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ABSTRACT: The correlation between molecular characteristics and electrical conductivity in poly(@- 
propio1actone)-lithium perchlorate (PPL-LiC10,) complexes was investigated. The complex impedance and 
direct current measurements on a cell made of the PPL-LiC10, complex sandwiched between platinum and/or 
lithium electrodes revealed that the electrical conductivity was due to migration of Li' with a transference 
number of nearly unity. It was found that the dissolution of LiC10, in PPL facilitated the formation of a 
new crystalline phase with a higher enthalpy of melting than that of pure PPL. The degree of crystallinity 
decreased with increasing LiClO, concentration. The temperature dependence of the conductivity showed 
Arrhenius-type behavior in the low-concentration complex, while it showed WLF-type behavior in the 
high-concentration complex. The enhancement of conductivity by quenching implied that ion migration in 
the amorphous region was the main contribution to the ionic conductivity. A maximum conductivity of 3.7 
x IO-, S cm-' was observed in the quenched complex at 70 "C. 

Introduction 
It is well-known that electrical conduction in ordinary 

polymers at low electric fields is due to  migration of ions 
originating from ionic impurities in the bulk, absorbed 
moisture, and decomposition products of The 
conduction current in these polymers is extremely low, and 
thus, polymeric materials have been used in electrical fields 
as insulators or dielectrics. However, a relatively high ionic 
conductivity was recently reported in ion-containing 
polymers such as poly(ethy1ene oxide)- and poly(propy1ene 
oxide)-alkali metal salt comple~es.~-'~ These findings have 
stimulated increasing interest in ion-containing polymers 
with high ionic conductivity because of their potential 
applications to primary or secondary solid-state batteries, 
electrochemical displays, and so on. 

that the high 
ionic conductivity of the polyether complexes could be 
attributed to ion transport within amorphous regions of 
the polymers. The segmental mobility of the polyethers 
with low glass transition temperatures (T,  =. -60 to -70 
OC) is very high at ambient temperatures, which contrib- 
utes to high mobility of ionic carriers. Structural char- 
acteristics such as the polar ether oxygen which exists a t  
every three atoms in the polymer backbone, ensure a co- 
operative interaction of neighboring oxygen atoms to ions 
by analogy with the macrocyclic polyethers. This inter- 
action seems to contribute to the generation of a large 
number of ionic carriers. Thus, the polymers which have 
both a high concentration of highly polar groups and a low 
Tg are expected to be ionic conductors in the polymer-salt 
systems. 

In an earlier article,15 we reported that poly(ethy1ene 
succinate)-lithium perchlorate (PE-2,4-LiC104) complexes 
had a relatively high ionic conductivity comparable to that 
of poly(ethy1ene oxide)-lithium salt complexes. LiC104 
was dissolved in the amorphous region of PE-2,4 but did 

It was demonstrated by several 
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Table I 
Characterization of PoldB-DroDiolactone) 

S..lC" GPC data -_ . 
abbrev 100 cm3 g-' M,/IO' Mw/104 Mw/M,, 
PPL 0.43 1.90 4.76 2.50 

"0.1 g/10 cm3 in chloroform at 30 OC. 

not form a new crystalline phase with the polymer. The 
conductivity was attributed to an ion transport process in 
the amorphous region. As a result, the temperature de- 
pendence of the conductivity obeyed a Williams-Lan- 
del-Ferry(WLF)-type equation. In this study, poly(P- 
propiolactone) (PPL) which had a similar structure to 
PE-2,4 was selected as the host polymer to  LiC104. 
Lithium ion (Li+) conduction in the PPL-LiC104 com- 
plexes was demonstrated by means of complex impedance 
and direct current (dc) measurements on a cell with 
platinum and/or lithium electrodes. The correlation be- 
tween molecular characteristics and the temperature de- 
pendence of the conductivity was investigated. 

Experimental Section 
A. Materials. PPL was synthesized by means of ring-opening 

polymerization at a low temperature with diethylzinc/water as 
a catalyst.16 

CHz-CHz Zn(Et)z. H20 
I 1  - fCHzCHzCO3, 
0-C=O n-hexane 6 

A n-hexane solution containing 0.5 mol % diethylzinc was pre- 
pared under a dry nitrogen atmosphere. A 57-cm3 portion of the 
solution was transferred by a trap-to-trap method into a polym- 
erization tube with a side tube sealed with a rubber cap and was 
cooled to 0 "C. An equimolar amount of water was added through 
the side tube by using a microsyringe. The content was sonicated 
to yield a pale yellow precipitate and was cooled to -30 "C. A 
21-g (0.3 mol) quantity of freshly distilled @-propiolactone was 
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3 
(a) PtlSamplelPt 

Figure 1. Equivalent circuit to interpret complex impedance 
spectra: c,, geometrical capacity; Rb,  bulk resistance; Re, elec- 
trolyte/electrode interfacial resistance; C,, electrolyte/electrode 
interfacial capacity. 

added to the contents by a trap-to-trap method. The polymer- 
ization tube was evacuated, degassed repeatedly, and sealed. 
Polymerization was carried out at -25 "C for 72 h. The PPL 
product was purified by reprecipitation using chloroform-ethyl 
alcohol, followed by washing successively with water and ethyl 
alcohol. The sample characteristics are summarized in Table I. 
Average molecular weights were estimated on a gel permeation 
chromatograph (Waters Associate Inc., 150C) with a RI detector 
at 100 "C by using m-cresol as the carrier solvent. Narrow-dis- 
tribution polystyrenes were used as elution standards. 

B. Preparation of PPLLiC104 Complexes. A special grade 
anhydrous LiC104 (Mitsuwa Kagaku Co.) was dried under a re- 
duced pressure torr) at 180 OC for 8 h. 

The LiC104 was dissolved directly in PPL at 100 "C under a 
nitrogen stream to form various concentrations. After the solu- 
tions became optically homogeneous, they were cooled to room 
temperature to yield crystalline complexes which were crushed 
finely. These procedures were repeated twice in order to achieve 
a homogeneous dissolution of LiC104 in PPL. Standard inert- 
atmosphere techniques were used during the preparation in order 
to exclude traces of water. 

C. Methods. The electrical properties were measured on a 
pressed cylindrical pellet sandwiched between platinum and/or 
lithium electrodes. Alternating current (ac) measurements were 
made on the cell with a Hewlett-Packard 4800A vector impedance 
meter over a frequency range of 5 Hz to 500 kHz. Direct current 
(dc) measurements were made by applying a constant voltage over 
the cell and measuring the current with a Keithley 610C elec- 
trometer. 

Differential scanning calorimetry (DSC) was carried out on a 
DSC apparatus (Rigaku Denki Co., 8085) at a heating rate of 20 
"C min-'. X-ray diffraction patterns were measured with an X-ray 
diffractometer (Rigaku Denki Co., RAD-IIA) by using a Ni-filtered 
Cu K, line. Quantitative analysis of lithium was carried out with 
an atomic absorption spectrophotometer (Dai-ni Seiko Co., 

Results and Discussion 
A. Lithium Ion Conduction in PPL-LiC104 Com- 

plexes. We assumed that the equivalent circuit shown in 
Figure 1 can be used to interpret the frequency dependence 
of the impedance spectra of the present cell system.I5 
Definitions of C,, Rb, C,, and Re are cited in the figure 
caption. Figure 2 shows the typical complex impedance 
spectra of the cells with platinum electrodes (a) and with 
lithium electrodes (b). The profile of the spectrum of the 
platinum electrode cell (a) was an  arc having a low-fre- 
quency branch, whereas that of the lithium electrode cell 
(b) was two neighboring arcs. The high-frequency arcs 
were similar in the spectra of both cells; however, the 
low-frequency impedance loci were different. Thus, it was 
suggested that the low-frequency and high-frequency im- 
pedance loci corresponded to electrolyte/electrode inter- 
facial impedance and bulk electrolyte impedance, respec- 
tively. 

These impedance responses can be interpreted simply 
on the assumption that  C,  << C,, which is often the case 
in these electrolyte cell systems. On the basis of this as- 
sumption we intended to estimate the values of C,, Rb, C,, 
and Re and to  simulate the impedance spectra. At low 
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Figure 2. Complex impedance spectra at 60 "C for PPL-LiC104 
complex ([LiClO,]/[unit] = 0.1) with the same thickness. Solid 
lines in the figure are simulated spectra. 

frequencies (w = l /ReCe) ,  C ,  is considered to be open. The 
equivalent circuit of Figure 1 can therefore be reduced by 
Rb in series with the parallel combination of Re and C,. 
The impedance (2) of the reduced equivalent circuit can 
be written as follows: 

The profile of the impedance spectrum based on eq 1 is 
an  arc centered at Rb + R, /2  on the Z'axis with a radius 
of Re/2  and corresponds to the interfacial impedance. The 
values at low- and high-frequency ends of the arc coincide 
with R b  + Re and Rb, respectively. At high frequencies (w 
N l /RbC,) ,  the equivalent circuit of Figure 1 is symbolized 
by the parallel combination of Rb and C,, and its Z, cor- 
responding to the bulk electrolyte impedance, is expressed 
as follows: 

The locus of eq 2 is an arc centered at R b / 2  on the Z'axis 
with a radius of Rb/2 .  However, the centers of the high- 
frequency arcs in the measured impedance spectra lay 
apparently below the Z'axis. In order to  account for this 
offset, a phase angle (0) which measures the deviation of 
the center of the arc from the Z' axis was introduced, as 
shown in Figure 2. In this case eq 2 can be rewritten as 
follows: 

According to the Cole-Cole theory, the real (Z? and the 
imaginary (2") parts of eq 2' are written as follows: 

where x = In wRbC,. 
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Table I1 
Parameters To Simulate Complex Impedence Spectra by 

Using an Equivalent Circuit 
cell R.IR CJF RhIR CJF D 

Pt/sample/ 1.7 X lo4 1.6 X 10" 3.18 X lo3 7.0 X lo-" 0.91 

Li/sample/ 2.5 X lo2 8.8 X 3.05 X lo3 7.0 X 0.82 
Pt 

Li 

LI /Sample/ LI  

applted voltage = 1 0 volt 

t L ICIOLI / [ unit1 -0.10 - 6  

Ptl Sample I P t  

- 8  0 L 15 30 4 5  60 

Timelmin  

Figure 3. Time dependence of apparent dc conductivity at 60 
"C for PPL-LiClO, complex ([LiClO,]/ [unit] = 0.1). 

By using eq 1 and 2' and the parameters indicated in 
Table 11, we could simulate the impedance spectra, as 
shown with the solid line in Figure 2. The simulated lines 
expressed the measured impedance spectra fairly well. 
However, the reliability of the Re and C, values of the 
platinum electrode cell is considered to be low compared 
with that of the other values, because the measured 
spectrum, expressing the interfacial impedance, is only a 
high-frequency part of the arc in this frequency range. 
Thus, as for the Re values, we could only say that the Re 
value in the platinum electrode cell is considerably higher 
than that in the lithium electrode cell. If the PPL-LiC104 
complexes are assumed to be Li+ conductors, platinum 
may act as a blocking electrode for the complex. Thus, 
the charge transfer a t  the interface between the complex 
and the electrodes cannot occur. This results in a large 
Re value. On the contrary, lithium acts as an activated 
electrode for the complex which ensures reversible charge 
transfer (Li e Li+ + e) a t  the interface. The C, values 
were somewhat larger in the platinum electrode cell. This 
may be due to the contribution of Li+ polarization a t  the 
electrolyte/electrode interface in this cell. The Rb and C, 
values in these two cells coincided with each other. 
However, the p value of the lithium electrode cell was 
somewhat smaller than that of the platinum electrode cell. 
The precise mechanism of this behavior is still not clear. 

Figure 3 shows the time dependence of the apparent dc 
conductivity calculated from the change in current with 
time under an applied voltage of 1.0 V. The measurement 
was carried out on the same samples shown in Figure 2 
after the impedance measurement. In the cell with plat- 
inum electrodes the conductivity decreased rapidly during 
the initial 15 min and continued to decrease gradually to 
reach a value of about lows S cm-l a t  60 min. Since 
platinum was a blocking electrode for the PPL-LiC104 
complexes, a drop in the effective electric field across the 
sample occurred because of the formation of a space charge 
in the vicinity of electrodes. Thus, the conductivity ap- 
peared to decrease. On the contrary, the cell with lithium 
electrodes showed a constant dc conductivity of S 
cm-l, which was higher than that of the platinum electrode 
cell by 3 orders of magnitude. The constant conductivity 
agreed with the conductivity calculated from the resistance 
of 3.30 x lo3 R which was assigned to Rb + Re in Figure 

"0 0.02 0.04 0.06 

Electric charge I C 

Figure 4. Relation between deposited amount of lithium onto 
platinum cathode and electric charge through the cell. 
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Figure 5. X-ray diffraction patterns for PPL and PPL-LiClO, 
complexes annealed at 55 "C for 16 h. 

2b. Since Rb is determined by the additional conductance 
of Li+ and C104-, this agreement suggested that the 
transference number of Li+ in the PPL-LiC104 complexes 
is nearly unity. I t  was found that the electrode reaction 
(oxidation and reduction of lithium) and the migration of 
Li+ in the bulk occurred constantly under a dc voltage in 
the cell with lithium electrodes. Conduction of Li+ in the 
PPL-LiC104 complexes was also confirmed by an elec- 
trolysis experiment. When the cell with a lithium anode 
and a platinum cathode was electrolyzed under an applied 
dc voltage of 3.0 V, the amount of lithium deposited on 
the cathode increased in proportion to the electric charge 
through the cell, as shown in Figure 4. The dashed line 
in the figure shows the theoretical value according to 
Faraday's law. The current efficiency was about 75%. 
However, the experiment contained a certain error. All 
of the deposited lithium could not be measured because 
some of lithium was left on the surface of the pellet in 
contact with the platinum electrode. 

From these results it was clear that the PPL-LiC10, 
complexes were Li+ conductors. 

B. Correlation between Molecular Characteristics 
and Temperature Dependence of Conductivity. Figure 
5 shows X-ray diffraction patterns of PPL and PPL-Li- 
ClO, complexes which had been annealed at  55 'C for 16 
h before making measurements. PPL showed diffraction 
peaks at  28 = 11.9' and 22.9'. In the PPL-LiC10, com- 
plexes new diffraction peaks at 28 = 22.0°, 25.0°, and 31.1' 
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Figure 6. X-ray diffraction patterns for LiClO, and for PPL and 
PPL-LiClO, complexes annealed at 55 "C for 72 h. 

0 50 100 
t I ' C  

Figure 7. Profiles of differential scanning calorimetry curves for 
PPL and PPL-LiC10, complexes in the first run. Samples used 
were previously annealed at 55 O C  for 72 h. 

Table I11 
Thermal Properties of PPL-LiClO, Complexes 

2nd 
0.01 1st 

2nd 
0.03 1st 

2nd 
0.04 1st 

2nd 
0.10 1st 

2nd 

-21 (-24 to-17) 7 5.56 74 
75,80 

-20 (-23 to -17) 20 46.5 71, 80 
73,79 

-16 (-20 to -12) 28 38.5 70, 81 
70 

-15 (-18 to -12) 34 36.6 66, 76 
63 

-14 (-17 to -13) 

39.3 
114.5 
85.7 
85.8 
66.3 
96.3 
54.6 
73.0 

Phenylazobenzene was used as a standard substance. 

appeared in addition to the above peaks. Further an- 
nealing altered the X-ray diffraction patterns. In Figure 
6 are shown the diffraction patterns for LiC10, and for 
PPL and PPL-LiC10, complexes annealed a t  55 OC for 
72 h. Annealing for more than 72 h did not change the 
diffraction patterns, and thus, the PPL-LiC10, complexes 
annealed for 72 h seemed to reach equilibrium crystalli- 
zation. Peaks a t  28 = 22.9O disappeared completely in 
these PPL-LiC10, complexes. The fact that the diffrac- 
tion peaks assignable to LiC10, did not appear a t  all im- 
plied that LiC104 in the PPL-LiC10, complexes dissolved 
in the host polymer. The intensity of the diffraction peaks 
decreased with an increase in LiC10, concentration. Wasai 
et al.16 investigated X-ray diffraction patterns of PPL and 
found that PPL had two crystalline forms, a! and 0. The 
CY form had a 2-1 helical structure with a fiber period of 
7.02 A, whereas the 0 form had a planner zigzag structure 
with a period of 4.82 A. We tried to assign the new dif- 
fraction peaks in the PPL-LiClO, complexes; however, the 
peaks could not be attributed completely to the CY or p 
form. Thus, the dissolution of LiC10, seemed to facilitate 
the formation of a new crystalline phase. However, with 
an increase in LiC10, concentration the degree of crys- 
tallinity seemed to decrease. 

Results of DSC measurements are summarized in Table 
111. Profiles of DSC curves of the first and second runs 
are shown in Figures 7 and 8, respectively. The samples 
used in the first run had been annealed a t  55 OC for 72 h 

0.10 

ILiClOJILuni t I :  
I , , , , l , . , , L  
0 50 100 

t I ' C  

Figure 8. Profiles of differential scanning calorimetry curves for 
PPL and PPL-LiC10, complexes in the second run. Samples used 
were quenched from +120 O C  to -100 "C. 

and corresponded to the samples seen in Figure 6. The 
second run was carried out after quenching the samples 
used in the first run with liquid nitrogen from +120 to -100 
OC in the DSC apparatus. The enthalpies of crystallization 
(AHc) and melting (AH,) for the PPL-LiC10, complexes 
were represented as a function of unit weight of PPL. 

In the first run, only melting points (T,) were clearly 
determined. PPL showed one endothermic peak at  77 "C 
with AH, = 33.7 cal/g, whereas the endotherm a t  T, for 
the PPL-LiC10, complexes of low LiCIO, concentrations 
split into two peaks and AH, increased considerably in 
comparison with the AH, of PPL. With an increase in 
LiClO, concentration, T, was lowered and AH, decreased, 
indicating a decrease in the degree of crystallinity. How- 
ever, even the complex of [LiC104]/[unit] = 0.1 showed 
a larger AH, than PPL. The increases in AH,'s may be 
concerned with the formation of a new crystalline phase. 

In the second run, PPL showed a Tg, a crystallization 
point (T,) and a T,. The PPL-LiC10, complexes of 
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Figure 9. Temperature dependence of conductivity for PPL- 
LiC10, complexes previously annealed at 55 "C for 72 h. 

[LiClO,]/[unit] = 0.01-0.04 also showed Tg, T,, and T,  
transitions. The split of T, became more apparent, com- 
pared with that in the first run. Since the complexes were 
quenched in the second run, the new crystalline phase 
could not grow sufficiently. The X-ray diffraction patterns 
of the quenched complexes might correspond to those 
shown in Figure 5. Thus, two endothermic peaks a t  T,  
seemed to be based on PPL and the complex. A higher 
one and a lower one may correspond to T, of PPL and the 
complex, respectively. An increase in LiC10, concentration 
increased Tg and T,, and decreased AHc and AH,, which 
indicated that the rate of crystallization was lowered by 
the dissolution of LiC10,. Consequently, the complex of 
[LiClO,]/[unit] = 0.1 did not have any T, and T,. 

Figure 9 shows the temperature dependence of the 
conductivity (a). The u increased with temperature and 
with LiClO, concentration. The u reached 3.5 X S 
cm-' a t  7 0  OC for the complex of [LiClO,]/[unit] = 0.1. 
The temperature dependence for complexes of [Li- 
ClO,]/[unit] = 0.01-0.04 obeyed the following type 
equation3p6J7 

2 N  W / 2 €  4- u 
u = % k T  exp(- kT ) (4) 

where Y is the vibrational frequency of the trapped ion, a 
is the jump distance between equilibrium positions, q is 
the charge of an ionic carrier, No is a constant, k is the 
Boltzmann constant, W is the ionic dissociation energy, 
e is the dielectric constant, and U is the potential barrier 
between equilibrium positions. Equation 4 holds for the 
hopping conduction of ionic carriers over the potential 
barrier of U at a low electric field (E << kT/qa).  The ionic 
carriers are generated from ion pairs which dissociate with 
the energy of Win a polymer having the dielectric constant 
of e. The relation between log UT and 1 / T  for the complex 
with [LiClO,]/[unit] = 0.1 was not a straight line function. 
I t  is still unclear whether LiC10, in the complexes is in- 
corporated in the crystalline phase or in the amorpous 
phase. However, the activation process was dominant for 
ionic conduction in the low-concentration complexes. With 
decreasing degree of crystallinity, ionic conduction began 
to correlate with the segmental mobility in the amorphous 
region, which led the temperature dependence of u to obey 
a WLF-type equation.16 

- 8  111111.111111 
3.0 3.5 4.0 

lOOO/T / K - '  

Figure 10. Temperature dependence of conductivity of quenched 
PPL-LiC10, complexes in comparison with that  of annealed 
complexes. 

Figure 10 shows the temperature dependence of u for 
the quenched complexes in comparison with that for the 
annealed complexes at  55 OC for 72 h. I t  should be noted 
that the quenching of the complex enhanced u by 1-3 
orders of magnitude. The u of 3.7 X 10"'s cm-I at 70 "C 
for the quenched complex of [LiC104]/[unit] = 0.1 was 
comparable to, or higher than, that for the poly(ethy1ene 
oxideklithium salt complexes. The increase in u with 
quenching implied that this increase was not caused by 
an increase in the number of ionic carriers but by ionic 
mobility.Ig Ion migration in the amorphous phase mainly 
contributed to the high ionic conductivity. The reduction 
of activation energy by quenching may be due to de- 
creasing distances between ionic carriers which resulted 
from an effective decrease in LiC10, concentration in the 
amorphous phase. 
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