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Room-Temperature Molten Salt Polymers as a Matrix for Fast Ion Conduction
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Vinyl polymers having either imidazolium group or
sulfonamide group in the side chain were prepared as
components to form a molten salt. After mixing, these polymers
formed a molten-salt-like flexible domain in the polymer, and
excellent ionic conductivity (7.52X10°® Scm™ and 1.88x10™
Scm™ at 30 °C, respectively) was observed in spite of their
rubber- or powder-like properties.

Many types of solid polymer electrolytes have been
investigated.l'3 However, fast lithium ion conduction is rather
difficult because of strong ion-dipole interaction with ether
oxygens® in polyether derivatives which have been used as host
materials so far. On the other hand, room temperature molten
salts consisting of imidazolium derivatives™ have recently been
focused upon as potential electrolyte materials for power-storage
devices™® because of preferable properties such as low vapor
pressure, high ion contents, high matrix mobility at ambient
temperature, etc. Such molten salts frequently called “organic
ionic liquid systems” generally contain AICL,>" and their
instability toward moisture is still a serious drawback. On the
other hand, when the counter anion of imidazolium was
substituted for some organic anions, they were confirmed to form
water-stable molten salts’ Since there was a great
improvement in the stability toward moisture, a detailed study of
the nature of the imidazolium salt'" for application to solar cells, "
gel electrolytes,” and capacitors' has been carried out. Such
molten salt systems suggested to us the possibility to provide a
flexible and fast ion conduction path even in polymers. It was
expected that the main chain part of a vinyl polymer would exibit
good mechanical properties and both imidazolium salt and
sulfonamide salt would provide an ion conducting path after
molten salt formation. In the present paper, we prepared vinyl
polymers  having the imidazolium unit (I), and
trifluoromethanesulfonamide unit (IT) as shown in Scheme 1.
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Polymer I was prepared from 1-vinylimidazole by reaction with
bromoethane. The bromide ion in the compound obtained (1-
ethyl-3-vinylimidazolium bromide: EtVyIm'Br) was exchanged
for TFST (bis(trifluoromethanesulfonylimide) anion) via anion
exchange reaction in an aqueous phase.”” The monomer
EtVyIm'TFST has a very low Tg (-76.5 °C) and is liquid at room
temperature. Polymerization of this monomer was initiated with
azobisisobutyronitrile in degassed ethanol. Comparing ac ionic
conductivity before and after polymerization, decreased ionic
conductivity was observed as the result of polymerization (Figure

1). I became rigid after polymerization, but it kept a low Tg
(-75.4 °C). Due to the low Tg, TFSI" worked as carrier ions
and a certain degree of ionic conductivity (about 107 Sem™ at
30 C) was resultingly observed as shown in Figure 1. Tonic
conductivity was improved by the addition of LiTFSI to this
system.  The effect of salt concentration on the ionic
conductivity was studied in detail. When I was mixed with an
equimolar amount of LiTFSI to the imidazolium unit, ionic
conductivity was improved about 10 times (7.52X 10 Sem™ at
30 °C) over the system without salt. Furthermore, the carrier
ion species was confirmed by the lithium ion transference number
(tm).16 The t;, was very low at about 0.03 when I was mixed
with LiTFSI in lower concentration (1:10 to imidazolium unit).
However, it increased to 0.68 at 50 °C when I was equimolarly
mixed with LiTFSI. In the case of equimolar mixing of I with
LiTFSI, the net lithium ion content was 33% of all mobile ions in
the matrix, and thus this result indicated that Li" moved faster
than TFSI. In polyether derivatives, cations are known to
migrate slower than anions,’” because the ion-dipole interaction
act preferentially toward the cations. In constrast, such a
constraining force acting only toward cations was not found in
molten salts, and the relatively high t;;. was observed for I
When the system contained an equimolar amount of LiTFSI, Tg
was determined to be -47 °C. In the presence of ion-dipole
interactions, the Tg of matrix is usually increased by the addition
of salt."™™ The introduction of a functional group, which can
form molten-salt domain, was considerably effective for the
dissolution of lithium salt without elevating the Tg.
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Figure 1. Arrhenius plot of the ionic conductivity for monomer
1 (@), polymer I (O), and an equimolar mixture of
polymer T and LiITFSI(A).

The combination of I and LiTFSI provided good lithium ion
conductivity with high lithium transport number. The formation
of a molten salt structure at the side chain of a vinyl polymer was
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effective for providing a fast ion conduction pathway. Another
possibility existed to form a similar quasi-molten-salt domain in
the side chain of a vinyl polymer. Polymer II was prepared by
the reaction of poly(allylamine) (Mw of 10,000} and CF;SO,Cl in
the presence of pyridine as a proton receptor. For the
preparation, aqueous solution of poly(allylamine) was freeze
dried (water content reached 0.3% after drying) and the reaction
was carried out in DMSO. The reacted solution was purged in
water to precipitate the polymer. This polymer was neutralized
with lithium hydroxide in a mixed solvent of water and methanol.
The ratio of substitution, i. €., m/r was determined to be 0.114 by
titration method. It appeared to be difficult to substitute all the
amino groups in poly(allylamine). The polymer itself has very
poor ionic conductivity; less than 107 at 50 °C because of both a
relatively high Tg (-22.3 °C) and the absence of an ion
conduction path.  After mixing with dEIm'TFST (1,2-
dimethylimidazolium TFSI), the ionic conductivity of II was
greatly improved while maintaining its mechanical properties.
When IT was mixed with an equimolar amount of salts to the
sulfonamide group in II (i. e., to m), the Tg reached a minimum
at -82.3 °C. This showed that the formation of a molten-salt-
like-phase between Im and sulfonamide was also effective to
make a flexible ion conduction path. The ionic conductivity of
II jumped to 1.62 x 10 Scm™ upon addition of diEIm TFST
equimolarly to the sulfonamide group (A) as shown in Figure 2.
Further, the ionic conductivity of I was improved 100 fold while
maintaining its powder-like property (1.88 X 10 Scm™ at 30 °C)
by adding excess diEIm TFSI. Even in the latter case, the
concentration of lithium ion was still low, and high t;;, was not
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Figure 2. Arrhenius plot of the ionic conductivity for polymer
II (&), polymer II with equimolar (A) or excess (O)
amount of diEIm"TFSI".
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obtained. A system consisting of II with high m fraction should
bring high lithium transport number and successive molten-salt
domain. Preparation of this polymer system is under progress.

The authors are grateful to Mr. Michiyuki Omori and Mr.
Masahiro Yoshizawa for their kind assistance in experiments. The
present study was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, Sports, and
Culture, Japan (#09650986).

References and Notes

1 “Polymer Electrolyte Reviews 1&2,” ed by J.R. MacCallum
and C. A. Vincent, Elsevier Applied Science, London (1987
and 1989).

2 F. M. Gray, “Solid Polymer Electrolyte,” VCH, New York
(1991).

3 “Handbook of Solid State Batteries and Capacitors,” ed by
M. Z. A. Mushi, World Scientific, Singapore (1995).

4 P. G. Bruce, “Solid State Electrochemistry”, Cambridge
University Press, Cambridge (1995).

5 J. S. Wilkes and M. J. Saworotko,
Commun., 1992, 965.

6 J. Fuller, R. T. Carlin, H. C. De Long, and D. Haworth, J.
Chem. Soc., Chem. Commun., 1994, 299.

7 V. R. Koch, C. Nanjundiah, G. B. Appetecchi, and B.
Scrosati, J. Electrochem. Soc., 146, 1116 (1995).

8 V. R. Koch, L. A. Dominey, C. Najundiah, and M.J.
Ondrechen, J. Electrochem. Soc., 143, 798 (1996).

9 “Advances in Molten Salt Chemistry vol.5,” ed by G.
Mamantov, Elsevier, Amsterdam (1983).

10 “Current Progress on Chemistry of Nonaqueous Solutions,”
ed by G. Mamantov and A. I. Popov, VCH, New York
(1994).

11 P. Bonhdte, A-P. Dias, N. Papageorgiou, K. Kalyanasund-
aram, and M. Gritzel, Inorg. Chem., 35, 1168 (1996).

12 N. Papagergiou, Y. Athanassov, M. Armand, P. Bonhéte, H.
Pettersson, A. Azam, and M. Gritzel, J Electrochem. Soc.,
143, 3099 (1996).

13 J. Fuller, A. C. Breda, and R. T. Carlin, J Electrochem.
Soc., 144, L67 (1997).

14 A. B. McEwen, S. F. McDevitt, and V. R. Koch, J.
Electrochem. Soc., 144, L84 (1997).

15 K. Ito, Y. Nakai, M. Omori, and H. Ohno, Polymer Prep.,
Japan, 46, 510 (1997).

16 K. Ito, N. Nishina, and H. Ohno, J. Mater. Chem., 7, 1357
(1997).

17 J. R. MacCallum, A. S. Tomlin, and C. A. Vincent,
Eur.Polym. J., 22, 787 (1986)

18 S. Besner and J. Prud’ homme, Macromoecules, 22, 3029
(1989).

19 J. R. Stevens and S. Schants, Polym. Commun., 29, 330
(1988).

J. Chem. Soc., Chem.



