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ABSTRACT: Sodium single-ion poly(ether urethane)/sul-
fonated polyether blends based on the synthesis of a series
of poly(ethylene oxide)s with sodium sulfonate side chains
(SPEO) with different molecular weights were prepared and
characterized by Fourier transform infrared spectroscopy,
elemental analysis, Fourier transform Raman spectroscopy,
differential scanning calorimetry, and complex impedance
analysis. The results showed that the molecular weight and
content of SPEO significantly influenced the compatibility
between the hard and soft segments of polyurethane (PU),
the glass-transition temperature, and the ionic conductivities

of PU/SPEO complexes. The glass-transition temperature of
the system obviously decreased and the ionic conductivities
of PU/SPEO complexes progressively increased with an
increase in the SPEO content. In a certain range of temper-
atures, the ionic conductivities of PU/SPEO complexes
agreed with an Arrhenius equation. © 2003 Wiley Periodicals,
Inc. J Appl Polym Sci 89: 23692373, 2003
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INTRODUCTION

Since Wright and coworkers'? reported that ion con-
duction in complexes formed between poly(ethylene
oxide) (PEO) and alkali metal salts and Armand et al.?
suggested that an ion-conducting polymer could be
used as a solid electrolyte in a high-energy-density
battery, extensive studies on polymer-state electro-
lytes have been carried out.*”” Because of their high
compliance, good adherence to electrodes, and excel-
lent processability for being made into thin films, solid
polymer electrolytes (SPEs) have a high potential for
use in rechargeable lithium batteries and other elec-
trochemical devices.®

Traditional SPE materials are based on complexes of
polymers and alkali metal salts. An ion-conducting
polymer can be viewed as a solid solution of alkali
metal salts that dissociates into free ions under the
coordinating effects of neighboring polymer segments
containing polar groups. The segments can rearrange
their position and configuration and, therefore,
change the location of ions, and they can favor elec-
trical conduction through ion transport. Most re-
searchers have focused their efforts on finding an SPE
system possessing both high ionic conductivity and
good mechanical properties. Various polymers,”™*>
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such as PEO, poly(propylene oxide), poly(vinylidene
fluoride), poly(vinyl alcohol), poly(methyl methacry-
late), poly(acrylonitrile), and poly(bismethoxy ethoxy
phosphazene), have been employed as polymer ma-
trices in the investigation of SPEs. Polyurethanes
(PUs) are used as host matrices of SPEs because of
their good chemical stability, excellent mechanical
properties, and low glass-transition temperature
(Tg).6'16_19 However, most PU electrolytes consist of
PU and inorganic salts and are called bi-ionic conduc-
tors. In bi-ionic conductors, the migration of anions
toward the cathode can cause a serious decay of di-
rect-current conductivity and a time-dependent in-
crease in the cell impedance, which are harmful to
rechargeable batteries.?

This article reports a polymer electrolyte system
based on blends of PU and an organic sodium salt,
poly(ethylene oxide) grafted with sodium sulfonate
side chains (SPEO). We expected that the large size of
the SPEO anion might hinder the migration of anions
under an electric field and eventually overcome the
disadvantages of bi-ionic PU electrolytes. The primary
concern was the effect of the SPEO content and mo-
lecular weight on the ionic-conductivity properties of
PU/SPEO complexes.

EXPERIMENTAL
Materials

Poly(ethylene glycol) (PEG; number-average molecu-
lar weight = 100, 200, or 300; Aldrich Chemical Co.,
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Milwaukee, WI) was dried at 70°C in a vacuum oven
for 48 h before use. 4,4’-Diphenylmethane diisocya-
nate (Aldrich Chemical) was purified by vacuum dis-
tillation. 1,4-Butanediol (Riedel-de Haén Co., Seelze,
Germany) was dried via refluxing over CaH, for 4 h
for the exclusion of trace water and was then distilled
under vacuum. The solvent N,N’-dimethylacetamide
(DMA; Shanghai Solvent Factory, Shanghai, China)
was dried and distilled before use. Dimethyl fumarate,
sodium hydrogen sulfite (NaHSO;), dimethyl sulfox-
ide, and calcium hydride (all from Aldrich Chemical)
were used without further purification.

Synthesis

The syntheses of poly(ether urethane) (PU), sulfo-
nated dimethyl fumarate (SDMF), and SPEO have
been reported previously.®

Films of PU/SPEO complexes were prepared with a
solution-casting technique. In a typical procedure, ap-
propriate amounts of PEG-PU and SPEO were dis-
solved in DMA, and the mixture was then poured
onto a Teflon plate. After the solvent evaporated at
60°C in an oven for 24 h, the films were transferred to
a vacuum oven and further dried at 60°C for at least
24 h for the removal of residual solvent.

Characterization

IR spectra were recorded on a Nicolet 170 SX Fourier
transform infrared (FTIR) spectrophotometer (WI) at a
resolution of 2 cm~'. An elemental analysis was car-
ried out on a PerkinElmer 240 elemental analyzer
(Wellesley, MA). Differential scanning calorimetry
(DSC) thermograms were recorded from —100 to
100°C with a PerkinElmer DSC2-C instrument at a
heating rate of 10°C min™'. Fourier transform Raman
spectra with a wave-number resolution of 2 cm™!
were recorded at 25°C with a Bruker IFS66 (Ettlingen,
Germany) with an FRA 106 Raman module and a
near-infrared YAG laser with a wavelength of 1064
nm. Jonic-conductivity measurements with alternat-
ing current were conducted on a Hewlett-Packard
4192A impedance analyzer (Palo Alto, CA) in a fre-
quency range of 10 to 10° Hz. The films were cut to a
required size (10 mm in diameter and 0.2-0.3 mm
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Figure 1 FTIR spectra of PEO400 and SPEO400.

thick) and were sandwiched between two copper elec-
trodes.
The ionic conductivity (o) of the samples was cal-
culated as follows:
o= (1/RyL/A (1)
where L is the thickness of the sample, A is the area of

the copper electrode, and Ry is the bulk resistance of
the sample.

Composition of the SPE films

In this article, SPEO400 indicates SPEO with an aver-
age molecular weight of 400. PU/SPEO400-12 indi-
cates a sample complex of PU with SPEO400, with the
number 12 representing the molar ratio of ether oxy-
gen groups to sodium cations, which is used to ex-
press the SPEO concentration in the system. Other
samples are labeled similarly.

RESULTS AND DISCUSSION
FTIR spectral analysis

Figure 1 shows the FTIR spectra of PEO400 and
SPEO400. An SOj; stretching band at approximately
1040 cm ™" and a carbonyl stretching band at approx-
imately 1736 cm ™' appear in the FTIR spectrum of
SPEO400. This suggests that expected addition and

TABLE 1
Elemental Analysis Results for SDMF and SPEO
C% H% 5%

Sample Theoretical Experimental Theoretical Experimental Theoretical Experimental
SDMF 29.04 29.83 3.69 4.10 12.90 12.63
SPEO400 36.36 36.95 5.30 5.19 8.08 7.93
SPEO600 41.50 42.01 6.37 6.47 5.80 6.12
SPEO800 44.97 44.87 7.10 7.28 4.26 4.38
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Figure 2 IR spectra of PU/SPEO600 complexes in the ether
oxygen stretching region.

transesterification reactions took place. The results of
an elemental analysis (Table I) showed that experi-
mental data were similar to theoretical data, and this
consistent with the expected structure of SDMF and
SPEO. This indicated that SPEO was synthesized suc-
cessfully.

FTIR was used to investigate interactions between
the organic sodium salt SPEO and the PU host matrix
at room temperature. Two main IR spectral regions,
1660-1780-cm ™' C=O stretching and 1000-1150-
cm™~' C—O—<C stretching, are presented and studied.
Figure 2 shows the 1000-1180-cm ™' ether oxygen
stretching region of the PU/SPEO400 series. The band
centered around 1070 cm ™' might be associated with
the stretching vibrations of ether oxygen groups, in-
volving coordination with sodium cations, whereas
the bands at 1114 and 1146 cm ™' were assigned to the
stretching vibrations of nonbonded ether oxygen
groups.”! The stretching of free ether oxygen groups
shifted from a higher frequency to a lower frequency
when the SPEO concentration was increased. This
shift to a lower frequency suggested that the ionic
coordination between the ether oxygen groups and
sodium cations increased with increasing SPEO con-
tents in PU/SPEO systems. It was beneficial for the
polymer electrolyte to enhance the ionic conductivity.
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Figure 3 Raman spectra of PU/SPEO400 complexes in the
1200-800-cm ™! region.
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TABLE 11
DSC data of PU/SPEO400 Complexes

T, (°C) AC,

Sample [EO]/[Na*] Onset Midpoint (J/g°C)
PU/SPEO400-8 8 —24.3 —141 041
PU/SPEO400-12 12 —26.4 —-19.0 0.42
PU/SPEO400-16 16 —-31.1 —24.8 0.47
PU/SPEO400-20 20 -394 —33.1 0.51
PU — —40.7 —34.9 0.46

The same results were obtained from a study of PU/
SPEO600.

Raman spectral analysis

Figure 3 illustrates a typical Raman spectrum contain-
ing v, (v: vibrational absorption band) (s: strong ab-
sorption band) (SO;) as a function of the SPEO con-
centration for the PU/SPEO400 series. The intensity of
the 1040-cm™' band increased with increasing
SPEO400 concentration. The 1040-cm ™' band was as-
signed to the symmetric stretching vibration of the
SO; group. Figure 3 indicates that the intensity of the
band of v, (SO;) gradually increased with a decrease in
the molar ratio of ether oxygen to sodium cations or
with an increase in the SPEO400 concentration.

Thermal analysis of the PU/SPEO complexes

T, of the PU/SPEO system was measured so that we
could evaluate the compatibility between the hard and
soft segments after the introduction of SPEO into the
PU matrix. DSC thermograms of the PU/SPEO400
series are shown in Table II. T, of PU decreased (from
ca. —14 to —33°C) with an increase in the [EO]/[Na™]
molar ratio from 8 to 28 (where [EO] is the ethylene
oxide concentration). (In each sample the ethylene
oxide units or concentration can be calculated because
weight of SPEO is accurately added). According to the
conventional ionic transport mechanism based on
polymer/salt complexes, sodium cations can coordi-
nate with the polar ether oxygen groups of PU. There-
fore, the solvation of the sodium cations by the PEG
soft segment partially blocked the local motion of the
polymer segment through the formation of transient
crosslinking and resulted in a stiffening of the poly-
mer chains or a higher T,.

Table III lists DSC data for PU/SPEO400-24, PU/
SPEO600-24, PU/SPEO800-24, and PU/SDMF-24
samples. The results indicate that Tg of the PU/SPEO
series was lower than that of the PU/SDMF sample.
The main reason was the compatibility of PU/SPEO
being better than that of PU/SDMEF. In the PU/SPEO
blends, both the soft segments of PU and SPEO pos-
sessed the same repeat units, ethylene oxide, and en-
hanced the compatibility between PU and SPEO.
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TABLE III
DSC data of PU/SPEO Complexes
T, (°C) AC,/1/

Sample [EO]/[Na*] Onset Midpoint (g°C)
PU/SPEO400-24 24 —-31.1 —25.1 047
PU/SPEO600-24 24 —40.2 —33.2 0.51
PU/SPEO800-24 24 —50.6 —43.2 0.68
PU/SDMEF-24 24 —29.5 —20.2 0.48
PU — —40.7 —34.9 0.46

ACP refers to heat capacity at constant pressure.

Moreover, the molecular weight of SPEO significantly
influenced T, values of PU/SPEO complexes: T, de-
creased with an increase in the molecular weight of
SPEO in the PU/SPEO blends. SPEO acted as a plas-
ticizer in PU/SPEO blends and showed better com-
patibility when its molecular weight was higher.
Meanwhile, at a certain [EO]/[Na™] ratio, the weight
fraction of high molecular weight SPEO far exceeded
that of low molecular weight SPEO in the PU/SPEO
complexes investigated. Therefore, T, decreased dra-
matically because the mobility of the PEG soft seg-
ment was enhanced with the molecular weight of
SPEO.

Ionic-conductivity properties of the PU/SPEO
complexes

Figure 4 shows the isotherm curves of the ionic con-
ductivity against the SPEO concentration from an
[EO]/[Na™] ratio of 8 to 28 for the electrolytes based
on the PU/SPEO600 complex.In Figure 4, the ionic
conductivity is shown to have increased with a de-
crease in the [EO]/[Na*] molar ratio. For the PU/
SPEO complexes, there existed an interaction between
the sodium cations and polar oxygen atoms in the
ether units of the PU soft segments. As the polymer
chain segments rearranged their configuration and
position under an electric field, the location of the
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Figure 4 Jon concentration dependence of the ionic con-
ductivity for PU/SPEO600 complexes.
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Figure 5 Temperature dependence of the ionic conductiv-
ity for PU/SPEO400 complexes.

charge carriers was changed, and ionic transport was
achieved accordingly. With respect to the PU/SPEO
blend system, the amount of SPEO increased with the
decrease in the [EO]/[Na™] ratio; therefore, the num-
ber of charge carriers was naturally increased. More
sodium cations might be involved in the ion-transport
process, which was favorable for an enhancement in
the ionic conductivity of the PU/SPEO complexes in-
vestigated.

Figures 5 and 6 illustrate the temperature depen-
dence of the ionic conductivity for PU/SPEO400 and
PU/SPEO600 complexes, respectively. The ionic con-
ductivities of PU/SPEQ increased with an increase in
the temperature because salt dissociation and ion mo-
bility became easier at high temperatures. However,
when the temperature was increased, the mobility of
the polymer chain segments and the fraction of the
free volume also apparently increased. All these fac-
tors resulted in an increase in the ionic conductivity of
the PU/SPEO complexes. Furthermore, Figures 5 and
6 reveal five straight lines with different slopes for
PU/SPEO400 and PU/SPEO600 complexes. It was in-
ferred that the ionic conductance behavior of the PU/
SPEO complexes followed the Arrhenius equation in
the temperature region under investigation.
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Figure 6 Temperature dependence of the ionic conductiv-
ity for PU/SPEO600 complexes.
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Figure 7 Temperature dependence of the ionic conductiv-
ity for PU/SPEO600 complexes at an [EO]/[Na™ ] ratio of 24.

To illustrate the influence of the SPEO molecular
weight on the ionic conductivity of the PU/SPEO
complexes, we performed impedance measurements
to determine the conductivity of four PU/SPEO sam-
ples with SPEO samples of different molecular
weights. Figure 7 shows the effect of the SPEO molec-
ular weight on the ionic conductivity of PU/SDMF
and PU/SPEO complexes at an [EO]/[Na™] ratio of
24. The ionic conductivity of the PU/SPEO complexes
clearly and monotonically increased with an increase
in the molecular weight of SPEO within the whole
temperature range investigated. The PU/SDMEF-24
sample showed the lowest ionic conductivity, whereas
the PE/SPEO800-24 sample exhibited the highest ionic
conductivity, about 6.0 X 1077 S cm™ ! at room tem-
perature and 4.8 X 10 °Scm ™' at 100 °C, respectively.
This feature was consistent with the DSC results pre-
viously presented. As expected, SPEO could act as an
ionic resource and as a plasticizer in the PU/SPEO
electrolytes. With an increase in the SPEO molecular
weight, the plasticizing effect of SPEO became pro-
nounced, allowing a high mobility of the charge car-
riers and providing a desirable ion-conductivity envi-
ronment in the polymer electrolyte system. At a cer-
tain salt concentration, the amount of SPEO in the
PU/SPEO800 system was higher than that in other
systems containing low molecular weight SPEO, and
there was a higher mobility of ion and polymer chain
segments, which eventually led to a decrease in Tg and
an increase in the ionic conductivity for the PU/SPEO
complexes.
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CONCLUSIONS

The PU/SPEO complexes exhibited good film-form-
ing abilities, low Tg’s, and certain ionic conductivities.
The system might be viewed as a single-ion conductor.
The concentration and molecular weight of SPEO

greatly influenced the compatibility, T,’s, and ionic

conductivities of the PU/SPEO complexes. The com-
patibility of PU and SPEO increased with an increase
in the content and molecular weight of SPEO, but T,
decreased sharply. Eventually, the ionic conductivities
of the PU/SPEO complexes progressively increased.
Moreover, the ionic conductance behavior obeyed the
Arrhenius equation in the temperature range investi-
gated.
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