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ABSTRACT: The propylene solubilities were measured in solid polymer electrolyte films comprising AgBF,4
or AgCF;S0; dissolved in poly(2-ethyl-2-oxazoline) (POZ) or poly(N-vinylpyrrolidone) (PVP). The propylene
solubility for 1:1 POZ:AgBF, membrane is almost 25-fold higher than that for pure POZ and further is
nearly 2-fold higher than that for 1:1 POZ:AgCF3;SO3; membrane. The solubility difference between AgBF,
and AgCF3;SO; polymer electrolytes was interpreted in terms of the anion size and the lattice energy of
salts, the interaction intensity of metal ion with polymer chains, and the bond length between the silver
ion and the closest anion atom calculated by the ab initio method. As a result, it was found that the
solubility was better correlated with the bond length than other parameters.

1. Introduction

Polymer electrolytes have been extensively studied in
the past 20 years because of their potential applications
in high-energy density batteries and fuel cells, etc.!
Among these studies, most of them were about com-
plexes between alkaline metal salts and polyethers,?>—>
but few studies have been conducted on polymer—salt
complexes containing silver ions.5-12 Polymer electro-
lytes containing silver ions are of particular interest
owing to their potential application to facilitated trans-
port membranes for separating unsaturated hydrocar-
bons from gas stream.8-12

Recently, we have reported facilitated transport of
propylene through silver polymer electrolytes made of
silver salts of AgBF,4 or AgCF3SO3 dissolved in poly(2-
ethyl-2-oxazoline) (POZ) or poly(N-vinylpyrrolidone)
(PVP).11 The shift in the carbonyl absorption band of
the infrared and Raman spectra of POZ and PVP with
the silver salts confirmed complex formation via coor-
dinative interaction between silver ions and carbonyl
oxygens. Further, it was found that the coordination
number of silver ion with carbonyl oxygen of POZ and
PVP is close to unity, demonstrating unusually high
solubility of silver ions in the POZ and PVP matrices.
It has been well-known that silver ions can reversibly
react with olefin molecules to make silver—olefin com-
plexes.1314 Because of such silver—olefin complex forma-
tion, propylene is expected be dissolved to a great extent
in polymer electrolytes containing silver salts.

In this study, propylene solubility in these silver
polymer electrolytes was measured using the pressure
decay method. The solubility data were then interpreted
in terms of the anion size and the lattice energy of salts,
the interaction intensity of metal ion with polymer
chains, and the bond length between the silver ion and
the closest anion atom.

2. Experimental Section
2.1. Sample Preparation. Poly(2-ethyl-2-oxazoline) (POZ)
(MW: 500 000) and poly(N-vinylpyrrolidone) (PVP) (MW:
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1 000 000) were purchased from Aldrich Chemical Co. (Mil-
waukee, WI) and Polysciences, Inc. (Los Angeles, CA), respec-
tively. AgBF, (98%) and AgCFs;SO; (99+%) were purchased
from Aldrich Chemical Co. All chemicals were used as received.
Appropriate amounts of silver salts were dissolved in 20 wt %
polymer solutions in water. The polymer electrolyte solution
was cast on a glass plate and dried under a nitrogen environ-
ment. The cast film was finally dried overnight in a vacuum
at room temperature to remove residual water.

2.2. Olefin Solubility Measurements. Solubility of pro-
pylene in solid polymer electrolytes (SPE) was measured using
a barometric (pressure-decay) sorption apparatus at 25 °C. The
system temperature was controlled to +0.1 °C with a heating
element. Samples with 1:1 mole ratio of carbonyl oxygen to
silver ion were used. Initially, a SPE film was placed in the
sample chamber and evacuated for more than 12 h. Propylene
gas was then introduced into the chamber and allowed to
equilibrate. Once the chamber pressure remained constant,
additional gas was introduced and again allowed to achieve
equilibrium. In this incremental manner, propylene solubility
as a function of gas pressure was determined and expressed
as cm? (STP) of propylene uptake per unit volume of SPE.

2.3. DSC Experiments. Glass transition temperatures of
POZ films containing silver salts were measured under a dry
nitrogen environment using a Perkin-Elmer DSC 7 calorim-
eter. The heating rate was 20 °C/min. Samples of POZ
complexed with AgBF, or AgCF;SO; were prepared with
carbonyl oxygen-to-silver ratios of 20:1, 10:1, 6:1, 5:1, 4:1, and
3:1.

3. Results and Discussion

The propylene solubilities in SPE films were mea-
sured using the pressure decay method at 25 °C and
were plotted against propylene pressure as shown in
Figure 1. The mole ratio of carbonyl oxygen to silver
ion was 1:1. The olefin solubility in the POZ or PVP
alone was very low (for example, the propylene solubility
in the POZ film at 136 kPa was only 9 cm?3 (STP)/cm83).
The propylene solubility in the AgBF4 membranes is
almost 25 times higher than that in pure POZ at 136
kPa. This implies that the overall solubility seems to
be mostly associated with the complexation of olefin
with silver ions. The experimental results indicate that
the propylene solubility in SPE films containing AgBF4
is always higher than that containing AgCF3SO; for
both polymers. The former is almost 2-fold increased
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Figure 1. Solubility of propylene in solid polymer electrolyte
films at 25 °C.

compared to the latter. The propylene solubilities in
poly(ethylene oxide):AgBF, and poly(ethylene oxide):
AgCF3;SO3 membranes were reported to be 8.5 and 1.76
g of propylene per 100 g of polymer electrolyte, respec-
tively, at 35 °C and 700 Torr.X° This also shows that
the propylene solubility in AgBF4 polymer electrolytes
is much higher than that in AgCF3SO3; ones.

Polymer electrolytes are composed of metal salts
dissolved in polymer solvents. When metal salts are
dissolved in polymer solvents, the salts are first dis-
sociated into their ions (dissociation), which were sub-
sequently solvated in polymeric solvents (solvation). The
dissolution process involves the dissociation step as-
sociated with the lattice energy of salts and the solvation
step with the solvation energy of ions in polymer
solvents. Therefore, the properties of polymer electro-
lytes, in particular their complexation with olefin mol-
ecules, strongly depend on the lattice and solvation
characteristics, which dictate the type of the ionic
constituents of salts in polymer electrolytes: free ion,
ion pair, and ion aggregate. The type of the ionic
constituents can be fairly well represented by the
distance between cation and anion.

The effect of the anion size on silver ion—olefin
complexation in chloroform solution was first investi-
gated with Fourier transform infrared (FTIR) spectros-
copy by Sunderrajan et al.1° The silver salts with the
larger BF4~ (0.232 nm) and CF3SO3~ (0.256 nm) anions
have a much stronger tendency to form complexes with
olefins than those with the smaller anions such as NO3;™
(0.189 nm) and CF3CO,~ (0.156 nm). They concluded
that the tendency of silver salts to form complexes in
solution was most strongly correlated with anion size
and was not well-correlated with measures of anion-
donor electron density or softness parameter.’® How-
ever, we found experimentally that the propylene
solubility in SPE films containing AgBF;, is higher than
that containing AgCF3SO3 although the size of CF3SO3~
(0.256 nm) is larger than that of BF;~ (0.232 nm).1% This
represents that the anion size influences the propylene
solubility to some extent but not crucially.

Recently, Kim at al. calculated theoretically lattice
energies for metal salts using the density functional
theory.1® They first calculated dissociation energies of
metal salts and then calculated the lattice energies
using the linear relationship between the dissociation
and the lattice energies. According to them, the lattice
energies for silver salts increase as follows: AgBF, (667
kJ/mol) < AgCF3SO3 (716 kJd/mol) < AgNOg3 (773 kJ/
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Figure 2. DSC thermograms for POZ:AgCF3SO3; systems with
varying mole ratio of carbonyl oxygen to silver ion.
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Figure 3. Variations of glass transition temperatures as a
function of salt concentration for POZ with AgBF, and with
AgCngO:g

mol). This indicates that the interaction of silver ion
with BF,~ is weaker than that with CF3SO;~ and
consequently that the complexation of Ag™ with olefin
molecules may be stronger in the AgBF; membrane
than that in the AgCF3;SO3; membrane, resulting in
higher propylene solubility in SPE films containing
AgBF4. This is consistent with experimental data.
However, the lattice energy is defined as energy neces-
sary for dissociation of a salt into ions and does not
consider the solvation effect in polymer solvents, which
is more important than the lattice energy in many
cases.'” Therefore, it seems to be difficult to relate the
lattice energy with complexation process directly.

The solvation process is also important in determining
the propylene solubility, which is strongly influenced
by the interaction energy of silver ions with polymer
matrix. The interaction between carbonyl oxygens of the
polymer matrix and silver ions for both silver salts has
been investigated spectroscopically earlier.’2 However,
we were not able to measure the difference in the
strength of the interaction of carbonyl oxygen with silver
ion in AgBF, and AgCF3SO3 membranes quantitatively
using the spectroscopic method. One method to quantify
this interaction is to study glass transition temperatures
(Tg) of SPE films. When silver cations interact with
polar groups of polymer chains, T, of the polymer matrix
will be increased owing to the decreased mobility of
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Figure 4. Structures of complexes of (a) 1,2-dimethoxyethane with AgBF, and (b) 1,2-dimethoxyethane with AgNOs;, where

1,2-dimethoxyethane is a model compound of poly(ethylene oxide).

polymer chains.'® Therefore, glass transition tempera-
tures of POZ containing AgBF, and AgCF3;SO3 were
measured using DSC. Figure 2 shows DSC heating
curves of the POZ:AgCF3;SO3 system with various salt
concentrations. As shown in Figure 2, the glass transi-
tion temperature increases with increasing salt content
as expected.l® Both systems show pronounced varia-
tions, which are qualitatively similar for both salts, in
the temperature range over which the glass transition
occurs. Each plot exhibits the same general features of
increasing T4 with increasing salt contents; i.e., Tq first
increases and then remains invariant above a certain
salt content, indicating the limiting value of salt solubil-
ity in polymer solvent.” The increase in T4 is more
pronounced in AgBF,; than that in AgCF3SOs. This
result indicates that the complexation intensity of the
polymer matrix with AgBF, is stronger than that with
AgCF3S0O3 ones. Then we would expect that the propy-
lene solubility in AgCF3;SO3; polymer electrolytes is
higher than that in AgBF, ones. This is not consistent
with our experimental findings.

As mentioned previously, the type of ionic constitu-
ents of salts in polymer electrolytes is very important
in determining their various physical properties. Metal
salts may exist as free ions, contact ion pairs, or higher
ion aggregates in polymer electrolytes. One way to
characterize the ionic contituents is the distance be-
tween cation and anion or the bond length between the
cation and the closest anion atom (silver to oxygen for
AgCF3S0O3 and AgNOg, silver to fluorine for AgBF,) in
SPE films. The bond length between the silver ion and
the closest anion atom is influenced by the relative
strength of interactions of silver ions with anions and
with polymer matrix as well as steric effect. The longer
the bond length, the smaller the interaction of silver
cations with anions (lower lattice energy) and the higher
with the polymer chains (higher Tg). Therefore, the long
bond length helps olefin molecules to approach to their
silver coordination sites easily and consequently results
in the high propylene solubility.

To support this hypothesis, the bond length in 1,2-
dimethoxyethane/silver salt films was calculated using
the density functional theory of the Becke3LYP method
with the 6-31+G(d) basis set for nonmetallic elements

and the effective core potential of the LANL2DZ basis
set for silver cation. 1,2-Dimethoxyethane was used as
a model compound of poly(ethylene oxide). To obtain the
energetics in polymer medium, the dielectric constant
(e) was assumed to be 5, and the isodensity polarized
continuum solvation (IPCM) method with an isodensity
level of 0.001 au was used. The structures of complexes
containing (a) AgBF4 and (b) AgNOs are illustrated in
Figure 4. The complex (a) was sp3-hybrid type because
the Ag* cation bonded to both the monomer and anion.
This structure could be rationalized from the fact that
the silver cation has a coordination number of 4 using
vacant 5s- and 5p-orbitals, since the electron configu-
ration of silver cation is [core]4s24p64d2°. The theoretical
calculation demonstrates that the bond length between
the silver ion and the closest anion atom in the more
propylene soluble PEO:AgBF, film (2.309 A) is larger
than that in the less propylene-soluble PEO:AgNO3 film
(2.240 A). Thus, the bond length appears to be a good
measure to interpret the propylene solubility in silver
polymer electrolytes. EXAFS (extended X-ray absorption
fine structure) is a technique to measure the bond
length directly?° and will be studied further in our lab.

4. Conclusions

It has been observed that the propylene solubility in
facilitated transport membranes of silver polymer elec-
trolytes influences to a large extent the propylene
permeance. The enhanced solubility of propylene in
silver polymer electrolyte membranes resulted from the
complexation of propylene with silver ions. The solubil-
ity was better correlated with the bond length between
the cation and the closest anion atom than other
parameters such as anion size and interaction intensity
of silver with polymer chains. It was thus suggested that
the bond length might be an important factor in control-
ling the solubility of propylene in silver polymer elec-
trolytes. The bond length depends on the relative
strength of interactions of silver ions with anions as well
as with polymer matrix. However, further studies are
necessary to generalize this finding.
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