This article was downloaded by: [University of Haifa Library]

On: 16 August 2012, At: 12:40

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T
3JH, UK

Molecular Crystals and

Liquid Crystals Science

and Technology. Section A.

e Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

Thermal Properties and lonic
Conductivity of Side Chain
Type Polyethers with Alkali
Metal Salts

Naoyuki Koide # & Kenji Kawamura ?

# Department of Chemistry, Faculty of Science,
Science University of Tokyo, 1-3 Kagurazaka,
Shinjuku-ku, Tokyo, 162-8601, Japan

Version of record first published: 24 Sep 2006

To cite this article: Naoyuki Koide & Kenji Kawamura (2000): Thermal Properties
and lonic Conductivity of Side Chain Type Polyethers with Alkali Metal Salts,
Molecular Crystals and Liquid Crystals Science and Technology. Section A. Molecular
Crystals and Liquid Crystals, 352:1, 417-427

To link to this article: http://dx.doi.org/10.1080/10587250008023200

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study
purposes. Any substantial or systematic reproduction, redistribution,



http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587250008023200
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of Haifa Library] at 12:40 16 August 2012

reselling, loan, sub-licensing, systematic supply, or distribution in any form
to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not
be liable for any loss, actions, claims, proceedings, demand, or costs or
damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.




Downloaded by [University of Haifa Library] at 12:40 16 August 2012

Mol. Cryst. and Lig. Cryst., 2000, Vol. 352, pp. 417-427 © 2000 OPA (Overseas Publishers Association) N.V.
Reprints available directly from the publisher Published by license under the
Photocopying permitted by license only Gordon and Breach Science Publishers imprint.

Printed in Malaysia

Thermal Properties and Ionic Conductivity of
Side Chain Type Polyethers with Alkali Metal
Salts

NAOYUKI KOIDE" and KENJI KAWAMURA

Department of Chemistry, Faculty of Science, Science University of Tokyo,
1-3 Kagurazaka, Shinjuku-ku, Tokyo 162-8601 Japan

Side chain type polyethers were synthesized by ring opening polymerization of glycidyl ether
with p-alkoxyphenyl moiety. A liquid crystalline phase was found at the alkoxy chain length
of below 12. A smectic phase was induced for the mixture of the non-mesomorphic poly-
ethers with alkali metal salt, and the mesomorphic temperature range for the mixed system of
the polyethers became wider with increasing amounts of alkali metal salt. These mixtures had
ionic conductivity. The ionic conductivity of the mesomorphic polyethers with alkali metal
salt was larger than that of the non-mesomorphic polyethers with same alkali metal concen-
tration in the whole measured temperature range. Activation energy of the smectic phase
region was larger than that of the isotropic phase region. The ionic conductivity of the liquid
crystalline polyether with LiClO4 was 5.3 8x1078Sem™ and that of the non-mesomorphic
polyether was 4.57x10~7Scm™! at 100°C.

Keywords: ionic conductivity; side chain type polyether; liquid crystalline polymer; alkali
metal salt; smectic phase
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INTRODUCTION

Recently, many kinds of ion-conductive polymers have been investigated in
view of their theoretical and technical potentialities such as polymer battery,
fuel cells, and chemical sensors!"’. The factors influencing ionic conductivity of
ion-conductive polymer are configuration of host polymer, ion-dipole interac-
tion, orientation behavior of one direction!?), and dissolving state of ion in its
complex. On these backgrounds, series of poly (ethylene oxide) with alkali
metal salts were investigated for polymer electrolytes expected for new solid
electrolytest™l. These mixtures showed high ionic conductivity and new possi-
bility for the electrochemical reaction ¢!,

The introduction of ions into polymeric materials is a useful way to es-
tablish the supramolecular structure of polymers. Consequently ion- containing
polymers produce various changes of physical properties. For example,
poly(ethylene oxide) containing ionic species showed ionic conductivity of 10-
$Scm™! in the temperature range from 45 to 50°C at the amorphous state. As
liquid crystals have both anisotropy and fluidity properties, then, it is antici-
pated that ion-containing liquid crystalline polymers would enable the conduc-
tivity to be enhanced in one direction, possibly by providing channels for ionic
conduction, and then anisotropic ionic conduction would exhibit high ion con-
ductivity.

The side chain type liquid crystalline polyethers are considered asa
candidate for ion conductive polymers based on their structure of poly-
mer backbone, because their chemical structure of polymer backbone is
similar to that of poly(ethylene oxide). The liquid crystallinity and self-
assembly behavior of the polyethers with no mesogenic group and no
spacer chain are produced by an extra amphiphilic effect I". The amphiphilic
organization would provide ion channels for ionic conduction in one di-
rection.

We have synthesized non-mesogenic side chain type polyethers with-
out spacer, and complexation of the polyether with alkali metal salt could
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induce a mesophase and enhance the thermal stability of the mesophase.
The polyethers with p-alkoxyphenyl moiety exhibited a smectic A phase. We
have described the mesomorphic behavior and the physical properties of
the resulting polyethers complexed with alkali metal salt in a previous
publication’®.

The polyethers with p-alkoxyphenyl moiety formed a liquid crystal-
line phase at the length of the alkoxy chain below 12. The non-mesomor-
phic polyethers with p-alkoxyphenyl moiety induced a clear smectic
phase after adding an alkali metal salt, and these mixtures had ionic
conductivity. So in order to clarify the relationship between ionic conductiv-
ity and mesomorphic property of the mixtures of side chain type poly-

ethers, as shown in Fig. 1, with vari-

ous kinds of alkali metal salts, we %CH? (|:H_O ),,

have carried out AC-impedance mea- ?Hz

surements, Differential Scanning O‘OO CmHam+1
Calorimetry (DSC) measurements PEM (M=2~16)

FIGURE | Structure of side
chain type polyether

and X-ray diffraction analysis.
EXPERIMENTAL SECTION

Poly [oxy-1-(4-alkoxyoxyphenoxymethylene) ethylene], PEm ( m=2~16 ),
was prepared by ring opening polymerization with a solution of boron
trifluoride diethyl ether complex in dichloroethane at -20°C for 16 hour
stirring. Then, the mixture was poured into excess methanol to precipi-
tate the polyether. The metal salt used here was lithium perchlorate
(LiClO,). The metal salt wasused without further purification. Mixture
was prepared by drying of mixed solution (acetone and tetrahydrofuran )
with the polyether and LiClO,. Ionic conductivities of the mixture were
measured usingan AC-impedance measurements with the sealed cell by
IMPEDANCE / GAIN-PHASE ANALYZER SI 1260 produced by
Solartron. X-ray diffraction measurements were conducted on capillary
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quartz tube using Rigaku RINT-2500 x-ray diffractometer with Nickel
filtered CuKa radiation at 40 kV/200 mA.

RESULTS AND DISCUSSION

The monomers of glycidyl ethers didn't show any kind of mesophase.
The polyethers having alkoxy chain length between 4 and 12 show a
smectic phase and their isotropization temperatures increase and mesomor-
phic temperature range becomes narrow with increasing alkoxy chain
length. However, a smectic phase generated in the non-mesomorphic
polyethers having a longer alkoxy chain by adding an alkali metal salt.

In this paper, we discuss two types of polyethers, mesomorphic
polyether (PE6, the number denotes the alkoxy chain length for p-position of
the benzene ring) and non-mesomorphic polyether (PE16). Degree of poly-
merization for the obtained polyethers was about 10.

On the thermal property of side chain type polyethers with lithium

perchlorate, the transition TABLE 1 Phase transition temperatures of
temperature increases PEI6-LICIO,

with increasing amounts  Rggi of LICIO, to
. polymer repeat unit
of LiClO, for PE6-

Phase transition temperatures / °C

76
LiCIO, as shown in Table 0 Cr=g-!
. 35 .. 64 M 69 (9L
I. The mesomorphic tem- on Cr oM == Sm <= |
46 54 89
perature range for PE6- 25 M ——e— —
Liclo 8 - wid 02 E =M S5 M S !
1 system 1s wider 7 101
45 0.33 B - M e M S |
than that of PE6. How- 28 49 65 94
. 33 45 56 100
ever their textures are the 043 8 M Mg Sm o |
same as PE6. Sy e 12]
0.54 § M MU S |
The phase transi- 1 54 120
) p. 0.67 B M e M a5 <22 |
tion behavior of the 26 39 49 17
' 25 49 52 127
PE16-LICIO‘ system 1.00 & 30 M 40 M 48 Sm 116 !

shows three kinds of Cr, solid; g, glassy; M', M": mesophase.
Sm, smectic; 1, isotropic
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mesophase, that is, one phase at higher temperature is exactly assigned to
a smectic A phase based upon the focal conic texture, and the others can not
be determined exactly with their optical microscopic measurements. Crystal
phase is observed at the ratio of LiCIO, to PE16 repeat unit between 0.11
and 0.25, while a glassy phase is observed with increasing ratio of LiClO,
to PE16 above 0.33. The behavior of the transition temperature from glass
transition temperature to mesophase for PE16-LiCIO, isdifferent from that
for PE6-LiClO,. These differences would result from consuming of LiClO,
in order to form the liquid crystalline phase for the non-mesomorphic poly-
ether (PE16). The distinction of the phase temperatures for PE6-LiClO, and
for PE16-LiClO, would arise from the difference of the mesomorphic capabil-
ity for two kinds of the polyethers itself, because the neat PE6 shows a smectic
phase, while neat PE16 do not show any mesophase.

X-ray diffraction
patterns of PE16-LiClO,
(0.67) at heating cycle

are shown in Fig. 2. Up-
per diffraction pattern was
measured at 20°C, and

Intensity

lower one was measured
at 140°C with each inter-
vals of 10°C. All diffrac-
tion patterns showachar-

24

acteristic smectic phase 5 Xeray diff CPELS
. . FIGURE -ray diffraction patterns o -
with a sharp peak in the LiClO (0.67)

small angle region around
2°and with a broad peak at the wide angle region around 20°. However, the
sharp peak at the small angle region is shifted to the wide angle side on
heating cycle . In the same way, the sharp peak in the small angle region is
shifted to the small angle region on cooling cycle.

Fig. 3 shows a d-spacing of the sharp peak in the small angle region
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at different tem-

peratures. The d- ® g M" M” ’
spacing at the smec- o
tic A phase de- g s0 -I éoaio 7
creases from 55A  # g; M E M”E I
to 41 A on heating, :‘% : : E
Sl i =y

and increases from

40 Ato 52 A on | —e—heating cycle
-0-cooling cycle

mmmm—em=— g

cooling. It is clear

[

30 — PR § " — "

that a d-spacing of 50 °C100
~55 A at the lower Temperature (%)

temperature is ap- FIGURE 3 Temperature dependence of layer

spacing for PE16-LiCIO, from X-ray diffraction

proximately twice patterns

the length of the side

chain in its most extended conformation as calculated by assuming stan-
dard bond lengths, angles and van der Waals radii. These results are
consistent with the formation of a “bilayer” smectic A phase. This phenom-
enon is induced by adding the lithium perchlorate and is also related to the
mesomorphic property.

The self-assembly of the bilayer structure for these mixtures can
arise from the interaction of the hydrophilic layer (polyether backbone) and
the hydrophobic layer (p-alkoxyphenyl group) like a lyotropic liquid crystal.
So PE6 shows a smectic phase without a mesogen group, and PE16 shows
an induced smectic phase by adding alkali metal salts. Influence of adding
alkali metal saltto PE16 to give rise to mesophase is also supported by
change of the order of methylene chain in the side chain from thermal variable
Raman spectroscopy measurementst®.

The significant shortening of d-spacing with decreasing temperature
would be interpreted by the interdigitation of alkyl chains. However M’ and
M phase could not be assigned to the characteristic mesophase because of
the unclear texture at this temperature range.
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Surprisingly, the sharp peak in the small angle region do not disap-
pear even at the isotropic phase at X-ray diffraction of the mixture for
PE16 and lithium perchlorate. The results of the sharp diffraction pattern
at the isotropic phase would be interpreted by the phase separation of
the hydrophilic layer and the hydrophobic layer, consisting of liquid state at
the isotropic phase. However, this mixture does not show any texture by
polarized optical microscopic measurements beyond the clearing tempera-
tureat 121°C. This clearing temperature is determined by DSC measure-
ments.

lonic conductivity of the four mixtures was determined by curve
fitting of the complex impedance diagram and AC-impedance measurements
with thermo-controlled. lonic conductivity of polymer electrolytes is sensi-
tive to temperature, because one of the origins of ionic conductivity is one
of the mass transfers, such as

Temperature (C)
transportation of the cation and 160 140 120 100 80 60 40
the anion of the salt. T T 1 T T T

With the possible excep- -4 N K Data of heating cycle

tion of some of the data for
these mixed systems, plots of
the log o against reciprocal tem-
perature are curved, and the
data can not be described by
the Arrhenius equation . There-

lonic conductivity log o (Scm*!)

sults are more accurately rep-
resented by the empirical
Vogel-Tamman-Fulcher (VTF)
equation(1)

o(T)=AT 2 exp [ -B/

(I-T)] (1) FIGURE 4 Best-fit VTF curve for the tem-

. perature dependence of the ionic conductiv-
where 4 is a constant, Bis a jty for PE6-LiCIO(0.11)

constant, but has been regarded solid line : best-fit curve for isotropic phase
broken line : best-fit curve for smectic phase

24 26 28 3 32
1000/T (K1)
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as being related to an apparent activation energy, and 7, can be taken as the
temperature at which the configuration entropy in the system approaches zero'™
" The data were analyzed in terms of WLF equation(2)!":

log, [o(TVS(TYI=CT-T))/ [CHT-T).  (2)

The values of C, and/or C, are closed to universal values of 17.4 and 51.6.
The data were analyzed viathe VTF equation (1) which is analytically identical
to the WLF equation with

r',=T-C, E',=2303CC,andIn4"=2.303C, + Ino(T).

The VTF equation parameters were obtained from nonlinear fits by substitu-
tion these values to the equation (1), Although T, is not accessible experi-
mentally it is normally assumed to have a value of ~50K below 7g. Alterna-
tively one can use an experimen-

L. C
tal 7g as an approximation for Temperanre (%)

T 160 140 120 100 80 60 40
0 e S T T
Ionic conductivity of the -4 O:Dam of heating cycle

mixture of the mesomorphic K.
polyether(PE6) with lithium per- = A
chlorate (0.11) is shown in Fig.
4. Open-squares are ion-con-
ductivity data from AC-imped-
ance measurements at the 1st

heating cycle, and the solid line
is the best-fit VTF curve for iso- - X

tropic phase, and broken line is Pr L4 1 fség .
best-fit VTF curve for the smec- 24 26 28 30 32
tic phase. At the isotropic phase, 1000/T (K™

heating data is in good agree-

; . FIGURE 5 Best-fit VTF curve for the tem-
ment with the VTF equation, but e rature dependence of the ionic conductiv-
heating data of the smectic phase ity for PE16-LiC1O,(0.11)

. . . solid line : best-fit curve for isotropic phase
differs w1th.the VTF equationof broken line : best-fit curve for smectic phase
the isotropic phase. This phe-

Tonic conductivity log 6 (Sem*!)
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nomenon would demonstrate that the ionic conductivity of the smectic phase
donot perfectly follow ionic conductivity due to the VTF equation. There-
fore, the best-fit VTF parameters of both phases are different from each
other, and both slopes for the measured data are different from the transition
temperature from the smectic phase to the isotropic phase determined by DSC
measurements, suggested by an arrow in the Fig.4.

The ionic conductivity of PE16-LiClO, (0.11) was measured for
the same salt concentration as for the mixture of the non-mesomorphic
polyether with lithium perchlorate as shown in Fig. 5. Open-circles are ion-
conductivity data from AC-impedance measurements for the 1st heating
cycle, and the solid line is the best-fit VTF curve for the isotropic phase and the
broken line is the best-fit VTF curve for the smectic phase. For PE16-
LiCIO, (0.11), the heating data of the isotropic phase and the smectic phase
do not coincide with the VTF equation of the isotropic phase of PE6-LiClO,
(0.11). This behavior of the measured data resembies an ionic conductivity of
crystals at high temperature based on the change of slope at the phase transi-
tion!'?), Thus the VTF parameters of the smectic phase are different in the
isotropic phase for PE16-LiClO, (0.11). The change of slope is clear as
shown in Fig. 5,and this change coincides with the clearing temperature
determined by DSC measurements.

The relevant VTF parameters are gathered in Table 11, where Ea is
the activation energy. For both of the mixtures, activation energies of the
smectic phase are larger than those of the isotropic phase. This could
mean that the layer-structure of the smectic phase plays an important
effect on the ion transport. The difference of the activation energy of
PE16-LiCIO, (0.11) is larger than that of the activation energy of PE6-
LiClO, (0.11), and the results are supported by the distinction in density of
the ion conductive part in a matrix. T, is found to be about ~44°C below
Tg determined by DSC measurements in all cases.
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TABLE 1l Best-fit VTF parameters of PE6-LiClO,(0.11) and PE16-
LiCl0(0.11)

Sample A Ea/eV T/K Tg/K

PE6-LICIO(0.11) whole 0.072t 7.05E-2  259.08
Isotropic phase 0.0680  6.90E-2  260.71 303
Smectic phase 0.4269  7.09E-2  270.81

PEI6-LICIO, (0.11) whole  0.0088  7.00E-2 26937
Isotropic phase  0.0036  6.12E2 26022 296
Smectic phase  0.1495  7.48E-2  280.55

CONCLUSION

Non-mesomorphic polyethers with alkali metal salts exhibited the smectic A
phase, and their thermal stabilities of the mesophase are enhanced. The layer
spacing of the smectic phase decreased with heating from 55A to 41 A, and
increased with cooling. Ionic conductivity of the mesomorphic polyethers with
alkali metal salt was larger than that of nonmesomorphic polyether with the
same salt concentration in whole measured temperature range. Activation en-
ergy of the smectic phase region was larger than that of the isotropic phase
region in all mixtures. The calculated 7, was found to be about ~44°C below
the 7g determined by DSC measurements in the all cases.
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