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ABSTRACT: A new UV-curable vinylic ether-containing cosubstituted cyclotriphosphazene, N3P3(O(CH2-
CH2O)2CH3)3(OCH2CH2OCHdCH2)3, [V3M3], was synthesized with high yield. This cosubstituted cyclo-
triphosphazene was characterized by FT-IR, ESI-MS, and 1H,13C, and 31P NMR spectroscopy. A series of
free-standing films with thickness of about 200 µm of V3M3-based composite polymer electrolytes were
then prepared by mixing V3M3 with various amounts of LiClO4 salt and R-Al2O3 and cured by UV
irradiation. The cation-oxygen interactions in the cured polymer electrolytes were investigated by FT-
IR spectroscopy. The ionic conductivities of the cured polymeric membranes measured by ac impedance
measurements showed that the best conductivity of the as-prepared solid polymer electrolyte film at
room temperature was 3.5 × 10-5 S/cm. The result of the cyclic voltammetry measurements revealed
that the V3M3-based composite polymer electrolyte films were electrochemically stable up to about 4.2 V.

Introduction

The extreme fast technological progress in portable
telecommunications and electronics industries such as
cellular phones, personal computers, notebook comput-
ers, and camcorders requires lighter, slimmer, and safer
energy sources. Thus, the thrust of scientific research
is directed for technological incentives to the develop-
ment of more effective and efficient ways of converting
and storing a large amount of energy in a small package,
light in weight and safe to use. A lithium polymer
battery is the most promising way of delivering such
performance needs as well as high energy density,
ability to be leak-proof, lack of environmental pollution,
and broad electrochemical stability.1-5 Lithium polymer
batteries use ionically conducting electrolytes instead
of conventional insulating separators. The main advan-
tages of polymeric electrolytes are favorable mechanical
properties, ease of fabrication of thin films of desirable
sizes, and the ability to form effective electrolyte-
electrode contacts. Gel polymer electrolytes are consid-
ered as promising candidates for high-energy electro-
chemical devices. A large group of research has been
directed toward the improvement of ambient tempera-
ture conductivity of polymer electrolytes.6-9 Gel-type
polymer films usually give good ionic conductivity, but
other properties such as processability, mechanical
strength, electrochemical stability window, and the Li/
electrolyte interface are also key factors, especially in
terms of manufacturability as well as battery reliability
and recharge ability.10

Cross-linking is an alternative approach to provide
mechanical strength to polymer electrolytes, and it
provides anchoring points for the chains and, therefore,
these links retain excessive movement of polymer seg-
ments. The cross-linked polymer electrolytes exhibited

fully amorphous features and showed favorable ionic
conductivity at an ambient temperature.11

The γ-radiation and chemically induced cross-linking
reaction methods were applied to poly[bis(2-(2′-meth-
oxyethoxy)ethoxy)phosphazene] (MEEP) polymer elec-
trolytes12 and gel electrolytes.13 The cosubstituent poly-
phosphazene of (methoxyethoxy)ethoxy and poly(ethylene
glycol)methyl ether has been reported.14 Conductivity
studies on composite polymer electrolytes based on
MEEP were reported in our earlier work.15 The poly-
phosphazene bearing branched oligoethylene side groups
showed higher dimensional stabilities than MEEP.16

Nevertheless, the most fully developed and commer-
cially feasible route to synthesize poly(dichlorophosp-
hazene) is use of the thermal ring-opening polymeriza-
tion of hexachlorocyclotriphosphazene, (NdPCl2)3, at
250 °C, which yields poly(dichlorophosphazene) (Nd
PCl2)n, but with little or no molecular weight control
and with large polydispersities.7,17 To avoid the short-
coming, in this study, a new UV-curable vinylic ether-
containing cosubstituted cyclotriphosphazene (V3M3)
was synthesized and cured in the presence of LiClO4
and/or R-Al2O3 to form the corresponding polymer
electrolytes. The ionic conductivity, thermal stability,
and electrochemical properties of the as-prepared V3M3-
based polymer electrolytes were investigated.

Experimental Section
Materials. Hexachlorocyclotriphosphazene (N3P3Cl6) (Strem

Chemical Com.) was purified by recrystallization from hexane
and dried in a vacuum-drying oven. Diethylene glycol mono-
methyl ether (Tedia Co.) and ethylene glycol vinyl ether
(Aldrich Com.) were dried over 4 Å molecular sieves before
use. Lithium perchlorate (Acros Com.) and R-Al2O3 (Aldrich
Com., particle size 1 µm) were used after drying under reduced
pressure at 140 °C for 24 h. Tetrahydrofuran (THF) (Merck
Com.) was distilled into the reaction flask from sodium
benzophenone ketyl under an atmosphere of dry nitrogen prior
to use. Dichloromethane (Merck Com.) was dried and distilled
from CaH2. Other chemicals and reagents such as dichlo-
romethane (Aldrich Com.), magnesium sulfate anhydrous
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(Merck Com.), benzophenone (BPO) (Lancaster Com.), and
sodium hydride (Acros Com.) were used as received. The
reactions were carried out under an atmosphere of dry
nitrogen.

Synthesis of Monomer. To synthesize the monomer tri-
(vinylicethoxyethoxy)tri(methoxyethoxyethoxy)cyclotriphos-
phazene (V3M3), (methoxyethoxyethoxy)trichlorocyclotriphos-
phazene (M3C3) was synthesized first as in the following.
Hexachlorocyclotriphosphazene (20.0 g, 0.058 mol) was dis-
solved in 200 mL of THF. Diethylene glycol monomethyl ether
(22.8 g, 0.190 mol) was added to a suspension of 60% NaH
(7.72 g, 0.193 mol) in 200 mL of THF to form a sodium alkoxide
solution and then added dropwise to the stirred solution of
hexachlorocyclotriphosphazene at -78 °C. The reaction mix-
ture was allowed to warm to room temperature and was
monitored by 31P NMR spectrometry. When the 31P NMR
spectrum showed the disappearance of the disubstituted
product (δ (ppm): 19.1 (d, 2P), 25.4 (t, 1P)) and the formation
of tris-substituted species was confirmed in situ by the singlet
at 22.1 ppm, the solvent was removed by rotary evaporation,
and the resultant oil was dissolved in 50 mL of dichlo-
romethane and 50 mL of distilled water. The organic layer was
collected and dried over anhydrous MgSO4. The solvent was
then removed by rotary evaporation. Chromatography eluting
with ethyl acetate-methanol (9:1 v/v) was performed to
separate the desired product. Similar fractions were combined
to yield a pale yellow oil, N3P3(OCH2CH2OCH2CH2OCH3)3Cl3,
M3C3 (24.0 g, 69.2% yield). 1H NMR (CDCl3): δ (ppm) 3.33 (s,
9H), 3.51 (t, 6H), 3.55 (t, 6H), 3.62 (t, 6H), 3.70 (t, 6H). 31P
NMR (CDCl3): δ (ppm) 22.1 (trans, 90%), 22.3 (cis, 10%).

Then, ethylene glycol vinyl ether (17.7 g, 0.201 mol) was
added to a suspension of 60% NaH (8.28 g, 0.207 mol) in 500
mL of THF and refluxed for 24 h. The resultant sodium salt
solution was added dropwise to a stirred solution containing
34.5 g of M3C3 in 100 mL of THF. This reaction mixture was
monitored by 31P NMR over 2 days and then refluxed for 24 h
to make sure the reaction was complete. The product solution
was purified first by removing most of the NaCl produced by
centrifuge and eliminating THF by rotary evaporation. Then
the residue was dissolved in 50 mL of dichloromethane and
50 mL of distilled water. While the organic phase was
separated from the water phase, we collected the organic layer
and added some anhydrous MgSO4 to absorb the remaining
water. The solvent was then removed by rotary evaporation.
The product was a pale yellow oil (36.4 g, 84.1% yield).1H NMR
(CDCl3): δ (ppm) 3.58 (s, 9H), 3.72 (t, 6H), 3.83 (t, 6H), 3.88
(t, 6H), 4.05 (t, 6H), 4.17 (dd, 3H), 4.23 (t, 6H), 4.30 (t, 6H),
4.34 (dd, 3H), 6.46 (dd, 3H). 13C NMR (CDCl3): δ (ppm) 59.0,
64.0, 65.0, 66.7, 70.0, 70.5, 71.9, 86.8, 151.5. 31P NMR
(CDCl3): δ (ppm) 18.4 (s, 3P). IR (film): 1231 (PdN), 2926,
1457 (C-H), 1457, 989 (P-O-C), 1058, 1110 (C-O-C), 1620
(CdC). ESI: MH+ ) 754.3.

Preparation of Composite Solid Polymer Electrolytes.
Appropriate amounts of lithium perchlorate (LiClO4), R-alu-
minum oxide (R-Al2O3), and the photoinitiator (BPO) were
mixed with V3M3 in 2.0 mL of THF for 12 h to prepare a
homogeneous electrolyte solution. The solution was cast on a
Teflon plate, vacuum-evaporated for 1 h at 60 °C to remove
the solvent, and irradiated by UV (365 nm) for 3 h to prepare
the cross-linked polymer electrolyte films. The thickness of the
polymer electrolyte films was about 200 µm.

Instruments. 1H, 13C, and 31P NMR spectra were recorded
with a Bruker AC-300 NMR spectrometer operating at 300.13,
75.47, and 121.49 MHz, respectively. The 13C NMR spectra
were proton-decoupled, and the chemical shifts were refer-
enced to an internal CDCl3 sample. 31P NMR chemical shifts
were relative to 85% phosphoric acid as an external reference,
with positive shift values downfield from the reference. The
ionic conductivities of the polymer electrolytes were measured
by the complex impedance method in the temperature range
from 30 to 80 °C. The samples were sandwiched between
stainless steel blocking electrodes and placed in a temperature-
controlled oven at vacuum (<10-2 Torr) for 2 h before mea-
surement. The ac impedance measurements were carried out
on a computer-interfaced HP 4192A impedance analyzer over

the frequency range 5 Hz-13 MHz. The FTIR spectra were
recorded on a Bio-Rad FTS-7 system with a wavenumber
resolution of 2 cm-1 in the range of 400-4000 cm-1 (film). The
DSC and TGA measurements were performed with a Seiko
DSC 200C and a Seiko TG/DTA 220, respectively. A linear
sweep voltammetry (LSV) experiment was carried out on the
Li/solid polymer electrolytes/SS cell at scanning rate of 10 mV/s
to measure the electrochemical stability window.

Results and Discussion
Synthesis of V3M3 Cyclotriphosphazene. The syn-

thesis of V3M3 was carried out according to Scheme 1.
In the first step, M3C3 was synthesized by reacting
hexachlorocyclotriphosphazene with sodium alkoxide
solution of diethylene glycol monomethyl ether. In the
second step, M3C3 was reacted with sodium alkoxide
solution of ethylene glycol vinyl ether to form V3M3.

The identity and purity of the UV-curable monomer
tri(vinylicethoxyethoxy)tri(methoxyethoxyethoxy)-
cyclotriphosphazene (V3M3) were characterized and
confirmed by 1H, 13C, and 31P NMR, ESI-MS, and FT-
IR spectroscopies as indicated in the Experimental
Section. The 31P NMR spectrum of V3M3 showed a
singlet peak. The chlorine atoms on phosphazene ring
were completely displaced by two different kinds of
alkyloxy groups; however, no distinctive P-shift was
observed, which might be attributed to the fact that
P(OR)2 and P(OR)(OR′) were nearly isochronous. The
1H NMR integral ratio of the peak area for OCH3 versus
OCH ) (approximately 3:1) together with the ESI-mass
spectrometry analysis (MH+ ) 754.3) further confirmed
the composition of V3M3 to be N3P3(O(CH2CH2O)2-
CH3)3(OCH2CH2OCHdCH2)3.

UV-Curing of V3M3. The chemical structures of
V3M3 and the UV-cured polymer networks with and
without the salt were compared by examining the FT-
IR spectra. As shown in Figure 1a, for V3M3, the peaks
for the PdN stretching of the cyclic ring are found in
the region of 1200-1230 cm-1. The absorption frequen-

Figure 1. FT-IR spectra of (a) V3M3 and (b) cured V3M3.

Scheme 1
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cies for P-O-C and C-O-C stretches of the methoxy-
ethoxyethoxy (MEE) side chain groups are appearing
at 890-990 and 1090-1110 cm-1, respectively. The Cd
C stretching of the vinylic ether group is found at 1620
cm-1. These absorption peaks confirm the structure of
M3V3, as expected. After UV-curing it is observed that
the intensity of the CdC stretching peak at 1620 cm-1

is decreased, indicating that the polymer obtained was
partially cured through the CdC bonds. Besides, it was
found that for shorter exposure of UV curing the ionic
conductivity values were higher, but the electrolyte
films were sticky material with poor mechanical stabil-
ity as compared with long time exposure of UV. In
addition to high conductivity values, to obtain mechani-
cally stronger species, the UV-curing time for the
present work was fixed at 3 h.

Conductivity Studies. The ionic conductivities of
the as-prepared electrolytes were obtained by the ac
impedance analysis as described previously.18 The con-
ductivity values obtained for the cured V3M3/LiClO4
solid polymer electrolyte (SPE-X) films as a function of
salt concentration are summarized in Table 1. It is
found that for the electrolyte system with [O]/[Li] ) 30-
10, molar ratio of the ethylene oxide concentration to
the lithium salt, the ionic conductivity is increased with
increasing Li salt content. However, the ionic conductiv-
ity decreases for concentrations [O]/[Li] g 8. The ionic
conductivity of a polymer electrolyte depends on the
actual concentration of the conducting species and their
mobility. Initial increase of ionic conductivity when
[O]/[Li] ) 30-10 is due to the increment of the number
of charge carriers being introduced into the complex.
As the salt concentration increases, the effects such as
ion pairs or ion triplet formation, charge cloud effects,
and restriction to chain mobility cause the ionic move-
ment to drop and thereby a reduction in ionic conductiv-
ity value. Thus, the ionic conductivity data pass through
the maximum value for [O]/[Li] ) 10 and thereafter
decrease as the molar concentration of salt increases.
Similar observations are also reported by Kim et al.19,20

So the concentration of lithium salt was fixed to this
value for the rest of the study. The conductivity value
(2.1 × 10-5 S/cm) of the SPE-5 standing film is compa-
rable with the values reported by Abraham et al.17 for
the MEEP-based polymer electrolyte.

On the other hand, much of the recent research efforts
to improve the ambient temperature conductivity while
retaining the mechanical properties and the stability
toward metallic lithium anode have been directed
toward the addition of ultrafine particles of ceramic
fillers such as Al2O3, SiO2, and TiO2 for polymer
electrolytes to obtain composite polymer electrolytes.
Experimental evidence from various groups consistently
show that the ionic conductivity was improved over a
wide temperature range, the interface between lithium
and a composite electrolyte was more stable and

efficient in cycling, and the Li ion transport number was
enhanced in comparison to the filler-free elec-
trolyte.15,23-27 Figure 2 presents the variation of ionic
conductivity of the cured V3M3-based composite polymer
electrolytes (CPE-X) as a function of R-Al2O3 concentra-
tion. As noticed, the ionic conductivity was first de-
creased when 0.5 wt % of R-Al2O3 was added and then
increased when more of filler was dispersed in, yet it
decreased again when the filler content was larger than
1.0 wt %. It is found that the conductivity increases with
R-Al2O3 concentration and showed a maximum value
of 3.5 × 10-5 S/cm, corresponding to a sample with 1.0
wt % of R-Al2O3, beyond which it demonstrates the
inverse effect. This result may be reasoned as follows.
For the electrolyte with trace amount of R-Al2O3, the
nanoparticle fillers were well dispersed in the polymer
chains, leading to the formation of the strong polymer
chain-filler interaction. For the electrolyte with me-
dium content of R-Al2O3, the filler not only had interac-
tion with the polymer chain but also provided the “ion
hopping sites” assisting lithium cation to migrate in the
system. From Table 2 it can also be seen that the
composite containing 1.0 wt % of R-Al2O3 shows the
lowest activation energy, confirming that the Li+ ion has
a higher mobility in the system due to the optimal effect
caused by the filler which provided the hopping sites
and transient-cross-linking to the polymer, which pro-
vides coordinating oxygen atoms. For higher filler
concentration, the blocking effect or the geometrical
constrictions imposed by the more abundant alumina
grains could make the long polymer chain more “im-
mobilized”, leading to lower conductivity. So the addition
of optimum concentration of fillers act as cross-linking
centers for polymer segments to create highly conductive
pathways along the filler surface, inducing an increase
in conductivity. A reduction in the glass transition

Table 1. Conductivities and Tg of the Solid Polymer
Electrolytes (SPE) Based on Cured V3M3/LiClO4 at 30 °C

sample [O]/[Li]a conductivities (S/cm) Tg (°C)

SPE-1 30 2.6 × 10-6 -50.2
SPE-2 20 8.7 × 10-6 -48.4
SPE-3 15 1.5 × 10-5 -43.9
SPE-4 12 1.8 × 10-5 -44.6
SPE-5 10 2.1 × 10-5 -46.4
SPE-6 8 1.9 × 10-5 -43.5
SPE-7 6 5.9 × 10-6 -43.1
a The molar ratio of the ethylene oxygen and the lithium salt.

Figure 2. Change in conductivity of the cured V3M3-based
composite polymer electrolytes CPE with different filler (R-
Al2O3) content at 30 °C ([O]/[Li] ) 10).

Table 2. Arrhenius Parameters and Tg of the CPEs with
Various r-Al2O3 Content ([O]/[Li] ) 10)

σ (S/cm-1)
sample

R-Al2O3
content (wt %)

Ea (kJ/
mol) 30 °C 80 °C

Tg
(°C)

SPE-5 0 16.7 2.1 × 10-5 3.1 × 10-4 -46.4
CPE-1 0.5 18.4 1.1 × 10-5 5.5 × 10-5 -38.4
CPE-2 0.75 17.8 1.5 × 10-5 1.5 × 10-4 -40.3
CPE-3 1.0 15.8 3.5 × 10-5 5.7 × 10-4 -42.0
CPE-4 1.25 18.1 6.8 × 10-6 5.3 × 10-5 -33.5
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temperature (Tg) of the polymer electrolyte for the
addition of 1.0 wt % of R-Al2O3 when compared to other
filler concentrations (Table 2) was also observed. Similar
behavior was reported for the MEEP-based15 and PAN-
based25 polymer electrolytes. The above observation can
also be explained by the ideas proposed by Mellandar
et al.26 regarding the role played by the alumina fillers
in composite polymer electrolytes. According to their
ideas, Lewis acid-base type oxygen and O-H surface
groups on alumina grains interact with cations and
anions and provide additional sites creating favorable
high conducting pathways in the vicinity of grains for
the migration of ions.

The temperature dependence of electrical conductivi-
ties of the polymer films is shown in Figure 3. It shows
that all the ionic conductivity was linearly increased
with increasing temperature. The linear plots indicate
that the ionic conductivity data of all the R-Al2O3-
containing composite polymer electrolytes follow the
Arrhenius equation

where σ0 is the conductivity preexponential factor and
Ea is the activation energy for the ion conductivity. The
activation energies calculated from the linear slopes of
the Arrhenius plots (Figure 3) are in the range Ea Z
15.8-18.4 kJ/mol. The composite polymer electrolyte
containing 1 wt % of R-Al2O3 possess a minimum value
of activation energy (15.8 kJ/mol). This value is low in
comparison with Ea values of thermoplastic polyure-
thane (TPU)-PAN (18.2 kJ/mol) composite electrolyte,27

implying a better environment for ion conduction in this
composite electrolyte.

FT-IR Studies. The FTIR spectra of polymer elec-
trolytes vary according to their compositions and may
be able to show the occurrence of the complexation and
interaction between the various constituents. In the
present work, the changes in the FT-IR spectra shown
in Figure 4 could be ascribed to the interactions between
Li+ ion and the lone pair electrons of the ether oxygen
on the polymer side chains. If the alkali metal cations
are coordinated to the ether oxygen of the side chains,
then one would expect a negative shift in the wavenum-
ber of the C-O-C and P-O-C stretching regions.28 In
the present work, the absorption peaks at 1109 and 983
cm-1 are shifted to the values of 1090 and 980 cm-1,

respectively, in the complex. This downshift in wave-
number of the C-O-C stretching mode corresponds to
a weaker ion-polymer interaction that provides more
free Li+ for improved ionic transport. For the addition
of R-Al2O3 particles to CV3M3 polymer electrolytes, the
shape of the C-O-C stretching mode is changed into
two new bands appearing at 1039 and 1090 cm-1. These
two newly formed bands can be attributed to the
cation-anion interaction.29 The absorption band at
about 938 cm-1 is assigned to the totally symmetric
vibrations of perchlorate anions.28 The frequency of this
band is sensitive to ion association. Since the polarizing
effect of the counterion in an ion pair or a multiple ion
aggregate leads to an upshift of the frequency as
compared with the unperturbed anion, it is unable to
be investigated in this present study because the
absorbance is overlapped with that of P-O-C vibration
of phosphazene.

The ν4 stretch of ClO4
- is resolved into two contribu-

tions at 621 and 639 cm-1 in the polymer complex. The
peak appearing at 621 cm-1 is attributed to the spec-
troscopically “free” ClO4

- anion and the other at 639
cm-1 associated with the bound ClO4

- anion.15 When
R-Al2O3 added to this as-prepared polymer electrolyte,
the peak appearing at 639 cm-1 disappeared, and the
other peak shifted to 623 cm-1 with increased intensity.
The decrease of the area under the 639 cm-1 mode
corresponds to a decrease in ion association accompa-
nied by an increase in conductivity.30

For the uncomplexed cured polymer (CV3M3), the
C-H stretching frequency is measured at 841 cm-1; it
decreases to 831 cm-1 after LiClO4 is complexed. As the
volume fraction of the filler is increased, it disappears;
i.e., the addition of R-Al2O3 reduces the interaction
between the ether oxygen of CV3M3 and Li+ cations. In
other words, part of the interaction is disrupted due to
the presence of the dispersed R-Al2O3 particles. Here,
the changes are connected with the role of the coordina-
tion of the Li+ cation. These coordinations are made in

Figure 3. Arrhenius plots of the ionic conductivity of the
CPEs with different R-Al2O3 content.

σ(T) ) σ0 exp{-Ea/RT}

Figure 4. FT-IR data of (a) cured V3M3, (b) SPE-5, and (c)
CPE-1.
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such a way as to increase the flexibility of the polymer
segments.29 The appearance of new peaks along with
changes in the existing peak in the FTIR spectra
confirms the complexation.

Thermal Studies. Since the solid polymer electrolyte
films were prepared by photoinduced radical polymer-
ization of V3M3, the as-prepared electrolytes were
expected to have 3-dimensional network structures. The
DSC thermograms shown in Figure 5 elucidate the
effect of LiClO4 on the thermal transition of the cured
polymer. It is seen that Tg was increased with the
increase of the LiClO4 content. The increase of Tg (as
listed in Table 1), indicating the retardation of the
motion of the polymer matrix, implies the existence of
the interaction between Li+ ions and the atoms contain-
ing lone pair electrons. The DSC traces of the R-Al2O3
added polymer electrolyte samples are displayed in
Figure 6. It is seen that the Tg is further increased with
increasing R-Al2O3 content, indicating the formation of
the transient cross-linking effect caused by the R-Al2O3
particles. When ceramic fillers are finely dispersed in
the matrix, the tremendous surface area developed
could contribute to polymer chain confinement effects
that may lead to higher glass transition temperature,
stiffness, and strength.31

Figure 7 shows the TGA thermograms for the cured
V3M3-based composite polymer electrolytes. As noticed,
the thermal decomposition of the composite electrolytes
were proceeded by a two-step process: (1) the decom-
position of the etheric side chains connecting to the
phosphazene ring at 211 °C and (2) the decomposition
of the backbone PdN bond at 343 °C. Furthermore, T5%,
the temperature at which 5% weight was lost, was above
180 °C and slightly increases with increasing R-Al2O3
content, indicating that the thermal stability of the
electrolyte was enhanced slightly due to the presence
of the R-Al2O3 nanoparticles. Thus, these composite
polymer electrolyte films were stable up to 180 °C, which
was higher than the operating temperature of the
lithium polymer cell (50-70 °C).

Electrochemical Stability Window. One of the
important parameters in the characterization of polymer
electrolytes is the electrochemical stability window,
especially in view of applications for lithium batteries.
The electrochemical stability of CPE-3 was studied as
an example by means of linear sweep voltammetry of a
symmetric cell type Li/CPE/SS where lithium was used
as the counter electrode. Figure 8 shows the linear
sweep voltammogram of the Li/CPE-3/SS cell at a
scanning rate of 10 mV/s. The voltage was swept from
the open-circuit voltage of the cell toward more positive
voltage values until a great current charge due to
electrolytes decomposition at the inert electrode inter-
face occurred. The potential window obtained was above

Figure 5. DSC thermograms of the SPEs with various
amounts of LiClO4.

Figure 6. DSC thermograms of the CPEs with various
amounts of R-Al2O3.

Figure 7. TGA thermograms of the CPEs with various
amounts of R-Al2O3.

Figure 8. Linear sweep voltammetry for CPE-3 at 30 °C.
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4.2 V for this material, indicating that the CPE has an
electrochemical stability window of at least 4.2 V, thus
ensuring their use with the most common lithium-based
couples, which have voltages of about 3.0-4.0 V.

Conclusion
In the present investigation, we synthesized a new

UV-curable cyclic phosphazene, V3M3, and prepared a
series of V3M3-based cross-linked composite solid poly-
mer electrolytes (CPEs). The complex formation has
been confirmed by FTIR studies. The experimental
results indicated that the amounts of LiClO4 and
R-Al2O3 nanoparticles significantly affected the ionic
conductivity of the CPE. A maximum ionic conductivity
of 3.5 × 10-5 S/cm at room temperature was obtained
from CPE-3. The thermal stability of the films was also
examined using DSC and TGA studies. Though the
conductivity values of the as-prepared CPE materials
were comparable to that of MEEP, the cured V3M3-
containing CPE films appeared to have better dimen-
sional stability and workability than MEEP. This
indicates that the cured V3M3-based CPE may be a
potential candidate for rechargeable lithium batteries.
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