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ABSTRACT: Poly[methoxy oligo (oxyethylene) propylene] was synthesized by means of
the Et(Ind)2ZrCl2-MAO catalyst. The ionic conductivity of poly[methoxy oligo (oxyeth-
ylene) propylene] with the lithium salt depends on the content of the lithium salt. The
temperature dependence of conductivity was determined and the Vogel–Tammann/
Hesser–Fulcher (VTF) plot agreed well with theoretical values, confirming the influ-
ence of the polymer segmental motion on conductivity. The ionic conductivity as high as
1024.7 s/cm can be obtained at room temperature, and this can be increased one or two
orders of magnitude by blending the polyelectrolyte with hydroxyl-containing additives
such as tetraethylene glycol. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 73: 1397–1400,
1999
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INTRODUCTION

Since the early work of Armand and Wright on
the transport of ions in solid state complexes of
alkali-metal salts and poly(ethylene oxide)
(PEO),1–3 a number of studies have been pub-
lished on the synthesis and properties of ion con-
ducting solvent-free polymer electrolytes.4–6

However, some investigations have demonstrated
that the ionic conductivity occurs only in the
amorphous regions of the PEO7, while a high
proportion of the crystalline regions will greatly
reduce the total conductivity. In view of that,
there have been a number of works on synthesiz-
ing polymer hosts for the sake of giving fully
amorphous polymer electrolytes.8

One method of solving this problem is to prepare
a comblike polymer with short PEO chains as side
groups attached to a large polymer backbone. Many
synthetic strategies have been developed to prepare
comblike polymer structures such as polyphospha-
zenes, polysiloxanes, and polymethacrylates as the

backbone and oligo (oxyethylene) as the side
group.9–11 However, the comblike polymers with
methoxy oligo (oxyethylene) side chains anchored
on polypropylene have not been reported. This polar
monomer could not be polymerized with Ziegler–
Natta catalysts by us, probably because the catalyst
will chelate with some of the monomer, which leads
to loss of the catalytic activity. As the Et(Ind)2ZrCl2-
MAO catalyst has higher activity than that of the
usual Ziegler–Natta catalyst, it was selected for use
in the polymerization.

In this paper, the polar monomer methoxy oligo
(oxyethylene) propylene intended for solid state
electrolyte was successfully polymerized by means
of the Et(Ind)2ZrCl2-MAO catalyst, and activity of
polymerization as high as 9.4 3104 g/mol Zr z h
could be obtained. The ion conduction of the com-
plexes of this polymer with lithium methoxy oligo
(oxyethylene) sulfonate was investigated.

EXPERIMENTAL

Materials

The synthesis of the lithium methoxy oligo (oxy-
ethylene) sulfonate (LiSEO7 was followed accord-
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ing to Ref 12. Methoxy oligo (oxyethylenes) (Mw
5 350, 550, 750) were Aldrich reagents (AR) and
used without further purification. Allyl chloride
(AR) was distilled before use. Toluene (AR) was
distilled over sodium under nitrogen atmosphere.
The Et(Ind)2ZrCl2 and MAO was purchased from
Wittico Co. and used without further purification.

Synthesis of Poly[Methoxy Oligo (oxyethylene)
Propylene]

Poly[methoxy oligo (oxyethylene) propylene] was
synthesized as follows:

The monomer was prepared by etherification of
methoxy oligo (oxyethylene) with allyl chloride
with a modified procedure. To a well-stirred mix-
ture solution of methoxy oligo (oxyethylene) (take
Mw 5 350, n 5 7 as example) 35 g (0.1mol), 0.2 g
tetrabutylammoiumiodide, and aqueous 50%
(w/w) sodium hydroxide 10 g (0.125 mol NaOH),
allyl chloride 38 g (0.5mol) was added at 70°C
within 1 h. After the reaction was completed, the
mixtures were extracted by ether until the oil
phase become colorless. The organic extracts were
dried over anhydrous magnesium sulfate, and
35.2 g liquid methoxy oligo (oxyethylene) pro-
pylene (MO7P) was obtained. Yield: 90.2%. The IR
spectrum of the monomer showed no —OH peak
(ca. 3430 cm21) and C—Cl peak (ca. 760 cm2 1),
but exhibited the characteristic peak of
“CH25CH” (1640 cm21).

1H-NMR (CDCl3, d, ppm): 5.9 (1H,
CH25CH—), 5.2 (2H,CH25CH—), 4.12 (2H,
5CH—CH2O), 3.6–3.8 (28H, —CH2CH2—O),
3.40 (s,3H, —OCH3).

The polymerization was carried out in a 100
mL glass flask thermostated at 60°C under nitro-
gen atmosphere. The amount of 7.2 g (0.02 mL) of
MO7P, 4.5 mL of 3M MAO, and 0.4 mL toluene
solution of ethylene bis(1-indenyl) zirconium di-
chloride (13 mM) were introduced respectively.
After 2 h, the reaction mixture was poured into
100 mL of acidified alcohol. The polymerized solid
product recovered by washed with methanol and

dried. The amount of 3.7g PMO7P was obtained.
The IR spectrum showed no peak for the carbon
double bond (ca.1640 cm21), but showed the char-
acteristic peak of —(CH2CH)—n (2927 cm21,
2903 cm21). Mw 5 5.3 3 104, Mn 5 2.5 3 104

Mw/Mn 5 2.12.
1H-NMR (DMSO, d, ppm): 1.3 [2H,

—(CH2CH)—n], 1.6 [1H,—(CH2CH)—n], 3.6–3.8
(30H, —CH2CH2—O), 3.4 (s,3H, —OCH3).

Measurements

The thermal properties of the polymer were
studied on a Perkin-Elmer DSC-4 differential
scanning calorimeter at a heating rate of 20°C/
min. 1H-NMR spectra were obtained on a
BRUKER DMX-300 spectrometer. The conduc-
tivities were measured using HIOKI LCR 3520
Hi TESTER over 1KHZ. The experimental pro-
cedure is described as follows: after the electro-
lyte was dried under vacuum at 100°C for 48 h,
the cylindrical disk samples were sandwiched
between two platinum electrodes and sealed in
a test tube filled with dry nitrogen. Before each
measurement was made, the sample was kept
at constant temperature for at least 30 min. A
Waters ALC/GPC 224 column was used to ana-
lyze gel permeation chromatograms with the
calibration of standard poly(oxyethylene) ether
sample.

RESULTS AND DISCUSSION

Polymer Synthesis

The phase transfer catalyst was used for prepar-
ing the monomer. The most important condition
was that the amount of ally chloride used was
excessive. No residual —OH group could be de-
tected by 1H-NMR and IR in the product, indicat-
ing that its formation from methoxy oligo (oxyeth-
ylene) was complete.

From the results listed in Table I, although the
activity of the polymerization of the methoxy oligo
(oxyethylene) propylene was much lower than
that of the ethylene (A 5 106–107 g/mol Zr z h),
activity of the polymerization as high as 5.5 3 104

g/mol Zr z h can be obtained. It can also be found
that the side-chain length of the monomer affects
the activity of the polymerization. With the in-
creasing unit size of oligo (oxyethylene), the ac-
tivity of polymerization decreased. For example,
when the repeat unit of PEO was 7, the activity of
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the polymerization was 9.4 3 104 g/mol Zr z h,
compared with 5.5 3 104 g/mol Zr z h when the
repeat unit of PEO was 12. However, as the unit
of the PEO increased further, the catalytic activ-
ity did not change obviously. Further research of
the polymerization is in progress.

Ionic Conduction of the PMOP/LiSEO7 System

As is well known, candidate electrolytes for lith-
ium batteries should pursue a high Li1 ionic
transference number. The effective method is to
anchor anions in a macromolecular chain through
covalent bonds12; thus the lithium salt LiSEO7,
with big anions, was selected due to its low dis-
sociation energy and good compatibility with the
polymer.

Conductivity (s) is determined by ionic mobil-
ity (m), carrier number (n), and charge (e), as
eq.(1) shows:

s 5 nem (1)

For poly[methoxy oligo (oxyethylene) propylene]
(abbreviated as PMO7P) (the following discussion
takes PMO7P as example)/LiSEO7 system, e is

constant while ionic mobility and carrier number
varies with the composition, as shown in Figure 1.
The addition of salt provides the complex with a
carrier ion as it dissociates in the polar media.
With increasing salt concentration, conductivity
increases because the carrier number increases
rapidly. However, the dissociating degree drops
with increasing salt content as the salt becomes
crowded. Meanwhile, much salt mainly exists as
ion pairs or ion clusters that even hinder segmen-
tal motion by chelating the ether oxygen atoms.
As a result, the maximum conductivity of the
PMO7P/LiSEO7 system appears at O:Li 5 33. The
following discussions are based on maximum con-
ductivity composition.

Figure 2 gives the temperature dependence of
conductivity for the complex of the PMO7P/
LiSEO7 (O:Li 5 36) system. It can be seen that
the plots of logs vs 1/T is a curved line rather than
a linear one, which suggests that the ionic con-
duction mechanism should be of the WLF type.13

In this viscous matrix transference, the proper-
ties are described by the VTF equation14:

Figure 1 Isothermal conductivity as a function of the
composition of the PMOP/LiSEO7 system at 25°C.

Table I Polymerization of MOP with Et(Ind)2ZrCl2/MAO as Catalyst

na Zrb A1/Zrc T (°C) t (h) A (g/mol Zr z h)

7 5.3 1200 60 1 9.4 3 104

12 5.3 1200 60 1 5.5 3 104

17 5.3 1200 60 1 5.7 3 104

a n: Number of units of oxyethylene in the monomer.
b Zr: molar content of Et(Ind)2ZrCl2 in the polymerization in m mol.
c A1/Zr: molar ratio of MAO to Et(Ind)2ZrCl2 in the polymerization. A: activity of the polymerization in gram of polymer per

molar zirconium and hour.

Figure 2 Arrhenius plots of the conductivities for the
PMOP/LiSEO7 (O : Li 5 36) system.
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s 5 AT21/2exp~2B/T 2 T0! (2)

where A and B are constants, T is absolute tem-
perature, and T0 is a temperature related to the
Tg (Tg 5 225 K). According to Gibbs configura-
tional entropy model, the T0 is regarded as 50°C
below the measured Tg. It can be inferred from eq.
(2) that it should vary linearly with (T 2 T0)21,
which is proved by the good linear relationship of
VTF plots in Figure 3, when the data of Figure 2
is applied. That is to say, ionic conductivity is
considerably affected by the segmental motion of
polymer chains in the amorphous region of the
electrolytes.15

The effect of additives such as tetraethylene gly-
col (TEG) on the conductivity of the PMOP/LiSEO7
(O : Li 5 36) system was examined. Figure 4 shows
the relationship between the content of the additive
and the conductivity for the PMOP/LiSEO7 (O : Li
5 36) system. Addition of 20% of TEG rapidly in-
creases ionic conductivity from 1024.7 to 1024.2 s/cm
at room temperature, while when 50% of TEG is
added the ionic conductivity drastically increases to
1023.4 s/cm at the same temperature. It is apparent
that the additives lower the microviscosity of the
ion-conducting material, which improves segmental
mobility of the polymer chains and further en-
hances the conductivity.16

Here a new type of poly[methyoxy oligo (oxy-
ethylene) propylene] was synthesized by metallo-
cene /MAO catalyst. The ion conduction of the
resulting polymer with LiSEO7 was examined.
The ionic conductivity of the PMOP/LiSEO7 sys-
tem as high as 1024.7 s/cm can be obtained at

room temperature, which is one of the highest
(;1024.5 s/cm) ever reported in the literature.

The authors acknowledge many helpful exchanges of
information and discussions with Prof. You-huai Wang
and You-liang Hu.
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Figure 3 Vogel–Tammann/Hesse–Fulcher plots for
the PMOP/LiSEO7 (O : Li 5 36) system.

Figure 4 Arrhenius plots of the conductivities for the
(A) PMOP/LiSEO7, (B) PMOP/LiSEO7/20% TEG, and
(C) PMOP/LiSEO7/50% TEG (O : Li 5 36) system,
respectively.
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