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ABSTRACT

In this work, we report on star-shaped plasticizers with the various chain lengths of multi-armed
oligo(ethylene oxide) in order to prevent the plasticizers from crystallizing and eventually to enhance the
ionic conductivity at low temperature. The multi-armed plasticizers are compared with the linear ones
in terms of the ionic conductivity of the polymer electrolytes using them. The ionic conductivity of the
polymer electrolytes using the linear plasticizer abruptly decreases below 0°C, while the temperature
dependence of the ionic conductivity of the polymer electrolytes based on the multi-armed plasticizers
shows a typical Vogel-Tamman-Fiilcher (VTF) relationship in the temperature range from —30 to 100 °C.
Such enhanced ionic conductivity at low temperature is because the multi-armed plasticizers are not
crystallizing due to the branches or the multi-arms structure. The multi-armed plasticizers are found
to be electrochemically stable up to 5.2V by cyclic voltammetry analysis, which means that they are
electrochemically stable enough for the application in the lithium ion batteries.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since the first report on ionic conductivities of poly(ethylene
oxide) (PEO) containing alkali metal salts by Wright et al. [1], there
have been a lot of research works to improve the ionic conduc-
tivity of the solid polymer electrolytes [2-7]. The solid polymer
electrolytes have several advantages over liquid electrolytes or gel-
type polymer electrolytes such as better stability especially in high
temperature, high specific energy and power, and high flexibility in
the cell design. Hence they are considered a promising electrolyte
for high energy-density secondary lithium batteries. However, the
low ionic conductivity is a main limitation for the solid polymer
electrolytes to be commercialized for the batteries.

Low conductivity at the ambient temperature is caused by
crystallinity of the PEO-based solid polymer electrolytes. Differ-
ent approaches have been studied to prevent crystallization of the
PEO derivatives. For example, comb-branched polymers [8,9] and
chemically cross-linked PEO networks [10-17] have been evalu-
ated for solid polymer electrolytes. In a recent paper, we reported
on a cross-linked solid polymer electrolytes with increased ionic
conductivity by using the oligo(ethylene oxide) as plasticizer
[18]. In the study, we have achieved high ionic conductivity of
up to 7.8 x 1074 Scm~! at 30°C by introducing a low molecular
weight poly(ethylene oxide)dimethyl ether(PEGDME) as a plas-
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ticizer. However, the conductivity decreased drastically at low
temperature because the linear plasticizer (PEGDME) was freezing
around —10°C.

In this work, to prevent the plasticizers from freezing and even-
tually to enhance the ionic conductivity at low temperature, we
have introduced star-shaped plasticizers which had the various
chain length of multi-armed oligo(ethylene oxide) as shown in
Scheme 1a. We compared the resulting cross-linked solid poly-
mer electrolytes based on the multi-armed plasticizers with those
containing the linear plasticizers (Scheme 1b) in terms of ionic
conductivity and electrochemical stability.

2. Experimental
2.1. Materials

Poly(ethylene glycol)dimethyl ether (PEGDME, average
Mw=500), LiCF3SO3 and benzoyl peroxide (BPO), 2,4,6,8-
tetramethyl cyclotetrasiloxane, tris-(hydroxymethyl) ethane,
di(trimethylol propane), and pentaerythritol tetrabromide were
obtained from Aldrich Chem. Co. and used as received.

The star-shaped siloxane acrylate cross-linker (D4A, Scheme 1c¢)
was synthesized according to the previous paper [18]. The linear
plasticizers (PEGM-n, n=2, 4, 6, 8, Scheme 1b) were prepared by
the synthetic methods similar to the previously reported litera-
tures [19]. The multi-armed plasticizers (TASP-2, TASP-3, FASP, and
FADSP) were synthesized as described in Scheme 2 and the detailed
procedure is as follows.
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Scheme 1. Chemical structures of (a) the multi-armed plasticizers, (b) the linear plasticizers, and (c) the cross-linker synthesized in this work.

2.1.1. Synthesis of 1,3-bis-[2-(2-methoxyethoxy Jethoxy]-2-[2-(2-
methoxyethoxy Jethoxymethyl]-2-methyl propane
(TASP-2)

Sodium hydride (3.59g, 0.14mol) and tris(hydroxymethyl)
ethane (3.0 g, 0.024 mol) were dissolved in anhydrous tetrahydro-
furan (80 ml) under nitrogen flow. Diethylene glycol monotosylate
(27.36 g, 0.09 mol) was added dropwise and the resulting solution
was heated to reflux for 16 h. After the reaction was completed, pre-
cipitates were filtered out. The residue was neutralized by adding
2 wt% hydrochloric acid solution and then extracted three times
with dichloromethane. The organic layer was dried over anhydrous
magnesium sulfate and was concentrated by evaporating the sol-
vent, resulting in 7.2 g of TASP-2 (67%). 'H NMR (300 MHz, CDCls,

OH

(a)

ppm): § 0.93 (s, 3H), 3.31 (s, 6H), 3.38 (s, 9H), 3.52-3.6 (m, 24H).

TASP-3 was also prepared by the similar way with TASP-2
using triethylene glycol monotosylate with 66% of yield. 'TH NMR
(300 MHz, CDCl3, ppm): § 0.93 (s, 3H), 3.31 (s, 6H), 3.38 (s, 9H),
3.52-3.72 (m, 36H). 13C NMR (75 MHz, CDCl3, ppm): § 74.19, 72.27,
71.35,71.01, 70.95, 70.85, 70.75, 59.33, 41.32, 17.64.

2.1.2. Synthesis of 1,3-bis(2-(2-methoxyethoxy Jethoxy)-2,2-
bis((2-(2-methoxyethoxy Jethoxy )methyl) propane
(FASP)

Sodium hydride (2.78g, 0.116mol) and diethylene glycol
monomethyl ether (12.39g, 0.103 mol) were dissolved in diglyme
(60ml) under nitrogen flow. Pentaerythritol tetrabromide (5.0 g,
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Scheme 2. Synthetic routes of the multi-armed plasticizers. (a) TASP, (b) FASP, and (c) FADSP.
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0.012 mol) was added dropwise into the solution and heated to
reflux overnight. After the reaction was completed and precipi-
tates were filtered out, the solution was neutralized by adding 2 wt%
hydrochloric acid solution. The mixture was extracted three times
with dichloromethane and then the organic layer was dried over
anhydrous magnesium sulfate. The resulting solution was concen-
trated by evaporating the solvent, producing 0.7 g of FASP (10%). 'H
NMR (300 MHz, CDCl3, ppm): § 3.38 (s, 12H), 3.43 (s, 8H), 3.51-3.57
(m, 16H), 3.59-3.65 (m, 16H). 3C NMR (75 MHz, CDCls, ppm): §
72.36,71.39,70.85, 70.41, 59.37, 45.82.

2.1.3. Synthesis of 1,3-bis(2-(2-methoxyethoxy Jethoxy)-2,2-
bis((2-(2-methoxyethoxy Jethoxy )methyl) propane
(FADSP)

Sodium hydride (2.3 g, 0.096 mol) and di(trimethylol propane)
(3.0g, 0.012mol) were dissolved in anhydrous tetrahydrofuran
(60ml) under nitrogen flow. Diethylene glycol monotosylate
(16.41¢g, 0.060mol) was added dropwise into the solution and
heated to reflux overnight. After the reaction was completed and
precipitates were filtered out, the solution was neutralized by
adding 2 wt% hydrochloric acid solution. The mixture was extracted
three times with dichloromethane and then the organic layer was
dried over anhydrous magnesium sulfate. The resulting solution
was concentrated by evaporating the solvent, producing 6.24 g of
FADSP (80%). 'TH NMR (300 MHz, CDClz, ppm): § 0.8-0.85 (t, 6H),
1.37(d, 4H), 3.2 (s, 4H), 3.3 (s, 8H), 3.38 (s, 12H), 3.5-3.66 (m, 32H).

2.2. Preparation of the solid polymer electrolytes

The solid polymer electrolytes were prepared by cross-linking
the homogeneous precursor solution which was composed of
cross-linker (D4A, 30wt%), plasticizers (70wt%), lithium salt
(LiCF3S03), and initiator (BPO). The concentration of lithium salt
was adjusted such that the [EO]/[Li] molar ratio of the polymer elec-
trolyte was 15. The precursor solution was injected in gap (100 m)
between the substrates, such as ITO glass, lithium and nickel. All
samples were prepared in a glove box under argon atmosphere, and
they were thermally cross-linked in a oven at 100 °C for 20 min.

2.3. Instrumentation

The melting point (Ty,) and the glass transition temperature
(Tg) of the materials were determined by using a differential scan-
ning calorimeter (DSC) (TA Instruments, model universal V2.5H)
under the nitrogen flow. The conductivity measurement was car-
ried out by coating the polymer electrolytes onto the pre-patterned
ITO cell [20]. The ac impedance of the conductivity cell was mea-
sured by an impedance analyzer (Zahner Elekrik model IM6). 10 mV
ac amplitude was applied with a frequency sweep from 1Hz to
1 MHz. The temperature of the sample was controlled by a pro-
grammable oven. The electrochemical stability window of the solid
polymer electrolyte was measured by cyclic voltammetry (EG&G
model 270 potentiostat) at 30 °C. A nickel plate (Aldrich, 0.125 mm
thick, >99.9%) was used for a working electrode and a lithium metal
foil (FMC Co.) for a counter and reference electrode. These test
cells were assembled by sandwiching the solid polymer electrolyte
between the two electrodes.

3. Results and discussion

The cross-linked solid polymer electrolytes were prepared by
in situ radical initiated cross-linking reaction of a homogeneous
precursor solution of siloxane cross-linker (D4A, 30 wt%), plasticiz-
ers (70 wt%), lithium salt (LiCF3SO3), and thermal radical initiator
(BPO). Self-supporting films could be obtained by addition of the
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Fig. 1. Comparison of the ionic conductivities between the solid polymer elec-
trolytes based on the linear plasticizer and the multi-armed ones with a similar
molecular weight.

plasticizers up to 70 wt% into the polymer electrolytes. Ionic con-
ductivities of the cross-linked polymer electrolytes were compared
between the linear plasticizer (PEGDME) and multi-armed ones
(TASP-3, FASP) with a similar molecular weight as shown in Fig. 1.
The linear plasticizer achieved a little high or similar ionic con-
ductivity when compared with the multi-armed ones at and above
the room temperature. However, the ionic conductivity of the poly-
mer electrolytes based on PEGDME suddenly decreased below 0°C,
while the temperature dependence of the ionic conductivity of the
polymer electrolytes using multi-armed plasticizers showed a typ-
ical Vogel-Tamman-Fiilcher (VTF) relationship.

The abrupt decrease in the ionic conductivity could be explained
by the thermodynamic nature of the linear plasticizer PEGDME.
Fig. 2 shows Tr, and T of the linear plasticizer as well as the multi-
armed ones measured by DSC analysis. Three plasticizers with a
similar molecular weight exhibited a similar Ty at about —70°C.
The linear plasticizer showed a large endothermic peak around 0°C,
indicating that the plasticizer became crystalline below the tem-
perature. Such crystallization below 0°C should be the reason why
the polymer electrolytes containing the linear plasticizer exhib-
ited a very poor ionic conductivity at low temperature. It has been
commonly known that the crystalline domain hinders or blocks
the lithium ion transport in the solid polymer electrolytes [21]. In
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Fig. 2. DSC thermograms of solid polymer electrolytes plasticized with (a) PEGDME,
(b) TASP-3, and (c) FASP. The arrows are pointing Tg or Tp,.
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Fig. 3. Effect of the molecular weight of the plasticizers on the ionic conductivity
of the solid polymer electrolytes. (a) The linear plasticizers, PEGM-n (n=2, 4, 6, 8)
and (b) the multi-armed plasticizers (TASP-2 (Mw =427), TASP-3 (Mw = 544), FASP
(Mw =545), FADSP (Mw = 659)).

contrast, the multi-armed plasticizers possessed no freezing point
because the multi-arms or branches prevented the plasticizers from
crystallizing.

Another advantage of the multi-armed plasticizers over the lin-
ear ones could be observed in Fig. 3, which shows the effect of
the molecular weight of the plasticizers on the ionic conductiv-
ity. We have synthesized several linear plasticizers with a different
molecular weight in the range of 100-400. For long-term stability,
the high molecular weight plasticizers are preferred in the poly-
mer electrolytes although they lead to a lower ionic conductivity.
Fig. 3(a) shows clearly such tendency that the ionic conductiv-
ity of the polymer electrolytes is greatly decreasing especially at
low temperature (—10°C) with increase of the molecular weight
of the linear plasticizers. However, it is surprising that in case of
the multi-armed plasticizers the ionic conductivity of the polymer
electrolytes did not decrease too much with the increase of the
molecular weight as shown in Fig. 3(b).

Such different effect of the plasticizers’ molecular weight on
the ionic conductivity could be explained by the Tg variation with
the molecular weight. The glass transition temperature is greatly
affecting the lithium ion transport. The lower the T goes, the higher
the ionic conductivity becomes. The linear plasticizers exhibited
a higher Tg as their molecular weight became larger as shown in
Fig. 4(a). This explains why the ionic conductivity of the polymer
electrolytes was decreasing greatly especially at low temperature
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Fig. 4. Effect of the molecular weight of the plasticizers on T of the solid polymer
electrolytes. (a) The linear plasticizers, PEGM-n (n=2, 4, 6, 8) and (b) the multi-
armed plasticizers (TASP-2 (Mw = 427), TASP-3 (Mw = 544), FASP (Mw = 545), FADSP
(Mw =659)).

(=10°C) with increase of the molecular weight of the linear plasti-
cizers. In case of the multi-armed plasticizers as shown in Fig. 4(b),
the Ty remains almost same irrespective of the molecular weight.
Hence the ionic conductivities of the polymer electrolytes exhib-
ited little change with the increase of the molecular weight of the
multi-armed plasticizers.

4.0x107 -

2.0x107 -

00

Current (A)

-2.0x10™ -

-4.0x10™ -

-1 0 1 2 3 4 5 6
Voltage (V vs Li)

Fig. 5. Cyclic voltammetry plots of the multi-armed plasticizers.
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Fig. 5 shows the cyclic voltammograms of the polymer elec-
trolytes using the several multi-armed plasticizers. Oxidative
degradation of the polymer electrolyte started around 5.2V at all
the solid polymer electrolytes with the plasticizers, which means
that they are electrochemically stable enough for the application
in the lithium ion batteries. Even though the molecular weight
and the structure were different, all the plasticizers showed not
much different electrochemical property of the resulting solid poly-
mer electrolyte. When compared with our previous result [18], it
was found that the electrochemical stability seemed almost similar
between the linear and multi-armed plasticizers.

4. Conclusions

In this work, we have introduced the multi-armed plasticizers
into the solid polymer electrolyte in order to prevent the plasticiz-
ers from freezing and eventually to enhance the ionic conductivity
at low temperature. The experimental results showed that multi-
armed plasticizers allowed for the solid polymer electrolytes to
have much better ionic conductivity at low temperature than the
linear plasticizers, which became crystalline below 0°C. The multi-
armed plasticizers were electrochemically stable up to 5.2V. The
experimental results indicate that the multi-armed plasticizers are
promising additives to enhance the ionic conductivity at low tem-
perature for lithium polymer batteries.
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