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Abstract

The Li-ion and electronic conductivities of a series of p-doped poly(thiophene)s with oligo-ethylene oxide side chains have been determined
at room temperature as functions of side-chain length and concentration of LiOTf dissolved in the polymers in order to assess their utility
as binders in Li-ion batteries. The lithium triflate concentration was varied from 0.23 to 2.26 mmol LiOTf/g -C,H4O- (100 O:Li to 10
O:Li), and the concentration of dissociated Li* was determined from the IR spectra of the polymer solutions. The greatest ionic conductivity,
2 x 10~ Scm™!, was attained with intermediate concentrations of added salt that corresponded with the greatest degree of LiOTf dissociation.
Li-ion mobilities of 5 x 1077 cm? (Vs)~! were measured for poly(thiophene)s (PT) with short oligo(ethylene oxide) side-chains (E,), PE,T
and PE;T, whereas the polymers with longer side chains, PE;T and PE;sT, had Li-ion mobilities about an order of magnitude greater,
5 x 1079 cm? (Vs)~!. The electronic conductivity of the polymers heavily doped with NOBF, was near 0.1 S cm~' for PE,T and PE;T, but
was orders of magnitude smaller for the polymers with longer side-chains. Addition of LiOTf caused the electronic conductivity of PE,T and

PE;T to drop to that of the longer chain polymers whose conductivities were insensitive to the LiOTf concentration.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In order to achieve high power densities, a battery must
be capable of rapid discharge, and this capability requires
the electrode structure to have a high electron mobility and
that the interface of the electrode with the electrolyte have a
high ionic mobility. In the present generation of Li-ion bat-
teries, the electroactive cathode material, e.g., Li(j_)CoO2,
is typically bonded to the current collector plate with a glue,
e.g., EPDM, which is an insulator. Thus, some portion of the
powdered Li(—CoO5 is isolated from the current collec-
tor with resulting loss of capacity. Furthermore, some of the
active surface area of the Li(;_,)CoO; particles is covered
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by the EPDM, thereby limiting the transport of Li-ions and
decreasing the rate of discharge. Therefore, the development
of a binder material that can conduct both electrons and Li-
ions would appear desirable as a means to improve both the
capacity and power density of Li-ion batteries.

Materials that combine the electronic conductivity of
conjugated polymers with ion-receptive groups have been
studied primarily for use as ion sensors [1-6]. In these appli-
cations, ions interact with the ion-coordinating components
of the material, leading to changes in the electronic nature
of the conjugated polymer backbone. These changes can
manifest themselves as differences in the physical proper-
ties of the material. Color, fluorescence, electrochemical
potential, and conductivity have been used to monitor the
concentration of the desired ion in these systems.

Less than 30 years have passed since Wright performed
preliminary work on poly(ethylene oxide) (PEO) as an alkali
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metal ion conductor [7-9]. The conductivity of PEO-salt
solutions is quite temperature dependent. Ionic conduction
is facilitated by segmental motion of the flexible PEO
chains. Above the melting point, T, & 65 °C, values near
1074 Scm™! are observed; but at ambient temperature,
the conductivity of these systems is considerably lower.
The room temperature conductivity of PEO has been
improved through the use of small-molecule plasticizers
and the development of less crystalline polymers with
PEO side chains (comb polymers) [10-23]. In this work, a
series of poly(thiophene)-based comb polymers featuring
oligo(ethylene oxide) side chains of various lengths were
synthesized, and the conductivities of polymer-salt solutions
with several different concentrations of lithium triflate
were measured. Ionic conductivity values as great as
2 x 107*Scm™! were obtained for the neutral polymer/salt
blends. The ionic conductivity of these materials was found
to be strongly dependent on the concentration of lithium
triflate. The electronic conductivities of the NOBF4-doped
polymers were determined also as a function of the LiOTf
concentration. Electronic conductivity was observed to drop
by several orders of magnitude upon addition of lithium
salt.

2. Experimental

All materials used were obtained from Aldrich, Acros, or
Fluka and purified according to accepted procedures before
use. Standard Schlenk techniques were utilized when air
exclusion was necessary. NMR spectra were recorded using
a Varian 400 MHz spectrometer. Chemical shifts were refer-
enced to residual solvent.

The monomers, 3-(2,5-dioxahex-1-yl)thiophene (ET)
and 3-(2,5,8-trioxanon-1-yl)thiophene (E>T), and their 2-
bromo derivatives were synthesized as reported previously
[24a,25]. The monomers with longer side chains were syn-
thesized similarly.

Syntheses of 2-bromo-3-(2,5,8,11-tetraoxadodecyl)thi-
ophene (BE3T), 2-bromo-3-(methoxy(ethoxy);.s)methyl-
thiophene (BE;T), and 2-bromo-3-(methoxy(ethoxy)is.s)
methylthiophene (BE;sT). These monomers were synthe-
sized in the same manner as for the bromination of E;T
[25]. Distillation of the BE3T product at 0.02 Torr gave a
clear liquid boiling from 136 —139°C. Yield: 83%. 'H
NMR (400 MHz, CDCl3) § 7.21 (d, J=5.8Hz, 1H), 6.98
(d, J=5.5Hz, 1H), 4.45 (s, 2H), 3.59 (m, 10H), 3.32 (s,
3H). BE;T: this product was purified by flash column
chromatography. The stationary phase was neutral alumina
and the eluent was ethyl acetate. Volatile contaminants were
removed by heating at 100 °C in vacuo for 24 h. Yield: 73%.
'H NMR (400 MHz, CDCl3) § 7.18 (d, J=5.7 Hz, 1H), 6.95
(d, J=5.5Hz, 1H), 4.46 (s, 2H), 3.59 (m, 28H), 3.49 (m,
2H), 3.32 (s, 3H). BE;5sT: this product was also purified by
flash chromatography with neutral alumina as the stationary
phase and ethyl acetate as the eluent. Volatile contaminants

were removed by heating at 100 °C in vacuo for 24 h. Yield:
76%. "H NMR (400 MHz, CDCl3) § 7.24 (d, J=6.0Hz,
1H), 6.92 (d, J=5.5Hz, 1H), 4.49 (s, 2H), 3.64 (m, 50H),
3.52 (m, 2H), 3.37 (s, 3H).

The polymers were prepared by McCullough’s GriM
method with only minor changes to the reported syntheses
for PE, T (n=1,2) [24,26]: Regioregular poly(3-(2,5,8,11-
tetraoxadodecyl)thiophene) (PE3T). Yield: 29%. 'H NMR
(400 MHz, CDCl3) § 7.20 (s, 1H), 4.58 (s, 2H), 3.64 (m,
10H), 3.49 (m, 2H), 3.31 (s, 3H). Regioregular poly(3-
(methoxy(ethoxy)7 5)methylthiophene) (PE7T). The fraction
of the product soluble in methanol was recovered and puri-
fied by precipitation with hexanes. Yield: 42%. '"H NMR
(400 MHz, MeOH-d*) § 7.25 (s, 1H), 4.65 (s, 2H), 3.68
(m, 28H), 3.54 (m, 2H), 3.33 (s, 3H). Regioregular poly(3-
(methoxy(ethoxy)is.5)methylthiophene) (PE;sT). The frac-
tion of the product soluble in methanol was recovered and
purified by precipitation with hexanes. Yield: 40%. "H NMR
(400 MHz, MeOH-d*) § 7.21 (s, 1H), 4.61 (s, 2H), 3.62 (m,
50H), 3.50 (m, 2H), 3.29 (s, 3H). No signals due to H-atoms
at the ends of the chains were detected above the noise level
(<1/20 of the peak height for the ring H-atom) for any of the
polymers reported here, indicating the degree of polymeriza-
tion, DP > 20.

All current/voltage measurements were performed using
a Perkin-Elmer model 273 A potentiostat in conjunction with
a PC interface for data acquisition. Film thickness was mea-
sured by profilometry using a Dektak [3] profilometer. DSC
scans were performed with a Perkin-Elmer DSC 7 calorime-

ter at 5°C min~—!.

2.1. Infrared spectra

IR spectra were obtained from KBr pellets using a Perkin-
Elmer Spectrum BX spectrometer. Deconvolution of infrared
peaks was accomplished with GRAMS/32 software. The
peaks were assumed to be of Lorentzian shape. The area
of the signal corresponding to the symmetric sulfur—oxygen
stretch of the triflate ion was normalized by referencing it to
the area of the peak for the carbon—hydrogen stretching mode
observed near 3000 cm™ . In order to relate the area of each
component peak to the concentration of the ionic species it
represents, the spectra of the most dilute PE, T/LiOTf blends
were considered. In these cases, essentially all of the lithium
triflate was dissociated, as indicated by curve-fitting. So, the
ratio of the area of the observed peak to the total salt con-
centration was indicative of the oscillator strength of the free
triflate ion. This ratio was then applied to samples with inter-
mediate LiOTf concentrations which showed free ions and
ion pairs. The peak area corresponding to free ions was con-
verted to concentration and then subtracted from the total
salt concentration. In this way, the ratio of peak area to ion
pair concentration was determined. The procedure was then
repeated for the spectra of the most concentrated samples,
allowing for the concentration of multiple-ion aggregates to
be determined.
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2.2. lonic conductivity

Samples for ionic conductivity determinations were pre-
pared by dissolving 100 mg of each polymer in a solvent.
Chloroform was used for PE,T and PE3;T, while methanol
was used to dissolve PE;T and PE;5T. Each solution was
divided into five equal portions. A solution of lithium
triflate in acetonitrile for the short side chain polymers
(n=2,3) or in methanol for the long side chain materials
(n=17,15) was added to give samples with oxygen to lithium
ratios of 10 (2.27 mmol LiOTf/g -C,H40-), 20 (1.14 mmol
LiOTf/g —C2H40-), 30 (0.76 mmol LiOTf/g —C,H40-),
50 (0.45mmol LiOTf/g -CoH40-), and 100 (0.23 mmol
LiOTf/g —-C,H40-). Each solution was then cast into two
films. The films were dried at 0.05 Torr at room temperature
for 24 h before taking measurements on them. After vacuum
drying, the film samples were moved into an argon atmo-
sphere drybox. PE|T was observed to precipitate from the
chloroform solution upon addition of very minute volumes
of the salt solution in acetonitrile as well as other solvents.
The failure of this polymer to remain in solution resulted in a
suspension from which uniform films could not be obtained,
and ionic conductivity determinations for PE;T were not
obtained.

The potential was scanned from —100 to 100mV at
1 mV s~! to generate the current/voltage curves for the deter-
mination of ionic conductivity. These limits were selected to
maximize the current observed while keeping the potentials
low enough so that no oxidation or reduction of the material
could occur. Only the movement of charge carriers would thus
contribute to the observed current. Several samples were ana-
lyzed with a stepwise application of potential. Voltages from
—50to 5S0mV in steps of 10 mV were applied for sixty sec-
onds and the current was recorded for each.

2.3. Electronic conductivity

Polymer samples doped with NOBF,4 were handled under
a dry nitrogen atmosphere until after doping and drying. To

l—y 1 equiv. NBS d
_—
S 1:1 CHCI3:AcOH S

dope samples with NOBF4, 300 mg of each polymer was
dissolved or swelled in dry acetonitrile. Then, the solution
was separated into six equal portions and the appropriate
amount of a lithium triflate solution in acetonitrile was added
to produce samples with [O]:[Li] ratios of 10, 20, 30, 50,
and 100 as well as a salt-free sample. These polymers were
then doped in solution by introduction of NOBFy in dry ace-
tonitrile. One equivalent NOBF4 was used for every two
monomer units. The resulting dark blue suspensions were
then stirred at room temperature for 60 min. After this time,
the solvent was removed in vacuo. The dry materials were
collected and pressed into pellets at 10,000 psi. The result-
ing pellets were immediately placed into the measurement
cell, equipped with two stainless steel electrodes, and used to
collect current/voltage data in the range 0—100 mV in 10 mV
steps. Two pellets of each material were produced and the
results for the two were averaged.

3. Results and discussion

The polymers used in this study were synthesized by the
methods developed by McCullough et al. (Scheme 1) [24,26].
This approach gives materials that are highly regioregular
with nearly 100% head-to-tail linkages. Also, defects such as
mislinked rings and cross-links that are formed during oxida-
tive polymerizations are eliminated. 'H NMR spectroscopy
showed no evidence of significant head-to-head coupling or
irregular linkages in the polymers prepared in this study. The
polymer with the shortest side-chain, PE T, was soluble only
in chlorinated solvents, while PE;T and PE3T were soluble
in a wide variety of organic solvents. The compounds with
longer side-chains, PE;T and PE(5T, were soluble only in
polar solvents such as acetone, methanol, or even water.

3.1. lonic conductivity

Samples for ionic conductivity determinations were pre-
pared by dissolving measured amounts of polymer and

1 equiv. NBS
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Scheme 1.
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Fig. 1. Typical current/voltage profile of the PE, T/LiOTf series of materials.

lithium triflate in an appropriate solvent, and films of the
polymer/salt blend were cast onto stainless steel plates. The
addition of solutions of lithium triflate in acetonitrile to chlo-
roform solutions of PE T led to precipitation of the polymer
and prevented the casting of uniform films of this material.
Due to this difficulty, ionic conductivity determinations on
PE|T were not performed. However, the remaining poly-
mer/LiOTf blends formed excellent films before doping with
NOBF; (see below). After casting and solvent-annealing, the
polymer/salt films were loaded into a conductivity cell fit-
ted with one blocking and one non-blocking (Li) electrode
[27,28]. In this type of apparatus, positive potentials applied
at the stainless steel contact will induce electronic charge car-
riers to migrate through the sample. When the bias is reversed,
both Li-ion and electronic charge carriers migrate across the
polymer. Because of the contribution of the ionic charge carri-
ers, the current measured when the Li-electrode is biased pos-
itive (anodic) is greater than that observed with the opposite
applied bias (Fig. 1). From the measured /-V data, along with
the physical dimensions of the sample, the ionic conductivity
can be calculated as gionic = (d/A)[(I/V)anodic — (I/V)cathodic ],
where d = sample thickness, A = sample area.

When plotted as a function of total LiOTf concentra-
tion, the ionic conductivity of the materials showed maxima
at intermediate lithium triflate concentrations (Fig. 2). The
maximum ionic conductivity for PE; T occurred at an oxygen-
to-lithium ratio of 20:1 (1.13 mmol LiOTf/g -C,H40-). For
all of the other polymers examined, the maximum ionic con-
ductivity was found at [O]:[Li]=30:1 (0.75 mmol LiOTf/g
—CoH40-). Conductivity is given by o =ngu and is thus

25-

E 20
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o 157

& 10

-

2 54 fq:\__—\\g

.9

° ot—a=X : : : .
0 0.5 1 1.5 2 25

[LiOTf] (mmol/g -C,H,0-)

Fig. 2. Ionic conductivity of the PE, T/LiOTf series as a function of total
LiOTf added. (¢) PE,T; (M) PE3T; (A) PE;T; (x) PE;sT.

1000 1010 1020 1030 1040 1050 1060
cm-!

Fig. 3. Deconvolution of the signal corresponding to the symmetric
sulfur—oxygen stretch of the triflate ion. Signals for free ions (1032cm™"),
ion pairs (1037 cm™!), and multiple-ion aggregates (1041 cm™') are shown.

dependent on the concentration, charge, and mobility of the
mobile charge carriers. The effective concentration of carriers
is given by, n =f[LiOTf] 1, where f=degree dissociation of
the LiOTf into “free” lithium and triflate ions. The degree of
dissociation was determined from the absorption peaks cor-
responding to the symmetric sulfur—oxygen stretch in the IR
spectra of the LiOTf/polymer solutions. It has been reported
previously that this mode appears at 1032 cm™! for free tri-
flate ions, at 1037 cm~! for ion pairs, and at 1041 cm™!
for multiple-ion aggregates [26,29]. A typical deconvolu-
tion of the sulfur—oxygen stretching peak is shown in Fig. 3.
The peak areas were corrected for differences in oscillator
strength and the fraction of dissociated LiOTf was deter-
mined from the corrected areas, f=A1032/ X A;, where Ajo32
is the corrected area of the 1032cm™! peak. Essentially
all of the lithium triflate was dissociated at concentrations
less than about 0.75 mmol LiOTf/g —CoH4O-, regardless
of the length of the side chains. That is, the charge carrier
concentration was equivalent to the total salt concentration.
Above 0.75 mmol LiOTf/g -C,H40-, the concentration of
free lithium triflate decreased as the total salt concentration
increased (Fig. 4a), and the concentration of associated ions
increased (Fig. 4b). These data support the finding that ionic
conductivity in these systems is greatest at intermediate salt
concentrations.

In addition to charge carrier concentration, ionic conduc-
tivity is also proportional to the ion mobility. While it is true
that the mobility is higher above the glass transition temper-
ature, T, or melting point, Ty, in a given polymer matrix,
a comparison of Ty, or Ty of different materials cannot be
used to predict relative mobilities in the different media, even
though it is often assumed that materials with higher values
of T, are more rigid than those with lower glass transitions.
This rigidity translates into decreased segmental motion of
the PEO components and lower ionic mobility. However, this
assumption is not necessarily true for polymers with glass
transition temperatures well below 25 °C. The behavior of
the materials at sub-ambient temperatures may not be an
accurate indicator of their stiffness at a considerably more
elevated temperature. Nevertheless, the glass transition tem-
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Fig. 4. (a) Concentration of dissociated lithium triflate as a function of con-
centration in the PE, T/LiOTf series. (b) Concentration of associated lithium
triflate ions (ion pairs plus multiple-ion aggregates). (¢) PE,T, (H) PE3T,
(&) PEST, (x) PE;sT.

perature of each polymer/salt blend was determined in order
to shed some light on the ionic mobility of lithium ions in
these systems.

Usually, glass transition temperatures of salt/polymer
solutions tend to increase with increasing salt concentration
[30-34]. This effect is usually attributed to the formation of
transient cross-links formed by association of PEO chains
on different segments with Li* ions in the polymer matrix.
The DSC scans of the polymer/salt solutions investigated
here showed a rather different trend. The PE,T polymers
with relatively short side chains (n=2,3) had maxima in
their T values at intermediate salt concentrations, whereas
those polymers with longer side chains (n=7,15) displayed a
monotonic decrease in T with increasing salt concentration
(Fig. 5). These results may be explained by considering the
effect that ion association exerts on T,. lons present as ion
pairs or multiple-ion aggregates will not be coordinated to
the PEO-like side chains as strongly as those that are disso-
ciated. As ion association increases with increasing total salt

204
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Tg(C)

-504

-60 T T T T
0.00 0.50 1.00 1.50 2.00 2,50

[LiOTf] (mmol/g-C;H,0-)

Fig. 5. Glass transition temperatures of the PE,T series as a function of
lithium triflate concentration. (¢) PE, T, () PE;T, (A) PE;T, (x) PE;5T.
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Fig. 6. Glass transition temperatures of PE, T/LiOTf blends as a function of
free lithium ion concentration. (CJ) PE, T, (@) PE3T, (O) PE;T, (x) PE;sT.

concentration, less free lithium ions are available to stiffen the
polymer. As Fig. 6 shows, there is only a poor correlation of
T, with the free lithium ion concentration. The lack of a strict
correlation of Ty with a single parameter, e.g., the concentra-
tion of free lithium ion, is not surprising, as the presence of
ion pairs and multiple-ion aggregates will most likely affect
the glass transition temperatures. In fact, for each polymer
studied, all those that have glass transition temperatures more
than 2 °C below the fitted lines in Fig. 6 contain a significant
concentration of associated ions. That is, these samples are
those with a high total salt concentration. This result suggests
that ion pairs and multiple-ion aggregates have the effect of
lowering glass transitions just as free ions act to raise Tg.
Values of T rise as salt is added to the pristine polymer until
the point of associated ion formation is reached. Then, par-
tially due to the observed decrease in free ion concentration
and partially to the formation of ion pairs and multiple-ion
aggregates, values of T, drop as the total salt concentration
increases. One also notes that the Tgs of the polymers with
the shorter side chains are more sensitive to the concentration
of free ions (larger slopes in Fig. 6).

An estimate of ionic mobility can be obtained by consid-
ering the relationship between ionic conductivity and charge
carrier concentration. Fig. 7 shows that there is a linear cor-
relation of the ionic conductivity as a function of free Li-ion
concentration (R~ 0.92). At steady state, any polarization
current has decayed and the measured current is due solely to
the mobility of the Li-ions. (Note: The triflate ions do not con-
tribute to the steady-state current because there is no source of
triflate ions; the choice of electrodes is “blocking” for trifiate,
but not for Li*.) The slopes of these plots are directly pro-
portional to the Li-ion mobility (u =slope/Ne). The average
ionic mobility so obtained ranged from 1.8 x 10~* (n=2) to
3.8 x 1074 cm? (Vs)~! (n=15). The slightly higher mobility
of the polymers with the longer side chains is probably due to
the presence of a higher proportion of the ion-receptive com-
ponents in these materials. PE;T and PE(sT are more like
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Fig. 7. Ionic conductivity of the PE,T/LiOTf blends as a function of free
ion concentration. (O) PE, T, (H) PE3T, (A) PE;T, (¢) PE;5sT.

simple PEO than are their short-side-chain counterparts that
contain a higher proportion of non-ionic conductive polythio-
phene backbone.

From the results described here, it seems that ionic con-
ductivity in these systems is governed primarily by the con-
centration of available charge carriers. No great enhancement
of ionic mobility is gained by varying the length of the ion-
conducting side chains.

3.2. Electronic conductivity of p-doped, salt-free
polymers

The PE, T polymers were heavily doped with NOBF;, in
order to simulate the level of oxidation expected for the
polymers in equilibrium with a fully charged cathode in a
Li-ion battery (ca. 4V versus Li/Li*). Because the heavy
doping rendered the polymer films brittle with or without
the addition of LiOTHf, electronic conductivities of the doped
polymers were measured on pressed pellets of the doped-
polymer/LiOTf blends. The current/voltage curves of the
NOBF;-doped, LiOTf-free polymer pellets were linear, indi-
cating that no electrochemical reactions were occurring in the
potential range used. When the current was applied in steps,
there was no variation in the current with time, indicating
the absence of polarization contributions to the conductivity.
The conductivities were determined from the slopes of the
1/V curves and are presented in Fig. 8. The conductivities of
the doped polymers with short side-chains were in the range,
0.1-0.2Scm™!, but fell to 3 x 107°Scm™! for PE;sT. X-
ray analysis of the doped polymer films showed no evidence
for crystallinity, so we attribute the decreased conductivity of
the polymers with longer side-chains to the simple dilution
of the electroactive main-chain by the insulating side-chains,
thus increasing the inter-chain hopping barrier. The conduc-
tivities that we measure for PE; T and PE,T are considerably
less than those determined by McCullough et al. for I,-doped
films [24]. We ascribe the lower conductivities to the fact that

0.01 b

0.001 1

conductivity

0.0001 1

10°5F 1

1076 TR TN A U TR T
0 2 4 6 8 10 12 14 16

nin PE,T

Fig. 8. Electronic conductivity of the PE, T series doped with NOBF, as a
function of side-chain length.

the measurements were made on pressed pellet samples with
the two-point probe technique. The increased level of oxi-
dation in the NOBF4-doped polymers, as compared to the
iodine-doped samples, may also contribute to the decrease in
the conductivity by decreasing the concentration of neutral
hopping sites required for the redox-type conductivity.

3.3. Electronic conductivity of polymer/salt blends

The addition of lithium triflate to the p-doped (oxidized)
polymer samples was observed to dramatically decrease the
electronic conductivity of the samples, as was observed in
work directed towards sensor applications [35-38]. Whereas
the doped PE, T materials with short side chains (n=2,3)
showed conductivities on the order of 107! Scm™! in their
salt-free states, polymers with added LiOTf were four to five
orders of magnitude less conductive. Furthermore, resistance
measurements performed on the PE,T/LiOTf blends also
revealed significant polarization upon initial application of
a potential (Fig. 9). This current—time curve indicates that

2.5 T T T T T

Current (A x 108)

0 10 20 30 40 50 60
Time (s)

Fig. 9. Current vs. time for PE,T/LiOTf [O]:[Li] = 10, showing the effect of
polarization current. The thin line is a double exponential fit (see text).
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Fig. 10. Effect of lithium salt concentration on electronic conductivity.

a significant percentage of the initial current is due to ionic
motion rather than electronic current. The curve was fitted
to a double exponential (R=0.95, x* =0.559) with two quite
different relaxation times: 0.71 and 278 s. These times may
represent contributions from drift motions of the ions and
polymer chains, respectively. The difference in polarization
currents between the oxidized polymer/salt blends and the
LiOTf-free samples is most likely due to the greater conduc-
tivity of the salt-free materials as compared to the blends. In
salt-free samples, which are much more electronically con-
ductive than the blends, the electronic current is so great that
the contribution of the polarization currents is insignificant.
Because of the polarization effects, it was necessary to use
stepwise applications of potential for the determination of
each sample’s electronic resistance. The current was allowed
to stabilize at each voltage before the current was recorded.

The conductivities of the doped, salt-polymer blends are
shown in Fig. 10 as a function of chain length and salt concen-
tration. The values are in the range 1040 .S cm ™!, except for
the polymer with the shortest side-chain, PE; T, which starts
to show an increase in conductivity at the lowest salt concen-
tration studied. Otherwise, changes in the salt concentration
have little effect on the conductivities in the concentration
range studied here. The conductivities of the doped PE,T
and PE3T polymer/salt blends are nearly five orders of mag-
nitude below those of the salt-free polymers. The decrease
in electronic conductivity may be caused by pinning of the
holes in the PT chain by the added triflate anions and/or to
twisting of the PT backbone caused by coordination of the
Li* ions to the PEO sidechains. In contrast, PE;5T, the least
conductive polymer in its salt-free state (2.5 pS cm™!) expe-
riences a slight increase in conductivity upon salt addition.
These results also suggest that there is a lower limit for the
conductivity of these materials. The retarding effect of elec-
trostatic interactions between the added ions and the mobile
(electron) holes appears to reach a saturation level at the salt
concentrations studied.

4. Conclusions

A series of comb-like poly[3-(oligoethylene oxide)th-
iophene]s were explored for use as lithium ion conductors.
At loadings of lithium triflate higher than about 0.75 mmol
LiOTf/g —C,H4O—, ion pairs and multiple-ion aggregates
were formed, and the concentration of free lithium ions,
which are the primary ionic charge carriers in these systems,
decreased. The ionic conductivity of these materials is pro-
portional to the concentration of free Li-ions and reaches a
maximum at intermediate concentrations of LiOTf. Values
as high as 2 x 107*Scm™! were observed. The lithium ion
mobilities range between 2 and 3 x 10~*cm? (Vs)~ L.

The electronic conductivity of polymers that were heav-
ily doped with NOBF, was extremely sensitive to the length
of the side chains. The polymers with shorter side chains
had conductivities near 0.1 S cm™!, whereas the conductiv-
ity of polymers with longer side chains was in the range of
2uScm~!. The addition of lithium triflate to the polymer
samples caused the electronic conductivity of the shorter side-
chain polymers to decrease to the same level as observed for
the pristine long side-chain materials.

The poor film-forming ability of the heavily doped poly-
mers reported here precludes their use as binders in lithium
ion batteries. Batteries are usually assembled in their dis-
charged state, and, in their neutral state, the longer side-
chain polymers form good films that are able to fasten the
active cathode material to the current collector. However,
when the cell is charged the polymeric binder would be
oxidized, and films of the oxidized polymers tend to crack
and peel. This effect would most likely cause the cath-
ode material to become detached from the current collec-
tor after several charge/discharge cycles, ultimately leading
to cell failure. However, this work does serve as a start-
ing point for the development of electroactive binders for
lithium ion batteries. Future efforts will be necessary to deter-
mine methods to simultaneously optimize both electronic and
ionic conductivity while maintaining film quality during cell
cycling.
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