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ABSTRACT: Alkali-metal salts of (w-carboxy)oligo{oxyethylene) methacrylate (CME,M, M = Li, Na, or K)
have been synthesized and polymerized to prepare polymeric solid electrolytes These polymers have a flexible
main chain, an oligo(oxyethylene) side chain for ion conduction, and a carrier ion source in the repeating unit.

The conductivity of CME;K homopolymer, 1.1 X 107 S/cm at 30 °C, is the highest value reported for a
polyelectrolyte “homopolymer” without any additives. This conductivity is attributed to the oligo(oxyethylene)
side chain, which facilitates the dissociation of the alkali-metal carboxylate. The temperature dependence
of ionic conductivity is not linear, suggesting that conduction occurs by the WLF mechanism. Vogel—Tam

mann-Fulcher plots are linear when the standard temperature is defined as T, - 50 °C. The differences in
conduct1v1ty of P(CME;M) with different cations at the same AT from T, are attributed to differences in
ion-dipole interaction forces and in dissociation energy of the electrolyte WLF plots of the conductmty
of P(CME,M) are independent of cation species and show a standard curved line, suggesting that carrier ions
do not migrate naked but are bound to polymer segments through ion—dipole interaction forces. It is suggested
that ion migration is controlled primarily by segmental motion of the polymer rather than by the interaction

between cation and ether oxygen.

Introduction

Polymeric solid electrolytes with high ionic conductivity
are of interest for theoretical and basic research as well
as for applications in novel devices. Research on poly-
ether/inorganic salt hybrids has been aimed at achieving
higher conductivity and analyzing the ionic conduction
mechanism.’® These polymeric solid electrolytes con-
taining LiClO, have ionic conductivities of 10%-10° S/cm
at 25 °C. We have reported an ionic conductivity as high
as 10 S/cm in poly[ohgo(oxyethylene) methacrylate]/
LiX.1%12 This ionic conductivity was attributed to the
flexible oligo(oxyethylene) segment with a lower 7, than
crystalline poly(oxyethylene). Comblike polymers con-
taining oligo(oxyethylene) chains have been used as matrix
polymers, and their hybrids with inorganic salts showed
similar conductivities.13-16

These hybrid polymeric solid electrolytes do not prevent
the migration of counterions. Accordingly, a significant
decrease in ionic conductivity occurs under continued dc
polarization even when alkali-metal nonblocking electrodes
are used. It appears that ion pairs are localized near the
anode. This localization could increase the T, of the
microenvironment in the polymeric solid electrolyte thus
blocking ion migration and preventing further supply of
alkali-metal cations from the anode. This decrease in
conductivity bars the use of such electrolytes in devices
driven under dc polarization and points to the need for a
matrix in which only cation migration is allowed.

There are three approaches to single-ion conduction in
a polymer matrix. (1) Blends of polyelectrolyte salts with
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soft segments such as poly(oxyethylene), in which count-
ercations become mobile,”!® are one approach. This se-
lective ion conduction can be attributed to the relatively
larger diffusion coefficient of small counterions than that
of the giant polyions. (2) Polyelectrolyte “copolymer”
systems that contain units with relatively large segmental
motion are another. We have reported on copolymers of
oligo(oxyethylene) methacrylate and alkali-metal meth-
acrylates as polymeric solid electrolytes that have a carrier
ion source and a low T, matrix and that show high ionic
conduction without any additives.!*?* (3) Polyelectrolyte
“homopolymers” are a third approach. We report here the
synthesis of alkali-metal salts of (w-carboxy)oligo(oxy-
ethylene) methacrylate and the preparation of polymeric
solid electrolytes from them by polymerization.

Experimental Section

Materials. (w-Carboxy)oligo(oxyethylene) Methacrylate
(CME,H). (v-Hydroxy)oligo(oxyethylene) methacrylate (Blen-
mer, Nippon Oil & Fats Co., Ltd.) (20 g forn = 3,30 g forn =
7) and NaHCO; (8 g) were dissolved in 500 mL of distilled water.
This solution was vigorously stirred with 6 g of 10% platinum-
on-carbon catalyst while oxygen was bubbled through. The re-
action temperature was maintained under 40 °C to avoid spon-
taneous polymerization. After 12 h, the catalyst was filtered out
and washed well with distilled water to collect monomers. The
resulting aqueous solution was adjusted to pH 2 with hydrochloric
acid to remove carbonate ion, and the pH was then increased to
8 with aqueous lithium hydroxide solution. The solution was
washed with chloroform (500 mL X 6) to remove the unreacted
Blenmer. The pH of the solution was again changed to 2, and
CME, H was extracted with chloroform. The extract was diluted
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Figure 1. IR spectrum of CMEgH with NaCl plate.
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Figure 2. 'H NMR spectrum of CME;H in DMSO-dg at 25 °C,
with TMS as internal reference.

with chloroform to 20 wt % monomer concentration and stored
at =20 °C for one day to convert residual water to ice, which was
removed by filtration. The structure was confirmed by IR
spectroscopy (Figure 1) and 'H NMR spectroscopy in (CHy),SO-dg
(Figure 2): 'H NMR 1.9 (3 H, CHj,), 3.6 (OCH,), 4.0 (2 H,
OCH,CO0,), 4.2 (2 H, CO,CHy), 5.5, 6.1 (2 H, C=CH,), 12.5 (1 H,
CO,H). Alkali-metal salts (CME,M, M = Li Na, or K) were
prepared by neutralization of CME H with alkali-metal hy-
droxides in methanol.

Homogeneous polymerization of CME,M was carried out in
methanol with azobis(isobutyronitrile) (0.2 mol %) initiator under
nitrogen at 60 °C for 40 h. The polymer P(CME,M) was pre-
cipitated twice from benzene and then dried in vacuo at 60 °C
for 1 day. A methanol solution of P(CME,M) was cast on a Teflon
plate, and the solvent was evaporated under dry nitrogen flow
over P,0O; for 20 h at 60 °C. The film was dried at 80 °C in vacuo
for 40 h.

Cast polymerization was carried out by casting a 20 wt %
methanol solution of CME, M on a Teflon plate and evaporating
the solvent under dry nitrogen flow over P,O;g for 24 h at 60 °C.
The film was dried in vacuo at 80 °C for 48 h.

The films were generally 100-200 um thick.

Methods. All measurements were carried out in a drybox filled
with dry argon.

The average molecular weight of P(CME,M), obtained by
homogeneous polymerization, was determined by gel permeation
chromatography with tetrahydrofuran as eluent.

Ionic conductivity measurements (ac 1 V) were carried out with
a Yokogawa—Helwett-Packard multifrequency LCR meter (Model
4274A) over the frequency range 10°~-10° Hz. Disk samples
(10-mm diameter) were sandwiched between metallic lithium or
stainless steel electrodes. The ac ionic conductivity was calculated
from a complex impedance plot?? with computer curve fitting.
The temperature dependence of conductivity was determined
under dry argon over the range 0-100 °C.

Metallic lithium or stainless steel electrodes were also used for
dc (3 V) conductivity measurements with a Kikusui dc power
supply (Model PAC 7-10), a Kikusui millivolt ammeter (Model
115), and a Keithley solid-state electrometer (Model 610C).
Details of the instrumentation were described previously.!®

The thermal history of the polymeric film was determined with
a differential scanning calorimeter (SEIKO, Model SSC-580,
DSC-10) under dry argon. The scanning speed was 8 °C/min,
and six measurements were made on each sample. The T, was
taken as the lower intersection point of the base line with the
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Figure 3. Structure of P(CME,M) and expected roles of seg-
ments.
Table I
Relation between T, and Ionic Conductivity of P(CME,M)
Films
conductivity,
polymer polymerization  salt S/cm (30 °C) Te °C
P(CME;M) cast Li 7.9 X 1071 32
Na 7.1 X 1078 -22
K 2.2 X 1078 -9
homogeneous Li <1ou 32
Na 3.2x 101t 27
K 2.0 X 10710 33
P(CME;M)  cast Li 3.2x10° 44
Na 3.1 x 108 —43
K 1.7 X 1077 -39
homogeneous Li 4.3 X 10710 -23
Na 2.2 X 1078 -24
K 1.1 x 107 -24

extrapolated slope of the thermogram.

X-ray diffraction patterns of the films were determined with
an X-ray diffractometer (Rigaku Denki Co., Ltd., Model 2026)
by using the reflection method and Cu Ka radiation. The films
were mounted on a glass sample rest, and the diffraction pattern
was obtained with the 26-8 scan mode.

The morphology of the film was studied on the sample rest with
a polarizing microscope (SUR-UT, Nikon Co., Ltd.).

IR spectroscopy was carried out with an IR spectrometer (Japan
Spectroscopic Co., Ltd., Model IR 810), using KBr pellets for solid
samples and a cell with a NaCl window for solutions.

Results and Discussion

Spectroscopic evidence confirmed that the terminal OH
group in (w-hydroxy)oligo(oxyethylene) methacrylate had
been oxidized to CO,H. The IR spectrum of CME;H
shows vo—g (CO,H) at 1750 cm™ and a broad peak at
2700-3200 cm™ for oy (CO.H). The 'H NMR spectrum
of CME;H no longer had a peak at 2.8 ppm corresponding
to the terminal hydroxy proton but rather a new broad
peak at about 12 ppm, attributed to a carboxylic acid
proton. The data suggest that only the terminal OH group
has been oxidized. These monomers have both a carrier
source (dissociable group) and the oligo(oxyethylene)
moiety for ion conduction (Figure 3). In addition, their
polymers have a flexible main chain.

The ionic conductivities and T, values for P(CME,M)
films are summarized in Table I. P(CME,M) films ob-
tained by homogeneous polymerization are transparent
and soluble in methanol. After the terminal -COOM
groups of P(CME,M) were esterified to prepare methyl
ester with 10% HCl/methanol solution, the average mo-
lecular weight of the polymer was estimated to be over
60000 (polystyrene standard). On the other hand, the
films obtained by cast polymerization were insoluble in
organic solvents. P(CME;M) film was glassy and rigid, in
contrast to P(CME;M), reflecting a high 7,. Both films
were confirmed to be fully amorphous by DéC and X-ray
diffraction, whereas high molecular weight PEQ/alkali
metal salt hybrids with concentration ratios of 7/1 or 3/1
were crystalline at ambient temperature. Poly[oligo(oxy-
ethylene) methacrylate] with a terminal hydroxy or methyl
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Figure 4. Complex impedance plots at 30 and 40 °C of P-
(CME;K) obtained by homogeneous polymerization.

ester group has an amorphous structure, which is retained
after the introduction of ionic groups on the polymer chain.
The polymers showed no endothermic or exothermic
change over the temperature range —150 to 120 °C, sxcept
the T,. Above 150 °C, an exothermic decomposition oc-
curreé in all samples similar to that observed with poly-
[oligo(oxyethylene) methacrylate-co-alkali-metal meth-
acrylate].?! Measurement of the ac conductivity of P-
(CME,M) films showed them to be ohmic conductors
under an applied voltage up to 5.0 V at 30 °C.

Complex impedance plots?? for P(CME;K) films with
stainless steel electrodes at 30 and 40 °C are shown in
Figure 4. Only one semicircular arc passing through the
origin is observed in this frequency range at 30 °C, al-
though the curve deviates from the arc at lower frequencies
with increasing temperature. These results indicate that
the equivalent circuit in this system involves polarization
processes in the film bulk and at the film/electrode in-
terface. According to this interpretation, the bulk impe-
dance of the films is taken as the intersection of the left
arc with the abscissa, and this value is used to calculate
the normalized ac ionic conductivities of P(CME,M). The
conductivity of homogeneously polymerized P(CME;M)
at 30 °C, 1.1 X 107 S/cm, while not remarkable, is the
highest value reported for a polyelectrolyte “homopolymer”
without additives.

The T, values of P(CME3;M) (~30 °C) and P(CME;M)
(~ -24 °C) were independent of the cation species. In
contrast, the T, values of hybrid polymeric solid electro-
lytes are consicferably affected by cation species and salt
content because of ion—dipole interaction between ions and
polymer, This difference presumably reflects that the
increase of T is found even by the introduction of ionic
groups covalently on the polymer chain, as seen in Ion-
omer. The fact that the T, of P(CME;M) is lower than
that of P(CME M) is attributed to the lower electrolyte
concentration in P(CME;M). On the other hand, P-
(CME;M) films have higher conductivity than P(CME;M)
for the same cation species. The conductivity is a function
of the product of total number of carrier ions and carrier
mobility. The electrolyte contents of P(CME;M) and
P(CME;M) are 14.2 and 33.3 mol % per oxyethylene unit,
and the absolute electrolyte concentration of P(CME;M)
is higher than that of P(CME,;M). The effect of segmental
motion of the polymer matrix, which is correlated with
carrier mobility, is dominant for ion conduction in this
electrolyte concentration range. The conductivity of P-
(CME, M) increases with the ionic radius of the cation
(Table I), presumably reflecting the lower dissociation
energy of the electrolyte salt. The electrolytes in P-
(CME, M) have same anion and exist in the same oligo-
{oxyethylene) matrix, and their dissociation energy in-
creases in the order K < Na < Li. The conductivity of
poly(oxyethylene), with an average molecular weight of
400/ alkali-metal thiocyanate fluid solution, increases in
the order Li < Na < K.!! Since the electrolytes in this
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Figure 5. Temperature dependence of the ac ionic conductivity
of P(CME,M) films obtained by homogeneous polymerization:
open symbols, P(CME3;M); solid symbols, P(CME,M); circle, Li;
triangle, Na; square, K.

system also exist in the same oligo(oxyethylene) environ-
ment, the dissociation tendency in P(CME,M) is in the
order Li < Na < K. Accordingly, we conclude that P-
{CME,K) has the highest conductivity among these hom-
opolymers.

CME, M polymerizes spontaneously on heating above
60 °C, and films a few micrometers thick are prepared by
cast polymerization. P(CME,M) films so prepared had
higher conductivity than P(CME,M) films prepared by
homogeneous polymerization (Table I). Although the
degree of polymerization is limited in homogeneous po-
lymerization, the cast-polymerized films are believed to
have a broader molecular weight distribution. Low mo-
lecular weight polymer fractions in the cast-polymerized
films might provide a better matrix for ionic conduction
because of low viscosity and high mobility. There was no
apparent relationship between the conductivity of cast-
polymerized P(CME,M) and cation species, possibly be-
cause of different amounts of oligomer in different films.
The oligomer content of the cast-polymerized films is
probably responsible for their lower T.

In order to confirm that anion migration does not con-
tribute to the conductivity of the cast-polymerized P-
(CME;Li) film, the time dependence of dc ionic conduc-
tivity is measured with lithium or stainless steel electrodes.
With the latter, the conductivity decreased to half the
initial value after 20 min at 80 °C. This result is attributed
to polarization of the cation at the polymeric solid elec-
trolyte/electrode interface, because no carrier ion is sup-
plied from ion-blocking electrode to electrolyte. On the
other hand, the conductivity measurement with lithium
electrodes showed excellent stability at 3 V, indicating that
no anion polarization was occurring. This suggests that
P(CME;Li) is the only cation conductor.

The temperature dependence of ionic conductivity in
homogeneously polymerized P(CME,M) was determined
over the range 0-100 °C (Figure 5). The inflection in the
curve for P(CME;M) coincides approximately with the T,
of P(CME;M). The temperature dependence above the
inflection point was not linear, indicating that the ionic
conduction followed the Williams-Landel-Ferry (WLF)
mechanism.? This result suggests that carrier ions migrate
through polymer segmental motion with continued ion-
dipole interaction. However, Vogel-Tammann-Fulcher
plots, which are known to describe transport properties
in a viscous matrix, show good linearity when the standard
temperature is defined as T, — 50 °C (Figure 6).2* This
result is consistent with the configurational entropy.?
These results suggest that ionic conduction is considerably
affected by the segmental motion in P(CME, M).
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Figure 6. Vogel-Tammann-Fulcher plots for P(CME_ M) films
obtained by homogeneous polymerization: open symbols, P
(CME;M); solid symbols, P(CME;M); circle, Li; triangle, Na;
square, K.
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Figure 7. Relation between T - T, and the conductivity of
P(CME, M) films obtained by homogeneous polymerization: open
ymbols, P(CME;M); solid symbols, P(CME,;M); circle, Li; tri-
angle, Na; square, K.

The relationship between T - T and conductivity of
P(CME,M) is shown in Figure 7. Conductivity can be
expressed as

o= neu 1)

where n is the total number of carrier ions, e is the ele-
mentary electric charge, and u is the carrier mobility. The
different values of this relation for different polymers
appear to reflect differences in the number of carriers,
which is determined by the dissociation energy of the
electrolyte. However, the differences in conductivity with
different cations are too large to be explained only by the
differences in electrolyte dissociation and probably reflect
differences in carrier mobility. Although cation migration
is directly related to polymer segmental motion, this seg-
mental motion is almost the same in each system at T -
Accordingly, in a given polymer matrix, carrier mo-
blgllty at the same AT from T, depends upon the interac-
tion force between ions and dlpoles This interaction force
decreases in the order Li > Na > K because the charge
density on ions decreases in that order. Carrier mobility
in the potassium polymers is higher than that in sodium
or lithium polymers. Consequently, the differences in
conductivity with different cation species at the same AT
from T, reflect both differences in ion—dipole interaction
forces and differences in electrolyte dissociation energy.
Although the conductivity of P(CME;M) is much lower
than that of P(CME,;M) at the same temperature, P-
(CME;M) films show higher apparent conductivity than
P(CME;M) with the same cation species at the same AT
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Figure 9. Electrolyte concentration (CME;Li mole fraction)
dependence of the conductivity of P(CME,;Li-MEO,) films ob-
tained by cast polymerization.

from T,. Since P(CME;M) and P(CME;M) with the same
cation spemes have essentially the same segmental motion
of the polymer matrix and the same ion—dipole interaction
force at the same AT from Ty, the conductivity difference
is attributed to the higher concentration of charge in P-
(CME;M).

WLF plots of the conductivity of P(CME,M) obtained
by homogeneous polymerization (Figure 8) are independ-
ent of cation species and on a standard curved line. Thus
it appears that carrier ions do not move naked but are
surrounded by polymer segments through ion—-dipole in-
teraction. We therefore suggest that ion migration is
controlled primarily by the energy of segmental motion
in the polymer matrix rather than by interaction between
cations and ether oxygens.

In an attempt to increase conductivity by increasing the
segmental motion of the polymer matrix, we prepared a
copolymer of oligo(oxyethylene) methacrylate (MEO;) with
the lithium salt of (w-carboxy)oligo(oxyethylene) meth-
acrylate (P[CME;Li)-co-(MEQ,)]) by cast polymerization.
The relationship between the conductivity of this co-
polymer and its salt content (Figure 9) shows a maximum
conductivity of 2 X 1077 S/cm at a lithium ion concen-
tration of 1.8 mol %. This value is about 10* times higher
than that of cast-polymerized P(CME;Li). The T, of the
copolymer at this lithium ion concentration is —59 °C.
These results support our suggestion that ionic conduc-
tivity should be increased by increasing segmental motion
in the polymer matrix.
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ABSTRACT: A theoretical investigation of the equilibrium partition coefficient of planar multisubunit model
structures in cylindrical pores was undertaken. These models are rigid complexes assembled from identical
spherical subunits. Model structures containing two to eight subunits were investigated. The effective
hydrodynamic radius was found to reasonably characterize the partitioning properties of the multisubunit
models; however, the partition coefficient for each multisubunit structure was significantly smaller than that
for a spherical solute with the same hydrodynamic radius. The partitioning characteristics of the multisubunit
complexes were comparable to those predicted for oblate ellipsoid particles with an axial ratio of ~0.01-0.05,
a ratio which is considerably smaller than the ratio of the smallest to largest dimension of these structures.
The results show that the partition coefficient does not correlate well with molecular radius, which is defined
as the radius of a sphere with the same volume as the multisubunit complex.

Introduction

When the size of a solute is comparable to the pore size
through which it is diffusing, reduced diffusion rates are
observed. This phenomenon is called hindered diffusion
and results from the combination of two effects: one is
an equilibrium effect and the other a transport effect. The
equilibrium partitioning of solute molecules between the
pore and bulk solutions results in an intrapore concen-
tration driving force which is less than the driving force
based on bulk solution concentrations. The proximity of
the pore wall causes an increase in the frictional resistance
experienced by the solute as it diffuses through the pore.
This description of the physics governing hindered diffu-
sion becomes more complicated when one includes the
influence of long-range solute-pore wall interactions. An
understanding of the equilibrium and transport properties
of macromolecules in porous media is important in ap-
plications such as size exclusion chromatography, mem-
brane separation processes, and heterogeneous catalysis.
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The equilibrium partitioning of solute molecules be-
tween pore and bulk solutions is described by using a
partition coefficient, defined as the ratio of pore to bulk
solution concentrations. A general expression for the
partition coefficient, K, for rigid molecules based on sta-
tistical mechanics is!

Cy j;j; exp[-E(x,¥)/kT] dx d¥
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where C,, is the solute concentration in the pore and C,
is the solute concentration in the bulk solution. Here, x
and ¥ represent generalized position and ‘molecular ori-
entation coordinates, respectively. The potential energy
of a solute molecule in the pore is represented by E(x,¥);
E = 0 in bulk solution.

Giddings et al.! evaluated the integrals in eq 1 for rigid
molecules limited to steric or “hard-wall” interactions with
the pore wall. This hard-wall potential field results in £
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