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Ionic Conductivity of Polymer Complexes Formed 
by Polystyrene Derivatives with a Pendant 
Oligo(oxyethy1ene)cyclotriphosphazene and 
LiClOd 

Much attention has been paid to polymeric solid 
electrolytes in view of the scientific interest and appli- 
cations in solid-state batteries.' In particular, poly(eth- 
ylene oxides) and polymers with oxyethylene chains as a 
pendant group have been widely investigated. For comb- 
like polymers, it has been pointed out that the flexibility 
of the polymer backbone, judged by the glass transition 
temperature, is especially important. The polymer most 
widely investigated in comblike polymers is the acrylic 
one with a pendant oligo(oxyethy1ene) chain.2-8 Recently, 
the polymers with more flexible backbones, such as poly- 
phosphazene and polysiloxane, which have short poly- 
ether chains as pendant side groups, also have been 
reported.+ll For electrochemical applications, the poly- 
styrene backbone would be more desirable than the poly- 
acrylate one. However, the fast alkali ion conductivity in 
polystyrene derivative-salt complexes has not been 
achieved due to the low mobility of the backbone.12 

Zz l  a previous paper,13 we reported the polymerization 
of multiarmed monomers, 2-[ (4'-vinyl-4-biphenylyl)oxy]- 
2,4,4,6,6-pentakis[ (methoxyethoxy)ethoxy]cyclotriphos- 
phazene (PDEP) and -pentakis[ [ (methoxyethoxy)ethox- 
y]ethoxy]cyciotriphosphazene (PTEP), and the binding of 
organic salt by these polymers. The salt-solubilizing 
property of poly(PDEP) and poly(PTEP) attracted our 
attention as potential hosts for the formation of polymeric 
solid electrolytes. If the oxyethylene chains form a 
continuous conducting phase around the rigid backbone, 
carrier ions could move in the phase, irrespective of the 
rigidity of the backbone, and a high conductivity would 
be expected. In this paper, we report the ionic conductivity 
of the complexes between LiClO4 and new host polymers, 
poly(PDEP) and poly(PTEP). 

Poly(PDEP) and poly(PTEP) were prepared as de- 
scribed in the previous paper.13 The number-average mo- 
lecular weights of poly(PDEP) and poly(PTEP) are 32 000 
and 20 000, respectively. The polymer complexes were 
prepared by dissolving polymers and LiC104 in dry THF 
followed by casting on a Pt disk by centrifugation. The 
sample was dried at  room temperature for 1 day under a 
nitrogen flow in a drybox and then under vacuum at  50 
"C for 2 days (thickness, 20-40 pm). Ionic conductivity 
measurements (ac) were made over a frequency range of 
100 Hz to 100 kHz, and the conductivity was calculated 
from a complex impedance plot with computer curve 
fitting. 

DSC scans of poly(PDEP) and poly(PTEP) showed 
shifts from the base lines around -62  and -65 "C, 
respectively. Since the reorientational freedom of the 
polymer backbone is restricted by the steric hindrance of 
the biphenyl moiety, these low values are assumed to be 
for the glass transition of oxyethylene side chains, Tg. In 
addition to the glass transition, crystallization (T,) and 
melting (Tm) transitions were observed only when the 
polymers were cooled to about -60 "C; T, = 28 "C and Tm 
= 32 "C for poly(PDEP) and T, = 36 "C and Tm = 41 "C 
for poly(PTEP). The presence of LiClO4 influenced Tg, 
but no significant changes of the crystallization and the 
melting temperatures were observed. The Tg values of 
poly(PTEP) increase with an increase in the concentration 
of the lithium salt; Tg = -53 "C ([Li+]/O = 0.0251, -48 
(0.035), -42 (0.061, and -38 (0.075). Similar behavior in 
Tg was observed for poly(PDEP)-Li salt complexes. The 
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increase in Tg values can be attributed to the restriction 
of segmental motion caused by the polymer-salt inter- 
action. 

The temperature dependence of the ionic conductivity 
for polymer-lithium salt complexes was determined over 
the range 30-100 "C.14 As shown in Figure 1, plots of log 
0 vs 1/T for poly(PDEP)- and poly(PTEP)-LiClO4 
complexes are curved, indicating a typical ion transport 
in amorphous polymers. The conductivity is affected by 
the length of oxyethylene chain. For example, the poly- 
(PDEP)-Li salt complex of [Li+]/O = 0.033 has u = 7.6 
X lo+ S cm-l a t  40 "C and 6.5 X 10" S cm-l a t  90 "C, and 
for the poly(PTEP)-Li salt complex, high values of u = 
3.6 X 10-5 at  40 "C and 2.9 X lo4 S cm-l a t  90 "C were 
obtained at  the salt concentration of [Li+]/O = 0.035. As 
shown in Figure 2, the conductivity is also affected by the 
salt concentration and the maximum conductivity of 1.1 
X lo4 S cm-l a t  60 "C has been achieved for the 
poly(PTEP)-LiClO4 complex of [Li+]/O = 0.035. For 
poly(PDEP)-Li salt complexes, the maximum value of u 
= 1.2 X lo4 S cm-l is reached at  90 "C ([Li+]/O = 0.067). 
As the temperature increases, the maximum conductivity 
shifts to higher salt concentrations. Qualitatively, the 
maximum in the conductivity and the changes in this 
maximum may be explained as follows; as the salt is added, 
the number of carriers increases but this is offset by the 
decrease of segmental motion, shown by the increase in 
Tg value. As the temperature increases, the chain mobility 
becomes high and consequently the maximum moves to 
a higher concentration of salt. 

The conductivities observed for poly(PTEP)-Li salt 
complexes are lo4 times higher than those of the comblike 
polymer based on styrene-maleic anhydride.12 Further- 
more, the values are comparable to or 1-2 orders of 
magnitude better than those of the complexes of flexible 
polyacrylates having one or two oxyethylene chains per 
monomer units.2-8 It is interesting that such conductivities 
are compared to those of highly flexible polyphosphazene 
alkaline metal salt complexes which have the highest value 
in comblike polymer systems. The conductivities observed 
are somewhat lower than those of the polyphosphazene- 
AgS03CF3 system (u  = 6.8 X 10"'s cm-l a t  55 "C) but 
higher than those of complexes of LiS03CFs (u  = 7.5 X 
10-6 S cm-' a t  55 oC).gb These indicate that the flexibility 
of the backbone is not necessarily the important factor to 
achieve a high conductivity, if many short and flexible 
oxyethylene chains are introduced into the backbone. 
Although further information is needed to clarify the 
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Figure 1. Temperature dependence of the ionic conductivity of 
poly(PDEP)-LiC104 (0) and poly(PTEP)-LiC104 ( 0 ~ 0 )  com- 
plexes. [Li+l/O = (0) 0.025, (0) 0.035, (0) 0.067. 
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Figure 2. Variation of log u with salt concentration for 
poly(PTEP)-LiC104 complexes, measured at 40 "C (a), 50 "C 
(Oh60 "C (01, 80 "C (01, and 100 "C (0). 

relationship between the polymer structure and the 
conductivity, the high conductivities of the complexes 
suggest that a number of oxyethylene chains form a 
conduct ing phase around rigid backbone and carrier ion 

transports i n  this phase almost without affecting the 
segmental motion of the backbone. 

Poly(PDEP)  and poly(PTEP)  form amorphous com- 
plexes with LiClOa, which exhibit good ionic conductivity 
at ambient temperatures. In addition, the complexes are 
soluble and can be cast, suggesting that they are viable 
alternatives for low-temperature thin-film battery appli- 
cations. A detailed study is under way and will be reported 
in the near future. 

Acknowledgment. We thank the Nihon Soda Co. for 
generous gifts of hexachlorocyclotriphosphazene. This 
work was partially supported by the Nagase Science and 
Technology Foundation. 

References and Notes 
(1) Ratner, M. A.; Shriver, D. F. Chem. Rev. 1988,88, 109. 
(2) Xia, D. W.; Smid, J. J.  Polym. Sci., Polym. Chem. Ed. 1984,22, 

(3) Xia, D. W.; Soltz, D.; Smid, J. Solid State Zonics 1984,14,221. 
(4) (a) Cowie, J. M. G.; Martin, A. C. S. Polym. Commun. 1981,26, 

298. (b) Cowie, J. M. G.; Martin, A. C. S. Polymer 1984,28,627. 
( 5 )  Cowie, T. M. G.; Martin, A. C. S.; Firth, A.-M. Br. Polym. J.  

1988,20, 247. 
(6) Peramunage, D.; Fernandez, J. E.; Garcia-Rubio, L. H. Mac- 

romolecules 1989,22, 2845. 
(7) Tsuchida, E.; Ohno, H.; Kobayashi, N.; Ishizuka, H. Macro- 

molecules 1989,22, 1771. 
(8) Bannister, D. J.; Davies, G. R.; Ward, I. M.; Mcintyre, J. E. 

Polymer 1984,25, 1600. 
(9) (a) Blonsky, P. M.; Shriver, D. F.; Austin, P.; Allcock, H. R. J .  

Am. Chem. SOC. 1984,106,6854. (b) Blonsky, P. M.; Shriver, 
D. F. Austin, P.; Allcock, H. R. Solid State Zonics 1986,18 & 
19, 258. (c) Ganapathiappan, S.; Chen, K.; Shriver, D. P. 
Macromolecules 1988,21, 2299. 

(10) Cowie, J. M. G.; Sadaghianizadeh, K. Makromol. Chem., Rapid. 
Commun. 1989,9, 387. 

(11) Spindler, R.; Shriver, D. F. Macromolecules 1988, 21,648. 
(12) Rietman, E. A.; Kaplan, M. L. J .  Polym. Sci., Polym. Lett. 1990, 

28, 187. 
(13) Inoue, K.; Kinoshita, K.; Nakahara, H.; Tanigaki, T. Macro- 

molecules 1990,23, 1227. 
(14) When the DSC measurement of the polymer complexes with Li 

salt was carried out in the temperature range 0-120 "C, 
exothermic and endothermic peaks corresponding to Tc and Tm 
were not observed. 

Kenzo Inoue,' Yasumitsu Nishikawa, and 
Teiichi Tanigaki 

Department of Industrial Chemistry 
Faculty of Engineering, Ehime University 

Matsuyama 790, Japan 
Received January 2,1991 

Revised Manuscript Received March 21, 1991 

Registry No. PDEP (homopolymer), 125357-31-5; PTEP (ho- 

617. 

mopolymer), 125330-30-5; lithium perchlorate, 7791-03-9. 


