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ABSTRACT: Terpolymers were synthesized by copoly-
merization of epichlorohydrin with ethylene oxide (EO) and
allyl glycidyl ether. The terpolymers were crosslinked by
sulfur curing. Conductivity of the crosslinked terpolymer
compositions was investigated for application to an electro-
photographic system. The composition containing 71 mol %
EO units in the terpolymer gave high and stable conductiv-
ity over a wide range from low temperature and low hu-
midity to high temperature and high humidity conditions.
The conductivity of crosslinked terpolymer composition sat-
isfied Ohm’s law against the applied voltage from 10 to 1000

V, which is necessary for the electrophotographic system.
The conductivity increased by the addition of a small
amount of electrolyte. The staining ascribable to the migra-
tion of electrolyte was not observed, when 3 parts per hun-
dred rubber by weight of octadecyltrimethylammonium
perchlorate was doped to the crosslinked terpolymer com-
position whose EO content in the terpolymer was 71 mol %.
© 2005 Wiley Periodicals, Inc. J Appl Polym Sci 98: 825–830, 2005
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INTRODUCTION

Copolymers of epichlorohydrin (EH) and ethylene ox-
ide (EO), P(EH-EO)s, have been studied as a rubbery
matrix for polymer solid electrolytes, the applications
of which have been electronic or ionic devices, espe-
cially chemical batteries such as rechargeable lithium
polymer batteries.1–11 Copolymerization of EO with
EH resulted in the formation of an amorphous poly-
ether matrix, although poly(ethylene oxide) (P(EO)) is
a crystalline polymer. Comb-shaped poly(oxyethyl-
ene)s were also prepared by a copolymerization tech-
nique,12,13 and they afforded an excellent amorphous
matrix for lithium ionic conduction.14–22 From the in-
dustrial synthetic viewpoints, however, the prepara-
tion of comb-shaped poly(oxyethylene)s is not so con-
venient as that of P(EH-EO)s. Since poly(epichlorohy-
drin) (P(EH)), P(EH-EO), and poly(epichlorohydrin-
co-(ethylene oxide)-co-(allyl glycidyl ether)) (P(EH-
EO-AGE)) have been industrially manufactured for
years, these polymers may be preferable to comb-
shaped poly(oxyethylene)s for practical applications.

Devices such as a solid-state chemical battery work
under dry circumstances; therefore, investigation into
the ionic conductivity of materials has been conducted

under anhydrous conditions. Semiconductive rubber
materials such as charging rollers, developing rollers,
and toner transfer rollers, on the other hand, have
been applied to the electrophotographic system under
ambient circumstances. In this case, the conductivity
of the materials is affected both by the surrounding
temperature and by the humidity. One of the authors
(S. Shoji) reported the conductivity under ambient
circumstances for crosslinked compositions made of
P(EH-EO) or (P(EH-EO-AGE)).23 However, the con-
ductivity of the compositions was not fully sufficient,
because these commercially available copolymers
were not designed for semiconductive rubber materi-
als, but for automotive heat- and fuel-resistant rubber
materials. The EO content of the polymers, for in-
stance, was limited up to 56 mol % for the applications
of automobiles.

Electric conductivity of the semiconductive rubber
rollers used in the electrophotographic system such as
a laser beam printer and a plain paper copier must be
precisely controlled in the region from 10�9 to 10�7

S/cm under ambient circumstances, not depending on
the temperature and humidity.24 Furthermore, the
range of conductivity becomes wide up to 10�6 S/cm
to cope with the demands for decreasing the load of
the electric power source, increasing the rate, and
color printing. The conductivity is also required to be
stable against the applied voltage up to �1000 V. If the
conductivity satisfies Ohm’s law, the applied voltage
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must be changed to feed an adequate amount of elec-
tric charge to the photoconductor. Additionally, the
charging roller and developing roller must not stain
the surface of the photoconductor, which directly con-
tacts the rollers, to avoid faults coming out on the
print. Therefore, excess incorporation of additives
such as electrolytes is undesirable, because of the pos-
sibility of bleeding out from the rubber rollers. The
highly efficient electrophotographic device needs a
rubber material that realizes all of these requirements.
Thus, the purpose of this study is to clarify the con-
ductive behavior of crosslinked P(EH-EO-AGE) com-
positions having high amounts of EO units under
ambient circumstances and to determine the opti-
mized terpolymer composition for application to
semiconductive rubber materials.

EXPERIMENTAL

Materials

P(EH-EO-AGE)s were synthesized by coordination
anionic polymerization of EH with EO and AGE in
hexane using a catalyst of condensation product of
dibutyltin oxide and tributylphosphate at 20 °C as
shown in Figure 1.12,13 By changing the monomer
ratio, four kinds of products, i.e., terpolymer �53,
�62, �71, and �81, were obtained, whose EO contents
were 53, 62, 71, and 81 mol %, respectively. Ho-

mopolymer, P(EO), was also prepared using the same
technique. P(EH) was synthesized by coordination an-
ionic polymerization in hexane using a catalyst of
condensation product of alkoxy aluminum, silicon tet-
rachloride, and tributylphosphate under refluxed con-
ditions.25

Characterization of polymers

The composition of the polyethers was determined by
1H-NMR measurement on a JEOL-JNM-GSX-270.
Deuterated benzene was used as a solvent. The
weight-average molecular weight (Mw), the number-
average molecular weight (Mn), and the index of poly-
dispersity (Mw/Mn) were measured by size exclusion
chromatography (SEC) on a Shimadzu C-R4A/
LC6AD/RID-6A and are summarized in Table I. The
SEC measurement was carried out using N,N-dimeth-
ylformamide with 0.1 mM LiBr at 60°C. Since the Mw,
Mn, and Mw/Mn were calculated based on the calibra-
tion of columns using polystyrene standards, these
values were relative ones, defined as linear polysty-
rene equivalents. Differential scanning calorimetry
(DSC) was performed on a Seiko Instruments SSC
5200 Disk Station for determining the glass transition
temperature (Tg) and on a PerkinElmer DSC-7 under
nitrogen atmosphere for measuring the melting point
(Tm) and heat of fusion (�Hm).

Figure 1 Synthesis of terpolymers.

TABLE 1
Properties of Polymers

Sample code P(EH) Terpolymer-53 Terpolymer-62 Terpolymer-71 Terpolymer-81 P(EO)

Composition (mol%)
EH 100 43 33 25 16 0
EO 0 53 62 71 81 100
AGE 0 4 5 4 3 0

Mw (g/mol) 2.0 � 106 1.5 � 106 1.4 � 106 1.4 � 106 1.9 � 106 1.8 � 106

Mn (g/mol) 4.9 � 105 3.1 � 105 3.7 � 105 3.4 � 105 4.5 � 105 5.6 � 105

Mw/Mn 4.1 4.6 3.8 4.2 4.2 3.3
Tg (°C) �26 �50 �54 �56 �59 �61
Tm (°C) 98 41 42 34 34 62
�Hm (J/g) 4.0 4.0 0.7 0.6 7.7 187
�Va (%) 1.5 7.6 49 96 200 Dissolved
�b (S/cm) 4.8 � 10�12 1.1 � 10�9 4.5 � 10�9 1.7 � 10�8 1.3 � 10�8 9.1 � 10�11

a Measured by swelling in water at 70 °C for 70 h.
b Measured at 23 °C and 50% RH.
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Preparation of films

The films of P(EH-EO-AGE)s, P(EO), and P(EH) were
prepared by compression-molding at 130 °C for 4 min,
followed by water cooling of the mold. The films were
150 � 150 m � 2 mm in size. The crosslinked terpoly-
mer compositions were prepared by curing using
compression molding at 170 °C for 15 min after mixing
polymers and ingredients on a two-roll mill of 7 in.
diameter. The ingredients were commercially avail-
able and used as received. The recipe for preparation
of the compounds for curing was as follows: one part
per hundred polymer by weight (phr) of stearic acid,
5 phr of ZnO, 1 phr of sulfur, 1 phr of dibenzothiazyl
disulfide, 0.5 phr of tetramethylthuram monosulfide, 1
phr of sorbitan monostearate, and 1 phr of 2-mercap-
tobenzimidazole. One, two, or three phr of octadecyl-
trimethylammonium perchrolate or 30 phr of carbon
black (N-550) was also added for the preparation of
electrolyte-doped samples and a reference sample, re-
spectively. The size of the films was 150 � 150 � 2
mm.

Measurements of conductivity and properties

Conductivity (�) was measured according to a JIS K
6911 procedure on a Hiresta IP instrument (Mitsubishi
Petrochemical Co.) at applied voltage of 10 V and on a
Digital Ultra High Resistance Tester R8340A (Advan-
test Corp.) at applied voltages from 10 to 1000 V.
Tensile measurement was carried out according to JIS
K 6251. Density and volume change by swelling in
water (�V) of the films were measured by JIS K 6350
and JIS K 6258, respectively.

RESULTS AND DISCUSSION

Properties of polymers

Table I shows the polymer composition, Mw, Mn, Mw/
Mn, Tg, Tm, �Hm, �V, and � of the polyethers. The
highly active catalysts12,13,25 gave high-molecular-
weight polymers with wide polydispersities (Mw/Mn
� 3.3–4.6). With the increase of EO content in the
terpolymer, Tg decreased monotonously as shown in
Figure 2. The Tg values of the terpolymers were fitted
on a parallel line with the dotted one calculated by the
Gordon–Taylor equation,26 as shown in eq. 1:

Tg(C) � �Tg(A) � (1 � �)Tg(B) (1)

where Tg(C), Tg(A), and Tg(B) are the glass transition
temperatures of the components C, A, and B, and they
correspond to the Tg of P(EH-EO), P(EO), and P(EH)
in this study, respectively. � is the volume ratio of EO
component in the copolymers. Figure 2 suggests that
the obtained terpolymers were random copolymers.
The difference between the measured and the calcu-
lated Tg is ascribable to the presence of the AGE
component in the terpolymers, which was introduced
as reactive sites for sulfur curing.

As shown in Figure 3, the �V increased with the
increase of EO content, which is a reasonable trend
when we consider the hygroscopic nature of oxyeth-
ylene unit. However, the conductivity at 23 °C and
50% relative humidity (RH) shows the maximum for
terpolymer-71, whose EO content was 71 mol %. Gen-
erally, the conductivity increases with the decreases of
Tg and crystallinity and with the increase of hygro-
scopicity. Therefore, the factors to give the maximum
conductivity should be taken into account for terpoly-
mer-71. Since it is well known that oxyethylene seg-
ments are easily crystallized and followed by a de-

Figure 2 Effect of EO content on Tg of polyethers. The
dotted line was drawn using the Gordon–Taylor equation.

Figure 3 Effect of EO content on conductivity at 23 °C and
50% RH and �V at 70 °C for 70 h of terpolymers.
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cease in conductivity, the melting behaviors of ter-
polymers were investigated by DSC to evaluate the
degree of crystallinity of oxyethylene segments. As
shown in Figure 4, terpolymer-71 whose EO content
was 71 mol %, gave the minimum �Hm, whereas
terpolymer-81 possessed the largest �Hm. These re-
sults imply that the high crystallinity of terpolymer-81
brought about the lowering of its conductivity. The
simultaneous effects of low Tg, low crystallinity, and
high hydrophilicity of terpolymer-71 resulted in the
maximum conductivity.

Properties of crosslinked terpolymer compositions

The properties of crosslinked terpolymer composi-
tions are summarized in Table II. “Sample” and “num-
ber” in the codes mean “a crosslinked terpolymer
composition” and “EO content,” respectively. For ex-
ample, “Sample 53” shows a crosslinked terpolymer
composition prepared from Terpolymer-53, whose EO

content was 53 mol %. The tensile properties of all
samples were good enough for the application to
semiconductive rubber rollers in the electrophoto-
graphic system.24 Especially, the hardness of Samples
62 and 71 was preferable for the application, which is
ascribable to their low crystallinity. The roller must be
soft enough not to damage the surface of the photo-
conductor, which directly contacts the roller during its
rotation. The �V values of the cured terpolymers in
water were smaller than those of uncured terpoly-
mers, and showed a steep increase after exceeding 71
mol % EO content.

Figure 5 shows the conductivity of the samples from
the low temperature and low humidity condition to
the high temperature and high humidity condition.
Sample 71 showed the highest conductivity at the
low temperature and low humidity condition, and
Sample 81 showed a steep increase in conductivity
at the high temperature and high humidity condi-
tion compared with the others. To investigate the
effect of environmental temperature and humidity
on the ionic conductivity, the parameter (D) is de-

Figure 4 Effect of EO content on conductivity at 23 °C and
50% RH and �Hm of terpolymers.

TABLE II
Properties of Crosslinked Terpolymer Compositions

Sample code Sample 53 Sample 62 Sample 71 Sample 81

Tensile properties
Modulus at 100% elongation (MPa) 1.2 0.9 0.9 0.9
Tensile strength at break (MPa) 3.0 2.9 3.4 3.1
Elongation at break (%) 335 385 465 515
Hardnessa 46 41 43 46

�Vb (%) 11 16 36 156
Conductivity

� (S/cm) at 10°C and 15% RH 5.3 � 10�9 1.1 � 10�8 2.3 � 10�8 1.2 � 10�8

� (S/cm) at 23°C and 50% RH 3.1 � 10�8 6.7 � 10�8 1.4 � 10�7 9.1 � 10�8

� (S/cm) at 32°C and 80% RH 1.2 � 10�7 2.6 � 10�7 5.9 � 10�7 6.3 � 10�7

� (S/cm) at 40°C and 90% RH 2.9 � 10�7 6.5 � 10�7 1.5 � 10�6 2.3 � 10�6

a By JIS A.
b Measured by swelling in water at 70°C for 70 h.

Figure 5 Conductivity under ambient temperature and
humidity of crosslinked terpolymer compositions.
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fined as eq. (2), and it is plotted against the EO
content as shown in Figure 6.

D � Conductivity at 40 °C and 90% RH/

Conductivity at 10 °C and 15% RH (2)

The conductivity increased with the increase of EO
content and with the decreases of Tg and crystallinity
in the region of 53–71 mol % EO contents under the
low temperature and low humidity condition. After
exceeding 71 mol % EO content, the conductivity de-
creased with the increase of crystallinity. Under high
temperature and high humidity conditions, on the
other hand, the most hygroscopic sample (Sample 81)
showed a steep increase in conductivity. These results
brought about the following considerations, i.e., the
mechanisms (A) and (B) on the conductivity of the
crosslinked terpolymers under ambient circum-
stances.
Mechanism A. Under the low temperature and low
humidity condition, water in the polymer seems to be
complexed with oxyethylene segment in the terpoly-
mers. The conductivity is considered mainly governed
by the movement or migration of the dissociated wa-
ter coupling with the movement of the oxyethylene
segment in the amorphous region. Therefore, the con-
ductivity increases with the increases of free volume
and ion concentration and with the expansion of the
amorphous region.27

Mechanism B. Under high temperature and high hu-
midity condition, the dissociated water, i.e., proton
and hydronium ion, seem to be transferred through
the continuous water phase based on Grotthuss-type
conduction.28 In the most hygroscopic polymer com-
position, mechanism B plays a dominant role.

Effect of doping of electrolyte on conductivity and
staining

To increase the ionic conductivity of the crosslinked
terpolymer compositions, the addition of electrolyte

was conducted. Octadecyltrimethylammonium per-
chlorate was used as an electrolyte in terms of its
hydrophobic nature and solubility in the terpolymer.
Since a lot of electrolyte may bleed out and stain the
surface of photoconductor leading to faults on the
image, the amount of electrolyte was restricted to 3
phr in this study. The addition of octadecyltrimethyl-
ammonium perchlorate resulted in the increase of con-
ductivity ascribable to the migration of the ions. Fig-
ure 7 shows the effect of the amount of electrolyte on
the conductivity of the crosslinked terpolymer com-
positions. There were no significant differences on the
conductivity by the amount of electrolyte for both
Sample 53 and Sample 81 series. The doping of 3 phr
electrolyte to Sample 53 stained the polycarbonate
plate of the surface of photoconductor after the lay-
ered material composed of electrolyte-doped Sample
53 was left to stand and plate at 40 °C for 3 days. The
electrolyte-doped Sample 71, however, did not stain
the plate at all. The results imply that the bleeding of
the electrolyte was suppressed by increasing the EO
content in the terpolymers.

Effect of applied voltage on conductivity

For practical applications of the crosslinked terpoly-
mer compositions to the electrophotographic system,
the dependence of conductivity on the applied voltage
was investigated from 10 V up to 1000 V. The conduc-
tivity of the carbon black-dispersed semiconductive
rubber materials was changed by the applied voltage.
This has been one of the crucial problems of carbon
black-loaded materials for the application to semicon-
ductive rollers. Thus, the effect of applied voltage on
the conductivity of crosslinked terpolymer composi-
tions was investigated in this study by comparison
with that of carbon black-filled composition. Figure 8

Figure 7 Effect of electrolyte on conductivity at 23 °C and
50% RH of Samples 53 and 71.

Figure 6 Effect of EO content on the D value of crosslinked
terpolymer compositions.
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shows the results on Sample 71 and the carbon black-
filled sample. The conductivity of the crosslinked ter-
polymer composition without carbon black was al-
most same in the range of 10–1000 V, whereas that of
the carbon black-filled composition increased with the
increase of applied voltage. The phenomenon ob-
served on the carbon black-filled composition was
already explained by Polley and Boonstra29 or Beek30

as ascribable to the intrinsic mechanism of conduction
in carbon black composition. The stable conductivity
of crosslinked terpolymer composition against the rise
of applied voltage makes the electrophotographic sys-
tem without any devices that can set the variable
voltage. This point of crosslinked terpolymer compo-
sition is very advantageous for application to semi-
conductive rubber rollers.

CONCLUSIONS

Crosslinked P(EH-EO-AGE) composition, of which
the molar ratio was EH : EO : AGE � 25 : 71 : 4,
showed high and stable conductivity under ambient
circumstances, not depending on the applied voltages
from 10 to 1000 V. The conductivity of crosslinked
P(EH-EO-AGE) compositions depends on two factors,
i.e., the amount of EO unit and the crystallinity of EO
segments. The introduction of EO units into the poly-
ether contributed to the increase in conductivity under
ambient circumstance. However, the excess EO units
brought about a decrease in conductivity under low
temperature and low humidity conditions due to the
increase of crystalline phase. The optimum EO content
in the terpolymer was 71 mol %. The doping of 3 phr
of octadecyltrimethylammonium perchlorate to the
crosslinked terpolymers composition whose EO con-
tent in the terpolymer was 71 mol % increased con-
ductivity without any staining. This material is ex-
pected to be useful for application to the semiconduc-
tive rubber rollers of an electrophotographic system.
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