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ABSTRACT: Solid solutions of blends of poly(ethylene ox-
ide) (PEO) and epoxidized natural rubber (ENR) comprising
12 wt % of LiClO4 were studied. Two glass transition tem-
peratures, corresponding to the Tgs of the constituents, con-
firm immiscibility of the polymers over the entire composi-
tion range. It turns out that the Tgs of both polymers slightly
increase after addition of salt to the blends. This shift is
approximately constant over the whole range of blend com-
position. Accordingly, Tg measurements reveal that the salt
dissolves to approximately equal relative amounts in the
two phases. The degree of crystallinity of PEO in blends
with ENR descends only to a minor extent with ENR con-
tent. However, addition of salt leads first to decreasing crys-
tallinity and second this decrease becomes more pronounced
with the addition of ENR. It shows that under these experi-
mental conditions the salt content in PEO increases as com-
pared to ENR. As one expects, the rate of isothermal crystal-

lization does not change in blends as long as PEO is in
excess. The situation changes again when salt is added. The
rate decreases in a certain range of crystallization tempera-
tures when ENR is added, demonstrating that salt is favor-
ably dissolved in PEO. Conductivity was measured in poly-
mers comprising different salt concentrations. A power-law
dependence of conductivity on salt concentration was found.
It results that the mobility of charge carriers in PEO exceeds
that of ENR by five orders of magnitude. Therefore, the con-
ductivity in blends is primarily governed by PEO as long as
PEO is in excess. Conductivity measurements reveal again
that salt is preferably dissolved in PEO. The distribution
coefficient is estimated. � 2008 Wiley Periodicals, Inc. J Appl
Polym Sci 110: 424–432, 2008
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INTRODUCTION

Solid polymer electrolytes, exhibiting ionic conduc-
tivity, are solid solutions of salts in polymers. Inter-
relations between ions and polymer chains play an
important role in mobility of charge carriers. Hence,
ion mobility in those systems is strongly correlated
to segmental motions.

The first study on solid electrolytes dates back to
1973.1 Later on it was shown that complexation of
salt cations results in significant ionic conductivity.2

The most frequently studied polymer in that context
is poly(ethylene oxide) (PEO) because a large variety
of salts is soluble in PEO.

Not only homopolymers have been used in form-
ing of polyelectrolytes but also polymer blends,3,4

graft5 and block copolymers,6 as well as interpene-
trating networks.7 For example, solid solutions of

lithium perchlorate in blends of poly(vinyl acetate)
and poly(vinylidene fluoride) have been proven to
be promising candidates for solid polymer electro-
lytes.4

The aim for inserting polymer blends as polymer
matrix material in polymer electrolytes was the hope
for improving both mechanical properties as well as
the ionic conductivity of the principal polymer, the
PEO, used in solid electrolytes. Miscibility and
morphology of semicrystalline/semicrystalline8,9 and
semicrystalline/amorphous10 polymer blends have
been extensively studied in recent years. These stud-
ies may be helpful in better understanding of inter-
actions between salt molecules and polymer chains.
Most polymers are immiscible with PEO, that is, the
polymer blend forms a heterogeneous system.
Hence, one may observe minor influence of the sec-
ond constituent on the properties of PEO that are
governing electric conductivity. Nevertheless, it
seems to be worthwhile to study influence of salt on
thermal and electric properties of immiscible blends
comprising PEO as one component. We select epoxi-
dized natural rubber (ENR) as the second compo-
nent. This selection is related to the hope that disper-
sion of ENR in PEO leads to enhanced physical
strength and ionic conductivity of the alloy.

Correspondence to: C. H. Chan (cchan@salam.uitm.
edu.my).
Contract grant sponsor: Institute of Research, Develop-

ment and Commercialization, Universiti Teknologi MARA;
contract grant numbers: 600-IRDC/ST 5/3/687, 600-IRDC/
ST 5/3/1039.

Journal of Applied Polymer Science, Vol. 110, 424–432 (2008)
VVC 2008 Wiley Periodicals, Inc.



We report on properties of PEO in solid blend sol-
utions and compare them with the behavior in salt-
free polymer blends. We focus especially on melting
and crystallization behavior of PEO as well as on
conductivity. In the context of the latter, we will
present some qualitative scaling arguments about
the behavior of solid solutions.

EXPERIMENTAL

Materials

Characteristics of the polymers are given in Table I.
In what follows, ENR denotes epoxidized natural
rubber with 50 mol % of epoxy content. PEO and
ENR were purified by filtration from chloroform sol-
utions and precipitation in nonsolvent afterwards.
The precipitate was filtered off and dried under
vacuum.

LiClO4 was purchased from Across Organic Com-
pany (Geel, Belgium). It melts at 2368C and decom-
poses at about 4008C. LiClO4 is a very hygroscopic
salt. It was used without further purification.

Preparation of the blends

Thin films of the PEO/ENR blends were prepared
by casting from 2% (w/w) solutions of the two com-
ponents in chloroform (Fisher Scientific, Leicester-
shire, UK). Compositions of the blends ranged from
100/0 to 0/100 in steps of 10 wt %.

Lithium perchlorate was added to the blend solu-
tions. The concentration of salt in the solid solution
is given by

Y¼ Mass of salt

Mass of polymer blend (1)

Polymer films were dried for 24 h at 508C, before
further drying in a vacuum oven for 48 h at the
same temperature. Afterwards, dried polymer films
were kept in desiccators. Approximately 48 h before
analysis of various parameters, samples were dried
again in the vacuum oven at 508C.

Differential scanning calorimetry

Perkin–Elmer DSC7 (Shelton, CT), calibrated with in-
dium standard, has been used for the analysis of
samples under nitrogen and helium atmosphere for
thermal procedures (i) and (ii), respectively. Sample
weights amounted to around 7 mg in differential
scanning calorimetry (DSC) experiments. Samples
were exposed to different thermal histories:

i. Isothermal crystallization: Samples were annealed
at Ta 5 808C for 1 min, followed by cooling
with a rate of 20 K min21 to the respective crys-
tallization temperature (Tc) and held until com-
plete crystallization. The half-time of crystalliza-

TABLE I
Characteristics of the Blend Constituents

Polymer PEO ENR (50 mol % epoxy content)

Mw
a (g mol21) 700,000

Mn
a (g mol21) 200,000

Mv
b (g mol21) 300,000

Tm
c (8C) 66 –

Tg
d(8C) 254 219

Td
e (8C) 440 412

DHref (J g
21) 188.3f –

Molecular structure

Supplier Aldrich Chemical Co. (St. Louis, MO) Rubber Research Institute, (Sungai Buloh, Malaysia)

a Molecular masses as estimated in this work by gel permeation chromatography. Polystyrene with low polydispersity
was used as standard.

b Viscosity-average molecular weight provided by the supplier.
c Apparent melting temperature for the neat polymer during the first heating run.
d Glass transition temperature as determined in this work.
e Decomposition temperature by thermal gravimetry analysis as determined in this study.
f The melting enthalpy of 100% crystalline PEO.11
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tion (t0.5) was determined at Tc 5 const. The
same procedure was applied for determination
of the melting point. After crystallization for
five half times, samples were heated up to 808C
with a rate of 20 K min21.

ii. Glass transition temperature: Samples were
annealed at Ta 5 808C for 1 min followed by
cooling with a rate of 100 K min21 to 2908C
and held there for 1 min. Afterwards, samples
were reheated up to 808C with a rate of 20 K
min21.

Optical polarizing microscopy

Morphologies of blends were studied using Leica Q
Win Software (Cambridge, UK), which was attached
to the Nikon microscope (Yokohama, Japan) equipped
with a Linkam heating/cooling unit (Surrey, UK).
Samples were subjected to the following thermal pro-
cedures:

iii. Radial growth rate: Sample was annealed at Ta

5 808C for 1 min, followed by cooling with a
rate of 20 K min21 to crystallization tempera-
ture Tc 5 498C and held there until complete
crystallization. During isothermal crystalliza-
tion, micrographs were captured at suitable
time intervals. Measurement of diameter of the
growing spherulites was carried out afterwards
by using Leica Q win software.

iv. Morphology: Sample was annealed at Ta 5 808C
for 1 min, followed by cooling with a rate of 20
K min21 to Tc 5 498C and held until complete
crystallization. Micrograph was captured at Tc

5 498C.

Gel permeation chromatography

The molecular weight of ENR was estimated by gel
permeation chromatography (GPC) at 308C using a
Waters GPC. Tetrahydrofuran was used as eluant at
a flow rate of 1.0 mL min21 and solvent with sample
concentration of 10.0 mg mL21. Polystyrene stand-
ards with low polydipersity were used to prepare a
calibration curve.

Impedance spectroscopy

Ionic conductivity (r) at 308C was determined from
ac-impedance measurements using a Hioki 3520-01
Hi-Tester (Nagono, Japan) interfaced with a com-
puter for data acquisition over the frequency range
between 100 Hz and 1 MHz. Films of polymer elec-
trolyte were sandwiched between two stainless steel
disk electrodes, which acted as blocking electrodes
for ions. Quantity r was calculated from the bulk
electrolyte resistance value (Rb) by adopting equation

r 5 L/(RbA). Quantities L and A denote thickness of
the polymer electrolyte film and its surface area in
contact with the stainless steel disk electrodes. Diam-
eter of the electrode is 10 mm. The average of thick-
ness L was calculated from three measurements of
thickness on the dry polymer film at three different
positions that were in contact with the stainless steel
disk electrodes. Thickness was measured by use of
Mitutoyo Digimatic Caliper.

RESULTS AND DISCUSSION

Glass transition temperature

Blends and solid solutions with Li-salt were exposed
to thermal procedure ii, described in experimental
section, for determination of glass transition temper-
atures Tg. Glass temperatures were estimated from
the second heating runs. Figure 1 shows the results.
Two glass transition temperatures, corresponding to
those of the neat constituents, were found in both
the salt-free and the salt-comprising systems. These
results reveal two facts. First, the polymers are im-
miscible over the entire composition range, and sec-
ond, addition of salt leads to an increase of both Tgs.
This indicates that the Li-salt is soluble in PEO as
well as in ENR. Glass transitions of neat ENR and
PEO are found at 254 K (2198C) and 219 K (2548C),
respectively. Addition of Y 5 12 wt % of LiClO4

causes a constant increase of glass transition temper-
atures by � 5 K over the entire concentration range.
This gives some hint about the distribution of salt in
the two polymer phases. Using concentration Y of
eq. (1), one may define Nernst’s distribution coeffi-

Figure 1 Glass transition temperatures of PEO and ENR
in blends and in solid solutions with Y 5 12% of LiClO4.
Blends: open squares, PEO; open circles, ENR; closed
markers refer analogously to salt-containing blends.
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cient as follows:

K ¼ YENR

YPEO
(2)

where concentration Yi refers to the respective phase
i. It follows for the salt concentration in the PEO
phase in the blend with Y 5 msalt, total/mblend

YPEO ¼ Y

WPEO þ WENRK
(3)

Quantity Wi symbolizes the mass fraction of com-
ponent i in the blend. An analogous expression fol-
lows for YENR. It is obvious that the change in Tg is
a function of salt concentration. Moreover, Figure 1
shows that this change is constant for ENR to a
good approximation over the whole range of blend
compositions when Y 5 const:

DTENR
g ðYENRÞ ¼ const for YENR ¼ const

andWENR � 1 ð4Þ

Equation (4) implies Y/YENR 5 1, and hence, the
distribution coefficient of eq. (3) has to be equal to
unity, K 5 1. This result is bound to the change of
Tg with salt concentration as given by eq. (4). If eq.
(4) also holds true for PEO, then it follows according
to thermodynamics also K 5 1 for PEO. Figure 1
reveals that this is indeed obeyed in the range of
low ENR concentrations. In the middle range of
blend composition, deviations occur that plead for K
< 1 and point toward modification of eq. (4). We
may conclude that findings for Tg suggest dissolu-
tion of salt is slightly favored in PEO in a certain
range of salt concentration.

Crystallinity

Melting enthalpies of PEO, DHm, are employed to
examine PEO crystallinity in blends and solid salt
solutions. The heat of melting was determined
according to thermal procedure (i) in the reheating
cycle after crystallization at selected Tc for five half
times, t0.5. Quantity t0.5 is defined as time taken for
half of the crystallinity to develop in the isothermal
crystallization process. Ranges of crystallization tem-
perature with appreciable rate of crystallization by

DSC are summarized in Table II. We selected crys-
tallization temperatures for blends and solid solu-
tions, where approximately the same rates of crystal-
lization were observed (cf. Fig. 4).

Melting enthalpy can be used as measure of crys-
tallinity X since it is proportional to X, X ! DHm,
with the reference enthalpy given in Table I as the
factor of proportionality. Accordingly, the crystallin-
ity of PEO amounts here to 69% and drops to 37%
when 12 wt % of Li-salt is added. Figure 2 reveals
that the degree of crystallinity of PEO in blends with
ENR only slightly decreases as compared to neat
PEO. This effect disappears in solid solutions as the
dotted curve in Figure 2 shows. If the degree of crys-
tallinity of PEO in solid solutions would follow the
dotted line of Figure 2, we could say that Nernst’s
distribution coefficient K of eq. (2) is unity and con-
stant over the range of blend composition. However,
this is not fulfilled as the dashed curve shows. The
steeper slope of this curve implies that in this range
of blend composition, coefficient K decreases or the
relative amount of salt dissolved in PEO increases as
compared to ENR. This seems to be in contrast to
the discussion on glass transition temperatures in
the previous paragraph. The reason for this appa-
rently controversial result can be simply explained
by the different responses of the system. Glass tran-
sition temperature reflects the behavior of the
amorphous phase in a system. The thermal history
applied for determining the glass transition tempera-
ture is not associated with a change of amorphous
phase. The melting enthalpy on the other hand is
related to transformation of crystalline phase in

TABLE II
Ranges of Isothermal Crystallization for PEO

Polymer sample Temperature range (8C)

PEO in PEO/ENR blends 44–54
PEO in solid solutions 24–35

Figure 2 Melting enthalpy of PEO in blends with ENR
(solid squares) and in solid solutions with 12 wt % of
LiClO4 (solid triangles); cf. text. Blends were crystallized
for five half times at 498C and solid solutions for equiva-
lent periods of time at 308C.
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amorphous phase after isothermal crystallization.
Hence, crystallization as well as melting depends on
the salt content. In other words, the degree of crys-
tallinity itself depends on salt content and this in
turn also causes changes of the salt content of the
amorphous phase. Therefore, glass transition temper-
ature is determined under condition of constant salt
concentration of the amorphous phases, whereas
crystallinity can be only observed under constant
overall concentration of salt in the system, but not
under constant salt content of the phases. The phase
transformation is accompanied by a change in salt
solubility and hence, a change in distribution coeffi-
cient K.

Melting behavior of PEO

Melting temperatures, Tm, were determined accord-
ing to thermal procedure (i) after isothermal crystal-
lization for five half times at the respective crystalli-
zation temperature, Tc. Data were evaluated after
Hoffman–Weeks procedure.12 Selected results are
presented in Figure 3. The curves Tm 5 Tm(Tc) for
PEO do not change significantly in blends with
ENR. The equilibrium melting point of PEO follows
from Figure 3 to T0

m 5 83.68C. It changes to T0
m 5

75.98C in solution with 12 wt % of Li-salt or to
73.58C in 50/50 blends with ENR under the same
condition. Functions Tm 5 Tm(Tc), as shown in Fig-
ure 3, are strictly linear with correlations of 0.998.
They read for the two systems of Figure 3.

TmðPEOÞ= �C ¼ 47:15þ 0:436Tc

TmðPEO þ saltÞ=�C ¼ 38:17þ 0:497Tc

If we assume the ratio DHm(PEO)/DHm(PEO1salt)
5 1.85 as given by data of Figure 2, it follows
with T0

m (PEO)/T0
m (PEO1salt) 5 1.10 for the ratio

of corresponding melting entropies DSm(PEO)/
DSm(PEO1salt) 5 1.68. This means that both melting
enthalpy and melting entropy of PEO descend when
salt is added.

The Hoffman-Weeks functions

Tm ¼ aTc þ ð1� aÞT�
m

given above might be easily related to the interfacial
energy melt/crystallite per volume formulated here
as the ratio of interfacial tension r and thickness lc
of lamella. In Kelvin’s approximation, it follows

r
lc
¼ DH�

mqa 1� Tc

T�
m

� �

With the slopes a given in the text, one easily sees that

r
lc

� �
PEO

<
r
lc

� �
PEO þ salt

It means for lc and Tc/Tm
8 = const, the interfacial ten-

sion of the salt solution increases as compared to the
solvent PEO or the salt acts as an interface-inactive
substance.

Dynamics of isothermal crystallization of PEO

Isothermal crystallization experiments were carried
out according to thermal procedure (i), as described
in the experimental section. Half times of crystalliza-
tion, t0.5, were estimated from the DSC traces as
reported before. In the heterogeneous blend under
discussion, phase boundaries may also influence the
rate of crystallization. Therefore, Avrami equation13

will be applied here only to neat PEO and in solu-
tion with 12 wt % of LiClO4. It reads

XðtÞ ¼ 1� exp �K
1=n
A t

h in
(5)

The rate of crystallization of PEO in blends is sim-
ply characterized by the reciprocal half-time, (t0.5)

21,
which can be defined independently of eq. (5). In
addition, results for pure PEO may serve as refer-

Figure 3 Hoffman–Weeks plots for PEO, crystallized
from 44 to 518C, open squares, and PEO with 12 wt % of
LiClO4, crystallized from 28 to 358C, open circles.

TABLE III
Avrami Parameters for Crystallization of Neat PEO and

in Solution with LiClO4

Avrami
parameters

PEO
PEO in solution with
12 wt % of LiClO4

Tc 5 448C Tc 5 358C

100K
1=n
A ðmin�1Þ 115 6 1 2.8 6 0.1

n 2.28 6 0.01 1.53 6 0.04
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ence for evaluation of crystallization of PEO in
blends. In eq. (5), the degree of conversion, X(t), is
the normalized crystallinity given as the ratio of the
degree of crystallinity at time, t, and the final degree
of crystallinity. Quantities K

1=n
A and n represent the

overall rate constant of crystallization and the
Avrami exponent, respectively. Avrami plots for
PEO are strictly linear up to conversions of 50% (cor-
relation coefficients > 0.9990). Avrami parameters
for neat PEO and in solution with salt were deter-
mined at Tc 5 44 and 358C, respectively, i.e., at crys-
tallization temperatures with similar undercoolings,
DT � 40 K. Results are listed in Table III. Addition
of 12 wt % of LiClO4 to PEO suppresses its overall
rate of crystallization by two orders of magnitude.

Figure 4 presents the crystallization rate of PEO in
blends and corresponding salt solutions. As one
expects for heterogeneous blends, the rate of crystal-
lization does not change with the addition of ENR at
least in the range where PEO is in excess. This situa-
tion changes, however, when salt is added. One
observes in blends a dramatic decrease of the rate as
compared to the salt solution with PEO. This is
again an indication that for the distribution coeffi-
cient K < 1 holds true, i.e., the salt content in PEO
exceeds that in ENR. The smaller magnitude of the
slope for the 50/50 blend as compared to the PEO
solution might be indicative of desalination of PEO
in blends with ascending temperature.

Spherulite growth rates of PEO

The radial growth rate, G, of PEO spherulites in
blends with ENR and corresponding salt solutions

was determined by polarizing optical microscope
under isothermal conditions at 498C. In all mixtures,
spherulite radii grew linearly with time to a good
approximation. Resulting radial growth rates are
depicted in Figure 5. The error of the rates is less
than 8%. The figure shows that at 498C the rate con-
stant of PEO is not only constant in blends with
ENR but also in solutions with salt. This result con-
firms the tendency indicated in Figure 4 that with
increasing temperature the distribution coefficient
approaches unity.

Blend morphologies

Figure 6 shows selected examples of PEO spherulite
morphologies that developed in blends with ENR
and in blend solutions with salt at Tc 5 498C. When
PEO is in excess in blends with ENR, spherulites ex-
hibit fibrillar fine texture. The fibrillar texture disap-
pears gradually in the opposite composition range.
Addition of salt to the blends leads to nonspherical
shapes caused by anisotropic growth rates. More-
over, one observes amorphous regions within the
morphological structures that could not be rear-
ranged interspherulitically.

Conductivity

In solid solutions of a salt in a polymer, salt mole-
cules, especially cations, are solvated by chain seg-
ments. Therefore, properties of these systems are
strongly governed by interactions between salt mole-
cules and segments. We take these correlations
approximately into account by formulating the molar

Figure 4 Rate of crystallization, (t0.5)
21, at different Tcs

for PEO in blends after the samples were exposed to ther-
mal procedure I; salt content Y 5 12%. PEO/ENR blends:
(~) 100/0, (&) 50/50; PEO/ENR/LiClO4: (~) 100/0, (n)
50/50.

Figure 5 Radial growth rate (G) of PEO for PEO/ENR
and PEO/ENR/LiClO4 blends as a function of weight frac-
tion of PEO in the blends after the samples were exposed
to thermal procedure iii at Tc 5 498C; salt content Y 5
12%. (*) PEO/ENR blends; (l) PEO/ENR/LiClO4.
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salt concentration as follows:

Csalt ¼ 1

a3NA

Usalt

Upoly

� �x

¼ 1

a3NANx
o (6)

with No the number of segments per salt molecule,
No 5 Nmonomer/Nsalt, and the volume a3 of a segment

given by

NAa
3 ¼ Mmonomer=qpolymer: (7)

Exponent x gives the extent of correlations
between salt molecules and segments. For x > 1, eq.
(6) indicates that the volume where correlations are
important is larger than the natural volume a3No,
whereas it is smaller for x < 1. As mentioned earlier

Figure 6 Morpholgy of PEO/ENR and PEO/ENR/LiClO4 blends, isothermally crystallized at Tc 5 498C. Micrographs
taken at 498C. Magnification: 35. The bar corresponds to 200 lm. PEO/ENR blends: (a) 100/0, (b) 80/20, (c) 40/60; PEO/
ENR blends with Y 5 12% of LiClO4: (d) 100/0, (e) 80/20, (f) 60/40.
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[see eq. (1)], the concentration measure Y is fre-
quently applied. It can be easily related to No

Y ¼ Msalt

Mmonomer

1

No (8)

Applying eqs. (6)–(8), we get for concentration de-
pendence of ionic conductivity

r ¼ eNAl
qpoly
Mmono

Mmono

Msalt

� �x

Yx (9)

In eq. (9), the ion mobility is symbolized by l. A
double-logarithmic plot of conductivity versus con-
centration Y yields exponent x and mobility l.

Equation (9) is only valid in a certain range of con-
centration Y. This range might be estimated as follows.
The Bjerrum length lB gives the distance between two
charges where Coulomb interaction equals thermal
energy. It reads with the usually applied symbols

lB ¼ e2

4peoekBT
(10)

for T 5 300 K, one gets

lB ¼ 55:58

e
nm ð100Þ

which results for water to lB � 0.7 nm. At distances
smaller than lB, electrostatic energy exceeds thermal
energy and recombination of ions will occur. The
average distance between two salt molecules in the
solid solution of concentration csalt 5 NACsalt is

r ffi c
�1=3
salt (11)

It follows, eq. (9) should be valid as long as

lB
r
< 1 (12)

The corresponding maximum value of concentra-
tion, Ymax, follows directly from (12)

Ymax ¼ Msalt

Mmono

Mmono

qpolyNA

 !1=x
1

l
3=x
B

(13)

For an estimation, we suppose Msalt 5 Mmono 5
100 g mol21, qpoly 5 1 g cm23 and use eq. (100). It
results

Ymax ffi e
100

� �3=x
ð130Þ

Figure 7 gives the conductivity of solutions of
LiClO4 in PEO and ENR in the range up to Y 5
0.12. The regression functions read

PEO : r ¼ 9:96 3 10�4Y2:78 ðX cmÞ�1

ðcorrelation 0:991Þ
ENR: r ¼ 2:35 3 10�8Y1:60 ðX cmÞ�1

ðcorrelation 0:95Þ ð14Þ

With the molecular characteristics for the PEO sys-
tem (ENR system) Msalt 5 106.5 g mol21, Mmono 5
44 g mol21 (152 g/mol), and qpoly 5 1.2 g cm23 (1.1
g cm23), we can calculate the mobilities. It results

PEO : x ¼ 2:78 and l ¼ 4:4 3 10�6cm2=Vs

ENR : x ¼ 1:60 and l ¼ 1:9 3 10�11cm2=Vs

(15)

The figure shows that the conductivity of solutions
with PEO is higher than that with ENR owing to the
fact that the mobility in ENR is by five orders of
magnitude lower as in PEO. This effect might be
also influenced by the stronger correlation of ions in
PEO, x 5 2.78 as compared to 1.60 for ENR.

Figure 7 also gives the conductivity of a PEO/
ENR 60/40 blend as a function of overall salt con-
centration Y. It follows for the regression function

r¼3:28310�3Y2:82ðXcmÞ�1 ðcorrelation: 0:95Þ (16)

The conductivity of ENR is by three orders of
magnitude lower than the conductivity of PEO.
Therefore, we may say that the conductivity of the
PEO/ENR 60/40 blend is solely governed by the

Figure 7 Electric conductivity of solid solutions as a func-
tion of Li-salt content at 308C; dashed curve: LiClO4 dis-
solved in PEO; dotted curve: LiClO4 dissolved in ENR;
solid curve: LiClO4 dissolved in 60/40 blend of PEO and
ENR.
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conductivity of PEO. Figure 7 shows: At r 5 const,
the overall salt concentration Y of the blend is lower
than the salt concentration YPEO of PEO. However,
the salt concentration of PEO has to be the same in
both systems according to our initial assumption.
This allows easily for estimating the distribution
coefficient K defined in eq. (2). We replace in eq. (16)
the overall concentration Y according to eq. (3) by
the concentration YPEO of the PEO phase and equal-
ize eqs. (14) and (16). It follows adopting r 5 roY

x

K ¼ 1

WENR

roPEO

roblend

� �1=xðblendÞ
Y

xðPEOÞ
xðblendÞ�1

� �
PEO �WPEO

2
4

3
5
(17)

One recognizes that K depends slightly on YPEO,
the salt concentration in PEO. For YPEO 5 0.1, it fol-
lows with the data of eqs. (14) and (16) for K 5 0.19.
It means that an overall salt content of Y 5 0.068 in
the 60/40 PEO/ENR blend corresponds actually to a
salt content in the PEO-phase of YPEO 5 0.1. For
YPEO 5 0.2, the distribution coefficient descends to
0.18. With increasing salt content, the differences in
salt concentration of the PEO- and ENR-phase
ascend slightly.

CONCLUSIONS

Studies on solid solutions with blends reveal that
LiClO4 is preferably dissolved in PEO as compared to
ENR. We characterize the salt solubility in equilibrium
by the distribution coefficient K. It turns out that dif-
ferent conditions lead to different responses of the sys-
tem. Measurements of glass transition temperature,
made under condition of constant salt content of the
blends, indicate almost equal solubility of the Li salt
in the polymers. The situation changes when crystalli-
zation is involved. Both degrees of crystallinity and
rates of crystallization point toward K < 1 that is

higher solubility of the salt in PEO. The same conclu-
sion can be drawn by analyzing electrical conductiv-
ities as a function of salt content in the polymers and
the blends. It is found that electrical conductivity dis-
plays a power-law dependence on salt concentration
Y. Ions are solvated by chain segments. The mobility
of those solvated ions governs the conductivity. The
exponent of the power law may indicate the extent of
correlations between segments and ions.

Thanks are due to E. M. Radman, J. Othman, T. I. A.
Tunku Kudin, N. F. A. Zainal, S. N. Mohd. Zolkepeli, and
H. Hanibah who provided results that were incorporated
in this study.
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