 2.10 0.723 
(c) 2.10 0.483 
Experimental  2.09 0.148 
(B) 50 SD 2.5 
at 353.3K 
(a) 2.20 0.00 
(b) 2.17 3.264 
(c) 2.19 1.008 

Experimental  2.09 0.246 

24.7 4.90 
41.6 3.87 
41.6 4.29 
40.8 4.18 

- 3.78 
61.8 2.2 X 10 -3 

a = 61.8 2.52 
b = 28.4 
234.0 1 45 

predicts that the relaxation magnitude in the copolymer 30 
wt % polystyrene will remain constant up to Tg, whereupon 
it should evidence a decrease. For a lamellar morphology, 
A a = 1 A b = A c = 0, with o 1 >> o2, the relaxation magnitude 
increases as v 2 decreases, in agreement with the observed 
behaviour. 

Comparison o f  theory and experiment  

30 wt  % polystyrene copolymers. These copolymers con- 
sist of long cylinders of polystyrene dispersed in a butadiene 
matrix. Three geometries are amenable to calculation using 
the simple MWS theory: (a) long axis (a) of cylinders parallel 
to the electric fieldg; (b) long axis of cylinders perpendicular 
to the electric field9; (c) randomly oriented cylinders or 
grains Is. 

Calculations for cylinders 20 nm in diameter and 1.2/am 
long (a/b = 60, A a = 10 -3, A b = A c = 0.4995) (Table 5a) 
indicate that the relaxation magnitude is severely underesti- 
mated by morphology (a), while there is good agreement 
with morphologies (b) and (c). Although this simple theory 
is known to be deficient for the volume fractions of occlu- 
ded phase obtaining in these polymers, there is no precise 
treatment for concentrated non-spherical systems. 

The observed relaxation time and bulk d.c. conductivity 
are in excellent agreement with those calculated for mor- 
phology (c) with an extrapolated value of the polybutadiene 
conductivity of Ol = 7 x 10 7 f2-1m-1,  at 333.2K o 1 = 
5 x 10 -7 ~--1 m-1. 

The use of a different conductivity for polybutadiene 
leads to significantly poorer agreement for r and o without 
affecting Ae, while alteration of the rod dimension (,4 a = 
10 - 2 - 1 0  -4) does not alter the calculated relaxation 
parameters. 

The fit of theory to experiment is considerably better 
than has been obtained in previous studies 29-32 of interfacial 
polarization in polymers. 

The success of the relatively unsophisticated theory with- 
out any necessity of introducing surface conductivity or a 
finite interdomain boundary region must reflect the high 
degree of order or regularity in the two-phase structure, and 
the general non-polarity of the phases. 

The observed low frequency relaxation shows an asym- 
metric distribution of relaxation times. Although a distribu- 
tion of domain sizes exists, theory predicts that the relaxa- 
tion time distribution is insensitive to variation of the phase 

dimensions. A more probable source of the skewed distri- 
bution would be the combination of parallel and perpendi- 
cular cylinder orientations. 

50 wt  % polystyrene copolymers.  These copolymers ex- 
hibit an alternating lamellar morphology and may be treated 
using the expressions for ellipsoidal arrays with A a = 1 and 
A b = A c = 0. As before three geometries may be assumed: 
(1) long axis (b) of lamellae parallel to the electric fieldg; 
(2) long axis (b) of lameUae perpendicular to the electric 
fieldg; (3) randomly oriented lamellae or grains 18. 

Calculations for the perpendicular morphology seriously 
underestimate the d.c. conductivity (Table 5b). It may be 
concluded that Maxwell's layered dielectric structure is not 
applicable in this case. Rather, the observed d.c. conducti- 
vity suggests that the sample is semicontinuous in polybuta- 
diene. Morphologies (1) and (3) give rise to continuous or 
semicontinuous polybutadiene phases and result in d.c. 
conductivities and relaxation times which are in reasonable 
agreement with experiment. Moreover since morphology (a) 
does not lead to a permittivity increment, calculations based 
on a random or partly random-partly parallel morphology 
best describe the experimental results. This is in agreement 
with the electron microscopy observations. 

Again the simple MWS theory, with approximate allowance 
for high volume fraction effects, is adequate for explanation 
of all the experimental observations although underestimat- 
ing the relaxation time somewhat. No necessity to introduce 
complex phenomena associated with charge migration in a 
diffuse boundary layer is apparent. This is in contrast to the 
situation in polar phase-separated copolymers, as will be de- 
tailed in a later paper. To a large extent this must be due to 
the relative molecular uniformity of these three block sys- 
tems, and to the degree of perfection and long range order 
in the phase separation. 

For the volume fractions of constituent phases represen- 
ted by the 30% and 50% SBS copolymers, modification of 
the equations for the effects of interdomain interaction in 
the case of rod or lamellar like morphologies t°'2° is unneces- 
sary and does not lead to a better prediction of relaxation 
behaviour. 

CONCLUSIONS 

The high frequency (kHz) dielectric relaxation spectrum 
shows a single loss peak due to the c~ relaxation in the poly- 
butadiene phase. The relaxation parameters are dependent 
on the volume constraints placed on the polybutadiene by 
the polystyrene phase. 

The relaxation due to interfacial polarization was found 
to be in good agreement with the predictions of MWS theory 
corrected for effects due to high volume fraction of the poly- 
styrene phase. 

No evidence was found for a dielectric effect requiring 
the existence of a diffuse interface between the styrene- 
butadiene domains. 

The bulk d.c. conductivity was also found to be control- 
led by the morphology, and also correlated with predictions 
using the same parameters as those involved in calculation 
of the relaxation effects. 

The temperature dependence of the relaxation magnitude 
for both of the SBS copolymers was consistent with a decrease 
in the volume fraction impermeable to charge carriers above 
the glass transition temperature of the polystyrene phase. 
Charge trapping in the softened regions of the styrene do- 
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mains also accounts for the observed decrease in dlogo/d( l /T)  
and the variation of the long time component of the discharge 
current above Tg. 
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