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ABSTRACT: This work has demonstrated that the incor-
poration of benzimidazole derivatives, 2,2'-p-phenylene-
bisindole (PPBI), enhances the ionic conductivity of a poly-
(ethylene oxide) (PEO)-based electrolyte by 20 times more
than the plain system. Specific interactions among amino
group, ethyl oxide, and lithium cation were investigated
using differential scanning calorimetry (DSC), FTIR, and
alternating current impedance. The DSC characterization
confirms that the initial addition of PPBI is able to enhance
the PEO crystallinity attributed to the interaction between
the negative charge from the amino group and the lithium
cation. Three types of complexes are present: complex I is

present in the PEO phase, complex 1II resides at interphase,
and complex III is located within the PPBI domain. Complex
IT plays the key role in stabilizing these two microstructure
phases. FTIR spectra confirm that because of the presence of
PPBI one is able to dissolve lithium salts more easily than in
the plain electrolyte system and thus increase the fraction of
free ions. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 91:
719-725, 2004
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INTRODUCTION

During the past decade, considerable effort has been
devoted to the development of solid polymer electro-
lytes with high ionic conductivity at room tempera-
ture.'”® The major motivation for this interest is tech-
nological application in rechargeable and high energy
density power sources. Poly(ethylene oxide) (PEO)-
based polymeric electrolytes are still among the most
extensively studied polymeric ionic conductors be-
cause of the beneficial structure in supporting fast ion
transport.>®~'* However, a high crystalline phase con-
centration still limits the conductivity of PEO-based
electrolytes. Various methods have been applied to
reduce the crystallinity of PEO-based electrolytes
while maintaining their high flexibility and mechani-
cal stability over a wide temperature range. One of the
most convenient approaches relies on the incorpora-
tion of an organic component possessing electron lone
pairs.

Benzimidazole is an organic component with ther-
mal stability and good electronic properties, which
has attracted great interest in materials science.”"*
The incorporation of this organocomponent is able to
reduce the PEO crystallinity because the chemical
structure of the aromatic group creates steric hin-
drance. Additionally, the amino group on the struc-

Correspondence to: F.-C. Chang (changfc@cc.nctu.edu.tw).

Journal of Applied Polymer Science, Vol. 91, 719-725 (2004)
© 2003 Wiley Periodicals, Inc.

ture can supply the electrons to play as a Lewis base to
complex with the lithium cation. The derivative of
benzimidazole, 2,2'-p-phenylene-bisindole (PPBI),
was previously synthesized®™ and, in this work,
blended with PEO/LiCF;SO; to form a novel polymer
electrolyte. The complicated solid-state interaction be-
tween PEQ, lithium triflate salt (LiCF;50;, LiTf), and
PPBI was investigated by differential scanning calo-
rimetry (DSC), FTIR, and alternating current (ac) im-
pedance. Three different types of complexes were
used to interpret the interaction between ethyl oxide,
lithium cation, and amino group. The purpose of this
work was to emphasize the extraordinary effect occur-
ring when benzimidazole is added to the PEO/LiTf
blend system.

EXPERIMENTAL
Materials
Sample preparation

Poly(ethylene oxide) (PEO) with weight-average mo-
lecular weight of 200,000 was purchased from Aldrich
(Milwaukee, WI). The lithium triflate (LiCF;SO;, LiTf),
also purchased from Aldrich, was dried in a vacuum
oven at 80°C for 24 h, and then stored in a desiccator
before use. Acetonitrile was refluxed at a suitable tem-
perature under nitrogen atmosphere before use.
Terephthalic acid (1,4-benzenedicarbonic acid), o-ben-
zenediamine, and polyphophoric acid (Aldrich) were
used for synthesis of PPBL
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Scheme 1 Synthesis of 2,2'-p-phenylene-bisindole (PPBI).

Synthesis of PPBI

Terephthalic acid (2 g), 0-benzenediamine (2.26 g), and
polyphosphoric acid (20 g) were heated at 200°C un-
der nitrogen for 3 h with constant stirring in a 200-mL
beaker (Scheme 1). The reactant mixture was poured
into 300 g of ice-distilled water with stirring and neu-
tralized slowly by 10 wt % sodium bicarbonate
(NaHCO;) solution. Afterward, the precipitate was
washed with water and decolorized with activated
charcoal in N,N-dimethylformamide (DMF). The DMF
solution was concentrated and recrystallized in a
cooled environment (yield 90%).

Preparation of solid polymer electrolyte (SPE)

Desired amounts of PEO (Table I), vacuum-dried LiTf
salt, and PPBI in dry acetonitrile were mixed to form
PEO/PPBI/LiTf blends of varying compositions. Af-
ter continuous stirring for 24 h at 80°C, these solutions
were maintained at 50°C for an additional 24 h to
facilitate initial solvent removal. Further drying was
carried out under vacuum at 70°C for 3 days. To
prevent contact with air and moisture, all composi-
tions were stored in a dry box filled with nitrogen. All
samples were equilibrated at ambient temperature for
at least 1 month in a dry box before undertaking any
further experiments.

Methods
Conductivity measurements

Ionic conductivity measurements with ac were con-
ducted on an Autolab (designed by Eco Chemie)

TABLE 1
Desired Amounts for PEO/PPBI and (PEO)4LiTf (wt %)

Composition of PEO/PPBI and
(PEO)g/LiTf (wt %)

Component a b ¢ d e f g h

PEO, (PEO)LiTf 100 99 97 94 91 87 77 71
PPB1 0 1 3 6 9 13 23 29

within the frequency range from 10 MHz to 10 Hz. The
composite film was sandwiched between stainless
steel blocking electrodes (1 cm diameter). The speci-
men thickness varied from 0.8 to 1.2 mm, and the
impedance response was gauged at 30°C.

Differential scanning calorimetry (DSC)

Thermal analysis was carried out on a DSC instrument
from DuPont (DSC-9000; DuPont, Boston, MA) at a
scan rate of 10°C/min ranging from —100 to 200°C.
Approximately 5-10 mg of each sample was weighed
and sealed in an aluminum pan for DSC analysis. The
sample was quickly cooled to —100°C from the melt
state (180°C) for the first scan and then scanned be-
tween —100 to 200°C at 10°C/min.

The PEO crystallinity of the electrolyte film was
calculated as a ratio of the heat enthalpy of the crys-
talline PEO phase to the heat enthalpy of the pure
crystalline PEO (165.5 ] g~ ').>2**

Infrared spectroscopy

The conventional NaCl disk method was employed to
measure infrared spectra of composite films. All poly-
mer films were prepared under N, atmosphere. The
acetonitrile solution was cast onto a NaCl disk from
which the solvent was removed under vacuum at
70°C for 48 h. All infrared spectra were obtained at a
resolution of 1 cm ™' on a Nicolet Avatar 320 FTIR
spectrometer (Nicolet Analytical Instruments, Madi-
son, WI) at 120°C.

RESULTS AND DISCUSSION
DSC studies

From previous studies,”* ' PEO was found to form
a complex with a lithium salt following the Lewis
base-acid type interaction between the polyether ma-
trix and the lithium cation. This strong Lewis base—
acid interaction would format the transient crosslinks
between the salt and the polyether phase resulting in
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Figure1 DSC traces obtained for different PEO-based elec-
trolyte systems: (a) (PEO)sLiTf; (b) (PEO)gLiTf/PPBI.

lower crystallinity. In general, DSC analysis is one of
the most convenient methods to characterize the ther-
mal properties of a polyether chain. Figure 1 presents
the conventional second-run DSC thermograms of

721

PEO/PPBI binary blends [Fig. 1(a)] and PEO/PPBI/
LiTf ternary blends [Fig. 1(b)] containing a constant
content of LiTf [EO/Li* = 8, (PEO)gLiTf]. As shown in
Figure 1(a), the endothermic first-order transition at
about 70°C can be observed, corresponding to the
melting of the crystalline PEO phase. When PPBI is
added, the melting peak seems composed of two dis-
tinct shoulders. This means PEO/PPBI itself may form
two phases in the absence of the Li-triflate and the two
phases are sufficient to create ordered structures giv-
ing a distinct melting point. However, this endother-
mic peak decreases progressively with the increase of
the PPBI concentration and shifts toward lower tem-
perature. The change of the PEO thermal properties is
thought to be attributed to the incorporation of the
PPBI, which interferes with the PEO chain arrange-
ment and retards the PEO crystallinity. However, con-
siderable differences can be observed when a specific
amount of LiTf is added (mole ratio, EO/Li" = 8) [Fig.
1(b)]. Similar curves have been obtained for other
electrolyte systems.”?** Two endothermic first-order
transitions can be observed. The lower endothermic
peak at 50-70°C can be attributed to the melting of the
crystalline PEO phase. Additionally, a second minor
endothermic peak appears at 140-150°C when the
lithium salt is added. This minor endotherm is attrib-
uted to the melting of the crystalline complex phase
formed between PEO and LiTf.”?***” The PEO crystal-
linity [X,. (%)] in the (PEO)gLiTf/PPBI system is al-
tered with the addition of PPBI. The PEO crystallinity
initially increases with increasing PPBI content,
reaches a maximum value at 6% PPBI, and decreases
as the PPBI content is further increased. However, the
change of the glass-transition temperature in the
(PEO)gLiTf/PPBI system cannot be observed in DSC
analyses. All the data obtained from the DSC thermo-
grams are summarized in the Table IL

To clarify the phenomenon of increasing PEO crys-
tallinity with the presence of a small amount of PPBI,
Figure 2 shows plots of X. (%) against PPBI content
(wt %) for these two different systems. X. (%) was
calculated as a ratio of the heat enthalpy of the crys-
talline PEO phase to the heat enthalpy of the pure
crystalline PEO (165.5 ] g~ ') and PEO fraction in each
composition. As can be seen, the X, (%) of the un-
doped PEO system decreases gradually with increas-
ing PPBI content and this phenomenon can be attrib-
uted to steric hindrance caused by the large surface
area of the aromatic group in the PPBIL. When the
lithium salt is added, the PEO crystallinity increases
initially with the increase of the PPBI content and
approaches maximum crystallinity at 6% PPBI concen-
trations. Subsequently, the crystallinity decreases
gradually with further increase in PPBI content. This
observed trend in PEO crystallinity can be interpreted
as a result of the complicated Lewis acid-base type
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TABLE 1I
DSC Data for PEO-Based Polymer Electrolytes:
PEO/PPBI and (PEO)g LiT{/PPBI Polymeric Electrolytes

PEO/PPBI
Weight T, T, AH,, X,
percentage °O) (°C) Jg™h (%)
0 — 72.8 165.5 100.0
1 —49.0 68.4 163.5 98.8
3 —43.3 68.2 157.1 94.9
6 —47.8 69.2 118.9 71.8
9 —51.1 66.3 98.8 59.7
13 —53.3 64.6 89.2 53.9
23 -52.6 61.3 75.6 45.7
29 —48.3 57.5 79.3 479
(PEO)4LiTf/PPB1
Weight T, T, AH,, X, T
percentage °C) (°C) Jg™h (%) (°C)
0 —38 54.2 30.5 184 120
1 —37 46.1 39.0 23.6 111
3 —32 57.6 54.8 33.4 135
6 -36 64.6 66.0 411 151
9 —43 66.1 494 31.6 151
13 -39 46.0 17.5 115 143
23 -39 46.3 45 3.1 117
29 =35 13.7 0.8 0.6 121

interactions among polyether matrix, amino group,
lithium cation, and corresponding anion.

Three types of complexes can be assigned, which
are depicted in Figure 3. Complex I is present in the
pure PEO phase and complex III is located within the
PPBI phase. Complex II, located at the interphase,
plays a key role in stabilizing these two microstructure
phases. For samples of the (PEO)gLiTf/PPBI system,
X, (%) increases initially up to a specific PPBI concen-

100
—a— PEO/PPBI

—u— (PEO),LiT/PPBI
80 H

60 -
40 4 .

20

Degree of crystallinity (Xc %)

6 5 10 15 20 25 30
PPBI concentration (wt %)
Figure 2 Degree of crystallinity [X, (%)] versus PPBI con-

centration (wt %) for different PEO-based electrolytes sys-
tem: (A) PEO/PPBI; (M) (PEO),LiTf/PPBL
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tration and then decreases. Without containing PPBI,
the (PEO)gLiTf system forms only complex I. A por-
tion of complex I tends to convert into complex II and
complex III because of the strong interaction existing
between Li" cations and amino groups of PPBL. Shift-
ing from complex I into complex II and complex III, a
portion of the original lithium cations have been
drawn into the PPBI region to induce higher PEO
chain flexibility and thus higher crystallinity. In this
aspect, the presence of PPBI causes higher PEO crys-
tallinity attributed to greater PEO chain flexibility.
However, higher PPBI content results in forming more
complex II and complex III, which can act as crystal-
lization retarders (especially complex II) because of
steric hindrance, thus leading to lower PEO crystallin-
ity. In this system, two adverse and competitive effects
occur, one of which is favorable and the other unfa-
vorable, for the PEO crystallization.

w~~CH, —CH2\ Ve CH, —CH, vw™
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wArCH, —-‘CHZ/ - ‘Li;/ \CH2 —CH, ™™ Complex I
w~~CH, —CHZ\ e \\\ /CHZ—CHZ\/VV‘
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Figure 3 Schematic structure of the complex formed by Li*
cation with (a) polyether chains (Complex I), (b) polyether
and PPBI (Complex II), (c) PPBI (Complex III).
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Infrared spectra

FTIR spectroscopy is a powerful tool for probing mi-
croscopic details in electrolytic systems; in particular,
the characteristic ,(SO;) internal mode of the CF;SO5
anion is sensitive in changing the local anionic envi-
ronment.”®* > According to previous studies,** > the
component observed at about 1031 cm ™' was assigned
as the “free” anion, which does not interact directly
with the lithium cation. Components at about 1042
and 1050-1054 cm ™! were attributed to contact ion
pairs and Li,CF,SO; triple ions (or ionic aggregates),
respectively. Figure 4 presents typical infrared spectra
in the v,(SO;) spectral region from 1070 to 1010 cm ™"
for (PEO)4LiTf/PPBI with various PPBI concentrations
at 27°C. The shoulder of the “free” anion (~ 1031
cm ") increases gradually with increasing PPBI con-
tent and eventually attains maximum intensity when
the PPBI content is 13 wt %. When the PPBI content is
further increased, above 13 wt %, the intensity of the
shoulder decreases gradually and approaches its orig-
inal value. Meanwhile, the slight chemical shift of the
“ion pair,” located at 1043 cm ™}, is also observed with
the addition of the PPBI. The band of the “ion pair”
(1043 cm 1) shifts to lower wavenumber when a small
quantity of PPBl is added. The change of the intensity
of the “free” anions (~ 1031 cm ') and the chemical
shift of the “ion pairs” (~ 1043 cm™") indicate that the
electrons surrounding the lithium cation have been
deprived by the incorporation of PPBI. In other words,
the attractive force between the lithium cation (Li")
and anion (CF;SO5) is reduced by the presence of the
amino group of PPBL.

Fractions of the “free” anions, shown in Figure 4,
were measured by decomposing the v,(SO;) band into
three Gaussian peaks, respectively. In Figure 5, the

lon pair (1043 cm’™) VS(SOS) mode
— Free ion (1031 ¢cm™)
=
8 PPBI content (wt%)
>
3 lon aggre. (1052 cm™") 13%
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Figure 4 Infrared spectra of v,(SO;) internal modes for
(PEO)sLiTf/PPBI electrolytes containing various PPBI con-
centrations.
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Figure 5 Fraction of “free” anions versus PPBI concentra-
tion for (PEO)gLiTf/PPBI electrolytes at 27°C.

fraction of “free” anions is plotted against PPBI con-
centration (wt %). The fraction of the “free” anion
increases initially with the increase of the PPBI content
and approaches a maximum at 13 wt %. Subsequently,
the fraction of the “free” anion decreases gradually
with further increase of the PPBI content. This ob-
served trend in the fraction of the “free” anion is also
consistent with its thermal behavior, which can be
attributed to numerous Lewis acid—base type interac-
tions among polyether matrix, amino group, lithium
cation, and corresponding anion. The negative charges
in the amino groups play a similar role as the polar
group in PEO, to dissolve the lithium salt and affect
the environment surrounding the anion. It can be
concluded that the composition of (PEO)gLiTf with 13
wt % PPBI creates the most suitable environment for
ionic transference and produces the maximum “free”
anion fraction.

Conductivity

Figure 6 plots the conductivity versus PPBI content for
PEO/PPBI and (PEO)gLiTf/PPBI electrolytes systems
at 30°C. In the (PEO)gLiTf/PPBI electrolytes system,
the conductivity increases with increase of the PPBI
content and attains a maximum value when the PPBI
concentration is at about 13 wt %. Subsequently, the
conductivity decreases drastically with further in-
crease of the PPBI content. However, an identical
trend was not found in the PEO/PPBI composition
system: the ionic conductivity is relatively lower than
the (PEO)gLiTf/PPBI electrolytes system for the same
PPBI concentration, and the conductivity values seem
to be independent of the PPBI concentration. There-
fore, it could be concluded that the presence of the
PPBI component cannot contribute to the ionic or elec-
tronic conductivity of the system. The interactive
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Figure 6 Ionic conductivity versus PPBI concentration (wt
%) at 30°C: (A) PEO/PPBI; (M) (PEO),LiTf/PPBI.

mechanism between the PEO/PPBI/Li can be inter-
preted by the trend of ionic conductivity.

The ionic conductivity (o) of an electrolyte is de-
fined as the product of the concentration of ionic
charge carrier and its mobility according to

o= E NiZilki

1

where n,, z;, and u,; refer to the number of the charge
carrier, ionic charge, and ionic mobility, respectively.
According to the above equation, the ionic conductiv-
ity depends on the amount of charge carriers (1;) in the
system and the mobility (u,;) of the various species.
The FTIR (Fig. 5) results indicate that the addition of a
specific quantity of PPBI results in the highest fraction
of “free” anions and produces the highest fraction of
charge carriers (higher n;). Meanwhile, greater num-
bers of the relatively freer charge carrier result in
higher ionic mobility (u;) because the strong intra-
association between the lithium cation and anion have
been disrupted. Therefore, enhancement of the con-
ductivity can be expected. In the (PEO)gLiTf/PPBI
system, the conductivity increases nearly 20 times (8
X 107° S/cm) that of the (PEO)sLiTf plain electrolyte
(4 X 1077 S/cm) with 13 wt % of the PPBIL This
increase of the conductivity in the (PEO)gLiTf/PPBI
system can be attributed to the well-dispersed PPBI
that tends to disrupt the intra-association of lithium
salt resulting in greater numbers of the relatively freer
charge carriers (1;) and also creates higher ionic mo-
bility (u;). However, excessive PPBI component in the
system may interfere with the balanced attractive
forces among the PEO, PPBI, and lithium cation, and
result in a decrease of the observed conductivity. It
can be concluded that the balanced interactions
among the nitrogen group, ether group, and lithium
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cation and anion result in an optimum environment
for ionic transport and achieve the highest ionic con-
ductivity.

CONCLUSIONS

This study demonstrated that the addition of opti-
mum content of PPBI increases ionic conductivity of
the poly(ethyl oxide)-based electrolyte by 20 times
compared to that of the plain (PEO)gLiTfsystem. DSC,
FTIR, and ac impedance studies indicated that strong
interactions occur between the PPBI and the dopant
salt LiTf within the PEO/PPBI/LiTf system. These
amino groups on the PPBI interact with lithium cat-
ions to form two new types of complexes, which play
the same role as the polar group in PEO. The presence
of the PPBI tends to form complexes II and III at the
cost of complex I of the plain electrolyte by drawing
Li" cations away from the PEO matrix. Reduced com-
plex I will increase the chain flexibility of the poly-
ether and its crystallinity. However, an excess of PPBI
tends to form more complex II and complex III and
captures the lithium cations, thus restricting the mo-
bility of the cation and decreasing the ionic conduc-
tivity. FTIR spectra indicate that the existence of PPBI
enhances the dissolution of the lithium salt and thus
increases the fraction of free anion. However, the bal-
anced attractive forces among amino groups, ether
groups, and lithium cations produce an optimum
ionic conductivity.
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