Relation between unusual solubility of salts in poly(ethylene oxide)

oligomers and complex formation
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The solubility of many alkali metal salts shows negative temperature dependence in poly(ethylene oxide)
(PEO) oligomer. When a PEO oligomer solution containing salt is heated, salt crystals are phase separated.
This unusual phenomenon was analysed systematically for a variety of inorganic salts. These salts were
shown to have relatively high lattice energy and are known to form no complex with PEO.
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A large dipole moment of poly(ethylene oxide) (PEO),
especially on the ether oxygen, could solubilize many
inorganic salts without solvent. Since such salts are partly
dissociated into ions in PEQO, this PEO/salt mixture is
known to be a starting system for the development
of ion-conductive polymers. However, although there
are many studies on ion conduction in PEO, little
physicochemical analysis of salts in PEO has been carried
out'™. We have already reported the solubility of
a series of inorganic salts in PEO oligomers*>. It
was confirmed that the terminal hydroxyl groups of
PEO made a great contribution to solubilizing salts. We
found that the solubility of potassium chloride had a
negative temperature dependence in PEO oligomers®.
Salt crystals were separated out from PEO solution by
heating. Similar phenomena have been observed in
poly(propylene oxide) oligomers but have been briefly
reported without practical data’ %, and have not been
analysed systematically. Here, we summarize the relation
between the complex formation with PEO and salt
species that show a negative temperature dependence of
solubility.

A series of alkali metal salts [combination of cation
(Li*,Na*,K*, Rb* and Cs*) and anion (Cl~, Br~, 1",
NOj3 and SCN 7)} was dried in vacuo at 60°C for 2 days.
These were individually dissolved in PEO with average
molecular weight of 200 (PEO,,,) under nitrogen gas to
form a final concentration of 0.05-2.5moll™' salt
solution, depending on the salt species. These were
pipetted and sealed in test tubes, then heated in an oil
bath at arate of 1°C min ~ !. The solution temperature was
monitored with a thermocouple inserted directly into the
PEO standard solution containing no salt. Most chloride
and bromide salts were phase separated as crystals by
heating. A salt-saturated PEQO solution was regarded to
have been formed when the solution turned turbid. The
temperature at which the crystals started to phase
separate was plotted against the salt concentration of the
corresponding sample.
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Figure 1 Effect of temperature on the solubility of a series of inorganic
salts in PEO with average molecular weight of 200: @, NaBr; A, KBr;
B, RbBr; ®,CsBr; A, KNO;; O, NaCl; A, KCl; O, RbCl; 0, CsCl

Figure 1 shows the temperature dependence of nine
alkali metal salts in PEQO, 4. The solubility of all of these
salts showed negative temperature dependence. The
crystals were solubilized again by cooling the PEO
solution. The phase-separated crystals were confirmed to
be of the same type as the corresponding salt, as obtained
through recrystallization from an aqueous medium.

Many salts are reported to form a complex with PEQ!!,
To clarify the effect of lattice energy and cation species
on the negative temperature dependence, the lattice
energy of salts was plotted against cation radius, as shown
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Figure 2 Relation between lattice energy and cation radius of a series
of inorganic salts. O, @, forms complex with PEO; [], Hl, forms no
complex with PEO. Solid symbols, salt crystallized in PEO by heating;
open symbols, no crystal was phase separated by heating, Lattice energy
(calculated, in kJ mol™1) from ref. 13

in Figure 2. Salts were then classified into two main
groups by both the ability to form a complex with PEO**
and whether the solubility showed a negative temperature
dependence. It was clear that almost all the salts that do
not form a complex with PEO showed this negative
temperature dependence. The crystals obtained by
heating in PEO should not therefore be the PEO/salt
complex. The PEO/salt complex, also prepared by us,
was totally different from the ordinary inorganic salt
crystals. The boundary line of these two different groups
is drawn as a dotted line in Figure 2. The threshold of
lattice energy decreased with increasing cation radius.
There are, however, two exceptions: for example, NaNO,
was reported to form no complex with PEO'!, but no
crystal was phase separated by heating PEO solution
containing NaNQO;. Anion structure is considered to
affect this sequence not only through the lattice energy
but also the steric effect, in spite of no direct experimental
data.

By considering the complex formation with PEO, a
mechanism can be presented for these phenomena.
The salt was incompletely solubilized in PEO oligomer.
Generally, the cation is solvated by oxygen atoms
in PEO chains'2. Since smaller cations, such as Li*, have
a higher surface charge density, a stronger ion—dipole
interactive force was found with PEO. This means that
PEO can form a complex with these smaller cations
in spite of the larger lattice energy. The threshold
line in Figure 2 increases with decreasing cation
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radius. When the interactive force was not strong, the
entropic neighbouring (cooperative) effect of PEO
solvation decreased with increasing temperature. This
may correspond to the decrease of solubility in PEO.
Details of this will be reported later.

A preferential pseudo-solvation of salts by PEO should
be observed in the PEO containing two different salts.
The phase separation of one salt (without the ability to
form a complex) must be induced by the addition of
another salt (with complex formation ability) to the PEO
solution. KSCN powder was added slowly to a clear
solution of PEO,,, containing 1.70mol1~! KBr under
stirring. KSCN was easy to solubilize in this PEO
solution. Crystals of the cubic system gradually appeared
when KSCN salt was solubilized in PEQ,q, solution
with concentration greater than 0.10moll~!. Since
KSCN crystals are classified as orthorhombic, the crystals
that appeared are strongly suggested to be KBr crystals.
This suggests that PEO interacted more strongly with
complex-forming salts than with non-complex-forming
salts. The latter were phase separated by the addition of
the former in PEO. Since the cation species of both salts
is potassium, in this case, the effect of the anion species
was considered to control the solubility in PEO. Detailed
analysis on the exchange reaction of the salt species in
PEO is now in progress.

PEO oligomers showed unusual solubility to inorganic
alkali metal salts. In particular, we clarified that the
solubility of salts that do not form a complex with PEO
showed negative temperature dependence. A preferential
pseudo-solvation of salts by PEO was also observed in
the system containing two salts with different complex-
forming ability.

Acknowledgement

The authors are grateful to Mr Koji Matsumoto for
his kind assistance in experiments. This work was partly
supported by a Grant-in-Aid for Scientific Research from
the Ministry of Education, Culture and Science, Japan.

References

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

2 Kakihana, M., Schantz, S., Torell, L. M. and Stevens, J. R. Solid
State Ionics 1990, 40/41, 641

3 Olender, R. and Nitzan, A. Electrochim. Acta 1992, 37, 1505

4 Ohno, H. and Wang, P. Nippon Kagaku Kaishi 1991, 1588

S Ohno, H. and Wang, P. Nippon Kagaku Kaishi 1992, 552

6 Ohno, H., Ito, K. and Matsumoto, K. Nippon Kagaku Kaishi

1993, 301
7 Greenbaum, S. G, Pak, Y. S, Wintersgill, M. C,, Fontanella, J. J,,
Schultz, J. W. and Andeen, C. G. J. Electrochem. Soc. 1988,
135, 235
8 Greenbaum, S. G., Pak, Y. S, Wintersgill, M. C. and
Fontanella, J. J. Solid State Ionics 1988, 31, 241
9 Wintersgill, M. C., Fontanella, J. J, Greenbaum, S. G. and
Adamic, K. J. Br. Polym. J. 1988, 20, 195
10 Cameron, G. G. and Ingram, M. D. in ‘Polymer Electrolyte
Reviews—2’ (Eds J. R. MacCallum and C. A. Vincent), Elsevier
Applied Science, London, 1989, Ch. 5, p. 157
11 Shriver, D. F., Papke, B. L., Ratner, M. A, Dupon, R,
Wong, T. and Brodwin, M. Solid State Ionics 1981, §, 83
12 Chatani, Y. and Okamura, S. Polymer 1987, 28, 1815
13 Jenkins, H. D. B. in ‘CRC Handbook of Chemistry and Physics’
71st Edn, CRC Press, Boca Raton, 1990, Section 12, p. 3



