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Strong coordination of ether oxygen toward lithium
ion generally prevents PEO derivatives from exhibiting
high selectivity for cation transport. Such features of
PEO derivatives are undesirable in view of achieving
not only high energy density but also reliable perfor-
mance of systems, since such biionic systems generate
potential gradients within the electrolyte matrix so that
the inner voltage of devices is offset. Because of such
inadequate cationic conductivity of polyether deriva-
tives, molecular design of single ion conductive polymers
has been widely examined.1 Such materials are typically
obtained by immobilizing the anion onto the polymer
electrolyte matrix. A number of materials called “poly-
mer-salt hybrids” have been thus developed so far.
Although immobilization of the anion decreases the
carrier ion number and leads to lower ionic conductivity,
improved ionic conductivity has been attained by em-
ploying highly dissociable salt structure.2

As highly dissociable lithium salts based on a stabi-
lized imido anion, LiTFSI and LiBETI have been widely
used as salt additives in polymer electrolytes.3 In these
salts, imido anions are highly stabilized via the reso-
nance effect on sulfonyl groups. Therefore, sulfonamide
and sulfonimide structure had been an attractive com-
ponent for highly conductive polymer/salt hybrids.2 As
a different approach for the stabilization of imido anion,
herein is proposed the molecular design of boron-
stabilized imido anion via the neutralization reaction
of iminoborane. Generally, boron atom is capable of
stabilizing its adjacent anion similar to a carbonyl
group.4 Making use of this chemistry, we have recently
reported bulk ionic conductivity of boron-stabilized
carbanions.5 It is more commonly known that a lone
pair electron of the nitrogen atom strongly flows
into the vacant p-orbital of the adjacent boron atom
(pπ-pπ interaction; Figure 1).6 Therefore, incorporation
of the boron atom adjacent to imido anion appears to
be a promising method to create a novel class
of nonhalogenated salts showing a high degree of
dissociation.

In recent years, we have been studying synthesis of
organoboron main-chain polymer electrolytes7 and their
ion conductive properties. Taking advantage of hydro-
boration polymerization,8 a variety of ion conductive
matrixes such as boric ester type polymer, alkylborane
type polymer, comblike polymer, borane-imidazole
complex, and organoboron polymer molten salts were
prepared. We have also reported some lithium borate

type polymer/salt hybrids;9 however, their ionic conduc-
tivity is relatively lower compared with those for anion
trapping type organoboron polymer electrolytes because
of the fewer number of carrier ions.

In the present paper, as a novel polymer/salt hybrid
including more highly dissociable salt structure, we
report the synthesis of comblike organoboron polymer
electrolyte bearing a boron-stabilized imido anion (BSI)
unit. Here, comblike organoboron polymer was selected
as a matrix on which BSI is immobilized. Design of
comblike polymer is a common approach for the prepa-
ration of highly conductive polymers.10 Comblike
organoboron polymer electrolytes which we have re-
cently reported7c also exhibited improved ionic conduc-
tivity compared with that of linear organoboron polymer
electrolytes.

The polymer/salt hybrid bearing BSI unit was pre-
pared as follows. First, hydroboration polymerization
between 1,7-octadiene and the monobromoborane-
dimethyl sulfide complex was carried out according to
the method reported by Chujo et al. to give a poly-
(organoboron halide)8c whose Mn is reported to be
23 500. The obtained poly(organoboron halide) was
reacted with n-hexylamine and then with poly(ethylene
glycol) monomethyl ether (Scheme 1). Finally, the
obtained polymer bearing iminoborane unit was neu-
tralized using lithium hydride to give desired polymer/
salt hybrid in 67-97% yield. The polymers were purified
by reprecipitation into n-hexane and washing with
diethyl ether. Each polymer obtained was amorphous
soft solid soluble in common organic solvents such as
chloroform, methanol, THF, and so on. The obtained
polymer/salt hybrids showed a glass transition temper-
ature of 239-223 K. The structure of the obtained
polymer was supported by 1H and 11B NMR spectra.
After the neutralization reaction, in the 11B NMR
spectra, the peak due to iminoborane unit had largely
shifted to the upper field region, while the peak due to
boric ester unit remained unchanged, indicating that
neutralization took place selectively (Figure 2). Since
alkylamine does not generally undergo neutralization
with lithium hydride, the observed reactivity of imino-
borane unit strongly suggests that anion is fairly
stabilized via pπ-pπ interaction.

The ionic conductivity of obtained polymers was
evaluated by the ac impedance method under an argon
atmosphere. All the samples were thoroughly dried
under vacuum before subjected to measurements. When
the unit ratio n:m was fixed to 1:1 [Scheme 1 (n, m, and
k stand for number of repeating units for BSI unit, PEO
unit, and ethylene oxide unit in PEO side chain,
respectively)], the ionic conductivity observed was 1.31
× 10-4-1.32 × 10-5 S/cm at 323 K, which is markedly
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Figure 1. Stabilized imido anions.
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high among single ion conductive polymers. The depend-
ence of PEO side chain length on the ionic conductivity
was investigated for BSI polymer (Figure 3). The
polymer bearing triethylene glycol side chain did not
show very high ionic conductivity due to too high
concentration of lithium ion. The highest ionic conduc-
tivity of 1.31 × 10-4 S/cm was observed at 323 K when
the side chain was PEO750. Under the observed lithium
concentration region (Table 1), ionic conductivity de-

creased with increasing the ratio of [Li+]/[EO] in spite
of the increase of carrier ion number. When TEG was
employed, ionic conductivity was 1 order of magnitude
lower than the case of PEO750, possibly because seg-
mental motion of matrix was restricted due to pseudo-

Scheme 1

Figure 2. 11B NMR spectra for comblike organoboron polymer
(a) before and (b) after the neutralization reaction using LiH.

Figure 3. (a) Temperature depencence of ionic conductivity
and (b) VFT plots for polymer/BSI salt hybrids.
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cross-linking via lithium ions as indicated from rela-
tively higher Tg of this system.

Vogel-Fulcher-Tamman (VFT) plots11 were fit for
BSI polymers having various PEO side chains. Except
for the case of BSI polymer with TEG side chain, linear
VFT plots were obtained. In the higher temperature
region, linear VFT fitting was also possible for the
polymer having TEG side chain as represented in Figure
2b. The obtained linear VFT plot indicates that ions are
transported via segmental motion of the polymer under
each condition. From the VFT parameters (Table 1)
corresponding to carrier ion number (A) and activation
energy (B), the polymer/salt hybrid bearing triethylene
glycol side chain has high carrier ion number; however,
the higher activation energy restricted the transporta-
tion of ions. On the other hand, when the PEO side
chain length was longer, even though the carrier ion
number decreased, the activation energy of system had
also decreased, which led to the observation of improved
ionic conductivity.

In conclusion, novel comblike polymer electrolyte
bearing a boron-stabilized imido anion was prepared via
polymer reaction of poly(organoboron halide). The ob-
tained polymer showed an ionic conductivity of 1.31 ×
10-4-1.32 × 10-5 S/cm at 323 K. The markedly high
ionic conductivity as single ion conductive polymer is
ascribed for high dissociation degree of lithium BSI
salt due to pπ-pπ interaction in the boron-nitrogen
bond. This synthetic strategy for stabilized imido
anion would lead to creation of a variety of BSI deriva-
tives or polymer/BSI salt hybrid as a new class of
materials based on stabilized imido anions. Introduc-
tion of the electron-withdrawing group instead of a
n-hexyl group would lead to further improved dissocia-
tion degree of LiBSI salt moiety. Synthesis of polymer/
salt hybrid bearing sulfonimide type BSI is currently
underway.
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Table 1. Glass Transition Temperature, Ionic Conductivity, and VFT Parameters for Polymer/BSI Salt Hybrids

side chain [Li+]/[EO] Tg (K) T0 (K) σi at 323 K (S cm-1) A (S cm-1) B (K) Ea (eV)a rmsb

TEG (k ) 3.0) 0.333 239 186 1.32 × 10-5 1201000 2207 18 030 0.999 98
PEO350 (k ) 8.0) 0.125 232 184 4.49 × 10-5 332.9 1342 10 960 0.999 99
PEO550 (k ) 13) 0.077 227 188 5.40 × 10-5 351.3 1284 10 490 0.999 96
PEO750 (k ) 18) 0.056 223 173 1.31 × 10-4 430.4 1306 10 670 0.999 88
a Ea ) B × 8.1674 (105 eV). b Root mean square.
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