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ABSTRACT: Ton conduction in the solid polymer electrolytes of polyoxyethylene graft copolymers
were investigated. The ion conducting polymer films were prepared via photo cross-linking reactions
of methoxy polyethylene glycol-mone methacrylate with tri{propylene glycol) diacrylate in the pres-
ence of a photo initiator and lithium salt. The optimum [EQ]/ILi] ratio in the photopolymerizable
mixture for high ion conductivity was found to be 10, at which the conductivity of the film at room
.temperature approached to 10 *S/cm. The effect of salt content on conductivity could be explained
by the increased charge carriers and T, with high salt concentration. The temperature dependence of
the polymer electrolyte films showed VTF behaviour throughout the available thermal range {25~
13¢+C), indicating that ion transport in the film can be much affected by the thermal motion of the
polymer segments. The VTF parameters calculated from the temperature dependence of con-
ductivity, the effect of POE chain length, and the effect of salt centent on the ion conductivity of

the film confirmed the influence of polymer segmental motion en ion conductivity.

Introduction

lon transport in polymer-salt complex has re-
ceived great attention and new complexing poly-
mers have appeared in search for highly con-
ductive polymer electrolyte films.! Much of the in-
trinsic interest in these materials arise from their
possible application to solid state electrochemical
devices and their unusual conduction mechanism.
Contrary to ionic conductors based on crystalline
solids or glasses, ionic motion in these system is be-
lieved to occur in the disordered part of the poly-
mer matrix. Thus, ion conduction can be assisted
by a large-amplitude segmental motion of the poly-
mer chain.? In this context, it is important to de-

velop amorphous electrolyte systems and to study
their ion conduction behaviour.

Grafting of polymeric oxyethylene (POE) units
to polymer chains is one of the successful ap-
proaches to reduce crystallinity of the POE seg-
ments.” In these materials, the POE units are mod-
ified to form cross linked networks, block or comb
branch copolymers, in which the supporting poly-
mers are based on methacrylate, itaconate or poly-
phosphazine chanis.

In an effort to develop highly promising po-
lvmeric electrolytes for many solid electrochemical
applications, we have developed POE grafted co-
polymers of methacrylates, in which the POE units
and plasticizing groups can be effectively m-
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troduced by radiation curing.

In this paper, we discuss the charateristics and
mechanism of ionic conduction in the hybrid films
of such POE graft polymethacrylate block co-
polymers complexed with lithium salts.

Experimental

Materials. Methoxy polyethylene glycol 400
mono methacrylate (MPGM, - M.=200, 400, and
1000) was obtained from Poly Science, Inc. Lithi-
um salts (LiClOs and LiCF.S0s) and Tri{propylene
glycol)diacrylate (TPGDA) were purchased from
Aldrich Chem. Co. 2,2-Dimethoxy-2-phenylaceto-
phenone (DMPA, 99%, Aldrich Chem. Co.) was
used as a photocuring agent. Buthylmethacry-
late (BMA, 99%) was obtained from Junsei Chem.
Co. Ito glass (maximum sheet resistance of 15Q
per square: Schott Nippon K.K.) was used as a
transparent electrode (ion substrate) and cleaned
by successive sonication in a micro cleaning solu-
tion, deionized water and ethanol.

Preparation of Polymer-Salt Membrane. In a
mixture of 5g of MPEGM (M,~400) and 1g of
TPGDA, 1g of LICF.SO, was dissolved. Styrene (1 g)
or butyl methacrylate (1g) was added to the above
mixture, followed by the addition of DMPA (0.5g).
The weight of LiICF.S0, in the mixture was varied
from 0.5~3g, varing the composition ratio beiween
the oxyethylene unit and lithium (EQ/Li) in the lithi-
um complexes from 30 to 5. Sample code and weight
(and [EOV/(Li]) ratio are as follows: TO, 2.96g, (5);
T1, 1.85g (8); T2, 1.65g (9): T3, 148g (10} T4,
1.35 g (11); T5, 124 g (12); T6, 0.98 g (15); T7, 0.74
g (20); T8, 0.59g (25); T9, 0.49 g (30). The lithium

salt was dissolved readily in the above mixture to pro-
duce a homogeneous amorphous solution. The result-
ing mixture was cast onto Ito substrates. Films for
various measurements were prepared by casting the
above photopolymerizable mixture onto glass or pat-
terned Ito substrate, followed by irradiating the mix-
ture for 2~10 min with a deep UV lamp (Spectronics
comp. model ENF-280C}. The thickness of the photo
crosslinked fikins for conductivity and DSC analysis
were 10~50 pm.

Instrumentation. lonic conductivities of the poly-
mer electrolytes were evaluated by an IM5D im-
pedance spectrum analyzer (Zahner Elektrik) equip-
ped with thermocontroller (FP90, Mettler) under a
nitrogen atmosphere. A 10 mV ac perturbation was
used and data were collected over a [requency range
of 100 mHz and 1 MHz. The ionic conductivity (o)
of the polymer electrolyte was calculated from the
bulk resistance (R found in the complex impedance
diagram according to the relationship of o=/ RA,
where ! is the thickness and A is the surface area of
the polymer electrolyte film. Cyclic voltametric
measurement was carried out using a BAS 100B
electrochemical analyzet.

Results and Discussion

Radiation Cured Solid Polymer Electrolyte.
The homopolymer films prepared by the photo
cross-linking of MPGM in the presence of a lithi-
um salt and DMPA resulted in a highly viscous gel
and had poor mechanical properties. A similar
homopolymeric system, obtained by thermal po-
lymerization,' has been reported to have a viscous
melt property with 7,=-58°C. In order to make
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Figure 1. DSC curves of glass transition of the radiation

cured block copolymers-salt complexes with different salt

content: (1) TO ([EOV/[Li}=5), (2) T3 {{EQI/[Li1=10), {3)

T2 ([EQ)/ILi)=15), (4) T3 ([EOV/[Li}=20}, and (5) T4

([EOI/[Li]=25),

them capable of retaining good mechanical stability
at room temperature, TPGDA and a vinylic
monomer (BMA} can be incorporated into the a-
hove MPGM polymer backbone. It has been re-
ported that mono functional acrylates lead to a de-
creased modulus and increased ductility, whereas
multi functional acrylates such as TPGDA lead to
the opposite.® In addition, incorporation of BMA
into the block copolymers improve mechanical prop-
erty of the polymer network,® and generally shows
a higher response to radiation. Such a photolysis
process for the preparation of electrolyte mem-
branes can be described as a radical polymerization
(Equation 1) initiated by o-cleavage of DMPA
(NORRISH 1 reaction,” Equation 2).

The resultant photo crosslinked polymer elec-
trolyte membranes were transparent and adhesive
to Ito glass. The X-ray diffractograms for the lithi-
um ion complexes of the polymer showed a broad
band centered at 20=20°, indicating that the elec-
trolyte film remains amorphous at r.t.

DSC analysis for lithium salt complexed films is
shown in Figure 1. The electrolyte films showed
only one transition at -50 °C~-20 °C, depending on
the salt content. Neither melting nor crystalline
phase were found, indicating that electrolyte films
were amorphous.

As more of LiCF.S0, were added. the 7, in-
creased rapidly as shown in Figure 2. The plot of
T, with the [Li"] /[EO] ratio showed a linear re-
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Figure 2. Change in glass transition temperature, T}, with
added sait.
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lationship of T,(K)=227.7+229.5x [Li"}/[EO] with
a correction factor of R=0.9988. This indicates
that a simple equilibrium between the cation and
oxygen binding sites on the polymer could be
modeled without a need to assume any specific
binding conformation. Thus, the added salt seems
to effectively impede side chain crystallization,
resulting to a completely amorphous electrolyte
film. From the linear plot of T, versus [Lil/[EQL
the initial 7, is expected at 228 K and the average
increase in 7T, at [Lil/[EQ] ~0.3 is 70 K, which is
comparable with other comb-shaped polymer.**
Ionic Conductivities of the POE Graft Polyme-
thacrylate Block Copolymer-Salt Complexes.
The ionic conductivity (o) of the polymer elec-
trolyte was 10~107 S/cm, depending on its com-
position and temperature. The temperature and
salt content were particularly important. Figure 3
shows ionic conductivity of the electrolyte films
with different salt content at various temperature.
The conductivities varied significantly with salt
concentration over a wide temperature range. Max-
imum conductivity (6=1x10"S/cm) was found at
[EQ1/[Lil=10. The [EO¥/[Li] ratic for maximum
conductivity was shifted to a higher value as tem-
perature went up. Such an effect can be explained
by free volume model.”” As temperature increases,
the polymer expand easily, producing empty space
and free volume, into which ions or polymer seg-
ments can move. The overall mobility of ions (or
polymer segments} can be determined by the free
volume around the ion carriers (or polymer seg-
ments). lon transport in the electrolyte occurs
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Figure 3. Isothermal plots of log ¢ vs [EOJ/ILI] ratio: 30
(@), 70 (&), and 80 °C ().

mainly by complex formation between the salt and
oxyethylene unit of the POE branch, of which seg-
mental motion could be determined by the ex-
pansity of the free volume. Such an explanation of
jon conductivity based on the free volume theory
can be supported by the VTF behaviour of the tem-
perature dependence of ionic conductivity as dis-
cussed below.

The maximum in the conductivity in Figure 3 is
caused by two opposing effects as proposed by An-
gell.* When the salt content is low, there is a build-
up of charge carriers as more LICF.S0; added, rais-
ing ionic conductivity of the electrolyte.

However, such an increased ion carrier effect is
offset by the increase in T, and the consequential
reduction in chain mobility when the salt content
is high. Such an increase in T, with higher salt con-
tent may arise from the lonic cross linking of poly-
oxvethylene unit. As the environment of the ions
is changed by higher ionic cross linking or binding
network, ion movement is restricted and the de-
gree of segmental motion is limited. Thus, the in-
crease in T, with higher salt content lowers ionic
conductivity of the electrolvtes. Figure 4 shows
the influence of the concentration of LiCF.S0; in
PMA film on ionic conductivity at room tem-
perature and 7.

Temperature Dependence of Ionic Con-
ductivity. lon conductivities of the electrolyte
films were increased as the temperature increased,
as expected from the increased mobility of poly-
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Figure 4. The influence of the concentration of LiCF,S0,
in PMA film on ionic conductivity at room temperature and
T,
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Figure 5. Temperature dependence for log conductivity n
PMA-LiCF S0, complex with [EQI/[Li'] ratio of 5 (#}, 10
(A}, and 20 (W),

mer and ions at a higher temperature. Figure 5
shows the temperature dependence of conductivity
in PMA-salt complex. It is clear from the cur-
vature ohserved in Figure 5 that the temperature
dependence of conductivity is non-Arrhenius. Such
a non-Arrhenius behaviour arises from the amor-
phous nature of the electrolyte films as observed
from the XRD and DSC results.

The temperature dependency of conductivity
could be best fitted by using the semi-empirical
Vogel-Tamman-Fulcher {VTF) equation.”

F=ATVexp[-BAT-T,)] {4)

where A and B are constants, and 7, is a refé
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Table 1. Summary of lon Conductivities and VTF
Parameters in PMA Complexes

sample [EOV/I[Li] &, (8/em) T, ('C) A

B T, (X

TO 5 1.7%10° 0.63 0.71 1202 190
T3 10 1.0x10° -2278 058 1124 168
T6 15 7.7%10%  -3042 047 1239 160
T7 20 68%10" -34.80 037 1264 156
TS 25 19x10% -3718 031 1240 150

rence temperature. A parameter in the VTF is
thought to be related to carrier numbers in the
electrolyte system. T, is the temperature at which
relaxation times become infinite and the free
volume disappears or the configurational entropy
of the system approaches zero.” Normally, T, falls
roughly to 50 K, below the glass-transition tem-
perature (7,) of the electrolyte. B parameter in
the VTF can be transposed into a pseudo-ac-
tivation energy relating to the configurational en-
tropy of the polymer chain."

The VTF parameter calculated from the VTF {it-
ting of Figure 5 are summarized in Table L
A values increased from 0.31 to 0.71 as the ratio
[Li*)/[EOQ] increased from (.04 to 0.20, indicating
the increase of the ion carriers in the electrolyte
film. While 7, values were constant in relations to
T~T.=50 K, the parameter B varied with salt con-
tent.

It was noteworthy that the minimum B value
was obtained from the electrolyte with [EOQ1/[Li]
ratio of 10, which showed maximum conductivity
at 1.t. According to Adam and Gibbs,” since B re-
lates to the potential energy barrier opposing a seg-
mental rearrangement in the polymer it seems
that the activation energy for ion conduction ac-
companying segmental rearrangement in the poly-
mer becomes minimum at the ratio [EQ]/[Li]=10
(T3). Thus, conductivity increase in T3 could be
attributed mainly to the decrease in the activation
parameter (B).

Effects of POE Chain Length on lIonic Con-
ductivity. The ion conductivity of PMA complex
was only slightly decreased as the POE length in-
creased from 8 to 20 oxyethylene unit. However,
the conductivity was significantly reduced with
POE chain length of 4 oxyethylene unit over a
wide temperature range (Figure 5). The ion trans-
port in the PMA complexes daccompanying the seg-

Korea Polym. J., Veol. 4, No. 2, 1996

2

IS
1

én
1

Log Conduetivity(S/cm)
&
1
I

B
1

24 28 2.‘8 3o 32 34
1000/ T(K)

Figure 6. Temperature dependence of conductivity in
PMA complexes with oxyethylene chain length of 20 (#), 8
(A, and 4 (W),

mental rearrangement in polymer chain could be
facilitated by a longer POE chain due to the in-
creased chain flexibility. However, such an ion
transport could be restricted if POE chains in the
electrolyte films are cither too long or short. Thus,
POE chain length of 8 oxyethylene unit seemed to
be optimum for fast ion transport in the PMA com-
plexes. This strongly suggests that ion con-
ductivity in PMA complexes strongly depends on
the local thermal motion of the POE chain. The
VTF hehaviour in the temperature dependence on
conductivity for PMA complexes with longer or
shorter POE chains (Figure 6} confirm the in-
fluence of segmental motion on the conductivity.
Effect of BMA Block. lon conductivizy of the
PMA electrolytes decreased as the BMA content
in the photo polymerizable mixture increased, sug-
gesting that the BMA block cannot be involved in
the salt-polymer complexation for ion transport.
The decrease in the conductivity with higher BMA
content is possibly due to an increased distance
between the oxyethylene (and oxypropylene) side
chains as a result of the dilution effect. Thus, the
function of BMA block in the electrolytes seemed
to be an internal plasticizer which can support
strength and compensate for the
volume change during ion movements. Addition of
external plasticizer such as propvlene carbonate
(PC) to the photo pelymerizable electrolyte mix-
ture increased the conductivity of the film after

mechanical
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photo cross-linking. The conductivity increased
with higher PC content, and the conductivity of
the electrolyte films with 50% of PC approached
2x%10*S/ecm at 30°C. Although the ion con-
ductivity could he increased by the addition of PC,
the mechanical property of the film with high PC
content was poor. Thus, it seemed to be more ap-
propriate to attach the plasticizer block to the
polymer main chain to keep good mechanical
strength of the electrolyte film. Further studies on
the effect of new plasticizing block in the PMA
complexes are under investigation and will hope-
fully ensure a higher ion conductivity and mechan-
ical property.

In conclusion, ion transport in the POE branched
comb-like polymethacrylate complexes can he ex-
plained by the free volume theory as evidenced by
the VTF behaviour throughout the available ther-
mal range (25~130°C). The optimum composition
in the photo polymerizable mixture for high ion
conductivity and good mechanical was established.
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