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ABSTRACT: Carrier transport and generation processes were investigated in polymer electrolytes based 
on poly(ethy1ene oxide) networks in rubbery and amorphous states. The Williams-Landel-Ferry (WLF) plots 
of the ionic conductivity gave a master curve irrespective of the kinds of incorporated salts, and the WLF 
parameters obtained were comparable to the universal values for the relaxation times of many amorphous 
polymers. The ionic transport did not occur by itself; segmental motion with associated carrier ions caused 
the ionic transport. The ionic conductivity at constant reduced temperatures tended to decrease with increasing 
lattice energies of the incorporated salts. The increase in the conductivity as a function of the salt concentration 
at constant reduced temperatures was smaller than that expected by the complete dissociation of the salt. 
All of the incorporated salt did not function as carrier ions, and the ion dissociation was suppressed with 
increasing lattice energies and concentration of the salts. 

Introduction 
Solid solutions of salts in polymers are new kinds of 

electrolytes. Much interest has been focused on the high 
ionic conductivity of these polymer electrolytes in terms 
of a fundamental understanding of fast ion transport in 
polymers' and their potential application as solid elec- 
trolytes in primary or secondary high-energy-density 
batterie~.~B 

Polymer complexes consisting of linear poly(ethy1ene 
oxide) (PEO) and alkali metal salts are prototypes of 
solvent-free polymer  electrolyte^.^ The PEO complexes 
have, in general, multiphase nature, which consists of a 
salt-rich crystalline phase, a pure PEO crystalline phase, 
and an amorphous phase with dissolved salt. It has been 
revealed that the ionic conduction takes place primarily 
in the amorphous phase.5 The phase diagram is affected 
by many factors, such as salt species and concentration, 
temperature, and preparative method. Thus, the ion- 
conducting behavior in PEO is complicated by the change 
in the phase diagram with the above factors. 

Amorphous PEO-salt complexes permit the investiga- 
tion of ion-conducting behavior in PEO without the com- 
plication of different phases. It has been pointed out that 
the temperature dependence of ionic conductivity for the 
amorphous PEO-salt complexes obeys a WLF type 
eq~at ion.~, '  This fact indicates that the ion-transport 
process is correlated to the viscoelastic property of the host 
 polymer^.^,^ However, what this fact means on the mo- 
lecular level is still not clear. Furthermore, the WLF-type 
equation does not hold in the carrier generation process 
but holds in the carrier transport process. Since ionic' 
conductivity is determined by the product of the number 
of carrier ions and their mobility, the carrier generation 
process will also affect the ionic conductivity. However, 
little is known about the carrier generation process, for 
example, little is known about the number of carrier ions 
as functions of the incorporated salt species and concen- 
tration, and temperature.8 
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In earlier articlesgJO we investigated the ionic conduc- 
tivity of PEO network polymers with dissolved lithium 
perchlorate. The network structure improved the con- 
ductivity of the salt complexes by decreasing considerably 
the degree of crystallinity. The purpose of this study is 
to investigate carrier transport and generation processes 
in PEO in completely amorphous and rubbery states. 
Various kinds of alkali metal salts were incorporated in 
the PEO network polymers. The WLF plots of the ionic 
conductivity gave a master curve irrespective of the kinds 
of incorporated salts. The ionic conductivities at constant 
reduced temperatures were correlated with the lattice 
energies and concentration of the salts. 
Experimental Section 

Materials. PEO triol having a number-average molecular 
weight of 3.0 X lo3, which was determined by OH titration, was 
supplied by Dai-ichi Kogyo Seiyaku Co. The PEO triol was dried 
under reduced pressure Torr) at 80 "C for 8 h just before 
use. A network polymer of PEO was prepared by reaction of the 
PEO triol with 4-methyl-l,3-phenylene diisocyanate at 80 "C for 
96 h (as shown in Figure 1). With respect to the functional groups, 
stoichiometric amounts of the PEO triol and isocyanate were used 
for the reaction. The preparative method is described elsewhere.1° 
Unreacted precursors were removed from the network polymers 
by extraction with acetone several times. After complete evap- 
oration of the solvent, network polymer films of about 0.3-mm 
thickness were obtained. The sol fraction, which could be ex- 
tracted by acetone, was lower than 1 wt  %. IR spectra of the 
network polymers showed no absorption band at 2280 cm-', as- 
signable to -NCO groups, and a trace absorption band around 
3470 cm-', assignable to -OH groups. The resulting network 
polymers, having a favorable mechanical strength, were colorless 
and transparent elastomers at room temperature. The network 
polymers, which had the weight swelling ratio toward water of 
2.7 f 0.1 at 30 "C, were used for the preparation of polymer 
electrolytes. 

Various kinds of alkali metal salts were dried a t  appropriate 
temperatures (>lo0 "C) under reduced pressure Torr) for 
8 h and kept under argon atmosphere just before use. The dis- 
solution of alkali metal salts in the network polymers was per- 
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Figure 1. Preparation of PEO network polymers. 
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Figure 2. Profiles of DSC curves for salt-free PEO network 
polymer and PEO-alkali metal salt complexes. 

formed by an immersion method using methanol or acetone so- 
lutions of the salts, as described The concentration 
of the salts in the network polymers was determined from the 
weight change of the film before and after immersion, and the 
molar ratio of salt to the repeat unit of PEO ([salt]/[EO unit]) 
was 0.02, unless otherwise noted. 

All handling of the PEO network polymer and the PEO-salt 
complexes was carried out under inert atmosphere in an argon- 
filled drybox in order to exclude traces of water. 

Methods. The PEO-salt complexes sandwiched between 
platinum electrodes were subjected to complex impedance mea- 
surements. The frequency dependence of the cell impedance was 
measured with a Yokogawa-Hewlett-Packard 4192A LF-impe- 
dance analyzer. The ionic conductivity was determined from the 
complex impedance measurements. Details of the cell construction 
and the measurements are described elsewhere.12 The temperature 
dependence of the ionic conductivity was measured with de- 
creasing temperature after the temperature of the samples was 
raised to an upper limit for the measurements. 

Differential scanning calorimetry (DSC) was carried out by 
using a Rigaku Denki 8058 DSC apparatus over the temperature 
range of -160 to 100 "C at a heating rate of 20 "C min-'. The 
glass transition zone was determined as the temperature range 
of a heat capacity change during glass transition. The glass 
transition temperature (T,) was defined as the midpoint of the 
heat capacity change. The enthalpy of crystallization (AHc) and 
melting (AH,) was estimated by using phenylazobenzene as a 
standard substance. 

Results and Discussion 
Temperature Dependence of Ionic Conductivity. 

Figures 2 and 3 show profiles of DSC curves for the typical 
PEO-alkali metal salt complexes. The salt-free PEO 
network polymer and a part of the PEO-alkali metal salt 
complexes (PEO-LiC1, PEO-LiBr, PEO-LiSCN) showed 
crystallization and melting transitions in addition to glass 
transition. Since room temperature was somewhat higher 
than the melting temperatures of these samples, the profile 
of DSC curves looked as if the samples were quenched. 
The other PEO-alkali metal salt complexes showed only 

Figure 3. Profiles of DSC curves of PEO-alkali metal salt 
complexes. 

Table I 
Thermal Properties of PEO-Alkali Metal Salt Complexes 

Tc, AHc, T,, AH,, crystallinity, 
% 

T, 
salt (zone), O C  O C  J g-' "C J g-' 

salt free -50 (-57 to-43) -20 34.2 21 37.5 18.4 
LiCl -48 (-55 to -41) -10 28.1 15 29.3 14.4 
LiBr -42 (-49 to-35) -1 17.5 18 22.0 10.8 
LiI -45 (-51 to -39) 
LiSCN -46 (-53 to -40) -9 26.5 19 28.1 13.9 
NaSCN -41 (-50 to -34) 
KSCN -43 (-49 to -37) 
LiBFl -45 (-53 to -38) 
LiPFB -41 (-46 to -36) 
LiClO, -43 (-49 to -37) 
LiPic" -44 (-50 to -38) 
LiB(Ph), -35 (-41 to -30) 

Lithium picrate. 

glass transition in the DSC curves, which indicated that 
these complexes were completely amorphous. The DSC 
results are summarized in Table I. The'AHc and AHm for 
the PEO-LiCl, PEO-LiBr, and PEO-LiSCN complexes 
were represented as those per unit weight of the PEO 
network polymer since X-ray diffraction patterns of these 
complexes showed diffraction peaks at the same positions 
as those of the PEO network polymer. The degree of 
crystallinity was estimated from the ratio of the experi- 
mentally determined AH,,, to the value of 203 J g-' reported 
in the literature13 for the enthalpy of melting for 100% 
crystalline PEO. The changes in crystallinity depending 
on the kinds of incorporated salts may be due to the dif- 
ference in the interaction between PEO chain and the 
incorporated ionic species. 

Figure 4 shows the temperature dependence of ionic 
conductivity for the completely amorphous PEO-lithium 
salt complexes. The temperature dependences showed 
continuously curved profiles, that is, WLF-type profiles, 
as is expected by the complexes' rubbery state in this 
temperature range. The conductivity a t  a constant tem- 
perature differed by 1 order of magnitude depending on 
the kind of incorporated salt and reached S cm-' a t  
30 "C and S cm-' a t  80 "C in highly conductive com- 
plexes. Figure 5 shows the ionic conductivity of PEO- 
lithium halide complexes as a function of the inverse of 
absolute temperature. The conductivity of the PEO-LiI 
complex, which was amorphous from the DSC results, 
showed a continuously curved temperature profile, as seen 
in Figure 4. In contrast, the temperature profiles of con- 
ductivity for the PEO-LiBr and PEO-LiCl complexes 
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Table I1 
WLF Parameters for PEO-Alkali Metal Salt Complexes 

Cz, O C  u(Tg), S cm-' salt To, O C  C1' C2/, O C  u(To), S cm-' Tg, O C  C1 
7.44 x 10-8 -48 8.33 59.1 1.13 X LiCl 

LiBr 
LiI 
LiSCN 
NaSCN 
KSCN 
LiBF, 
LiPFB 
LiC104 
Li Pic" 
LiB(Ph), 

Lithium picrate. 
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5 
9 
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6 

15 

4.51 
4.29 
5.00 
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4.12 
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4.22 
4.61 
4.11 
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4.96 
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77.9 
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113.4 

t /'C 
- 3  (00 , 60 , 20 0 -?O , 

2.88 x 10-7 -42 
7.02 x 10-7 -45 
1.66 x 10-7 -46 
9.95 x 10-7 -4 1 
8.04 x 10-7 -43 
8.77 x 10-7 -45 
1.96 x 10-7 -4 1 
7.04 x 10-7 -43 
4.33 x 10-7 -44 
1.60 x 10-7 -35 

-lo' 2:8 ' 3:2 ' 3:6 ' 4 0  
l O O O / T  /K-' 

Figure 4. Temperature dependence of ionic conductivity for 
PEO-lithium salt complexes. 

deviated negatively from the WLF profiles below 20 "C. 
This behavior corresponded to the crystallization of PEO 
segments, as seen in the DSC results. The conductivity 
at constant temperature decreased in the order LiI > LiBr 
> LiC1, which correlates with the order of the size of anion 
radius. Figure 6 shows the temperature dependence of 
conductivity for the PEO-alkali metal thiocyanates. The 
negative deviation of the temperature profile from the 
WLF-type profile was observed again in the partially 
crystalline PEO-LiSCN complex, whereas the amorphous 
PEO-KSCN and PEO-NaSCN complexes showed the 
WLF-type temperature profile in the whole temperature 
range. 

The temperature dependences of ionic conductivity for 
the various PEO-alkali metal salt complexes in rubbery 
and amorphous states were fit to the following WLF-type 
equation: 

cr(T) C 1 V -  Tg) 
dTg) c2 + (T- Tg) log - = (1) 

In order to enhance the reliability of the estimation of 
WLF parameters, To = Tg + 50 "C was selected as another 
reference temperature in the equation 

(2) 

because the conductivity data close to Tg could not be 
measured in this experiment and further because the 
conductivity data above 20 "C were used for the partially 

d T )  C1'V - To) 
log - = 

dTo) Cz' + (T  - To) 
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Figure 5. Temperature dependence of ionic conductivity for 
PEO-lithium halide complexes. 
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Figure 6. Temperature dependence of ionic conductivity for 
PEO-alkali metal thiocyanate complexes. 

crystalline complexes. The parameters obtained are sum- 
marized in Table 11. The parameters in eq 1 were cal- 
culated from 

(3) 

(4) 
and are also listed in Table 11. Equations 1 and 2 with the 

C1 = C,'C,,/[C,l- (TO - T,)] 
cz = CZ' - (To - T,) 
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Figure 7. WLF plots of ionic conductivity for PEO-alkali metal 
salt complexes using a reference temperature To (=T, + 50 "C). 

corresponding WLF parameters provided a good fit to the 
experimental data. 

Carrier Transport and Generation Processes. Since 
the temperature profiles of the conductivity follow eq 1, 
the carrier transport process will be discussed in terms of 
the free volume me~hanism.'~ The WLF-type equation 
for the diffusion coefficients of ionic carriers in rubbery 
and amorphous states is expressed bygJ5 

where D( T )  and D(TJ are diffusion coefficients at T and 
Tg, respectively, y is a factor to  allow for overlap of free 
volume, Vi* is the critical volume required for migration 
of carrier ions, Vg is the specific volume at T,, f g  is the free 
volume fraction at T,, and (Y is the expansion coefficient 
of the free volume. Ionic conductivity is expressed by 

d T )  = 4 T ) d T ) q  (6) 
where n(T) is the number of carrier ions per unit volume, 
p ( T )  is the ionic mobility, and q is the charge of carrier 
ions. We assume that p ( T )  is related to D(T)  by the fol- 
lowing equation: 

d T )  = qD(T) /kT  (7)  
The ratio of the ionic conductivity a t  T to that at T,  is 
given by 

dT) n(T)D(T) Tg n(T)D(T) (8) 
n(Tg",) T log n(T,)D(T,) log - = log 

d T g )  

If the temperature dependence of the number of carrier 
ions is assumed to be negligible compared with that of the 
ionic mobility, eq 1 can be derived mathematically from 
eq 5 and 8. 

Figure 7 shows WLF plots of ionic conductivity for all 
the PEO-alkali metal salt complexes using a reference 
temperature To (=T, + 50 OC). The WLF parameters 
obtained ranged from 4.1 to 5.0 for C,' and from 78 to 124 
for C2/, as seen in Table 11. The conductivity values a t  a 
constant T - To are somewhat distributed. However, this 
distribution was a t  most a half order of magnitude, which 
was considerably smaller than the conductivity distribution 

-3 7 

I A\ 

600 700 800 
UL/kJmol-' 

Figure 8. Ionic conductivity at constant reduced temperatures 
as a function of the lattice energies of incorporated salts. 

of 1 or 2 order(s) of magnitude(s) at a constant temperature 
(see Figures 4-6). The solid line in Figure 7 is the calcu- 
lated curve from eq 2, and C1' = 4.6 and C i  = 95.6. The 
parameters for this master curve were comparable to the 
universal values of C1' = 8.86 and C2/ = 101.6 for the 
temperature dependence of the main-chain relaxation 
times for various kinds of amorphous polymers.16 This fact 
seems to be peculiar when one realizes that the volume of 
carrier ion may be far smaller than that of the moving unit 
of PEO chain involved in the relaxation process. This may 
seem more reasonable when one considers that ionic mi- 
gration does not occur by itself but that the segmental 
motion with associated carrier ions causes the ionic mi- 
gration. This view has been a d v a n ~ e d . ~ J ~ - ~ ~  Since the 
moving PEO unit with associated carrier ions is far larger 
than the volume of naked ions and its size is nearly con- 
stant and independent of the ionic radii, one master curve 
for the ionic conductivity may be given irrespective of the 
kinds of incorporated salts. The large temperature de- 
pendence for the conduction of small ionic species is also 
interpreted by this consideration. The small distribution 
of conductivity a t  a constant T - To in Figure 7 might be 
due to the 'change in the number of carrier ions with tem- 
perature, which was not taken into account in the above 
discussion. 

The number of carrier ions changed with the kind and 
concentration of the incorporated salt. Figure 8 shows the 
ionic conductivity a t  constant reduced temperatures ( Tg 
+ T)  as a function of the lattice energies2' of the incor- 
porated salts. The ionic mobility at these temperatures 
was considered to be nearly constant. Thus, changes in 
the conductivity with the lattice energies of the salts could 
be attributed to changes in the number of carrier ions. 
With increasing lattice energies, the conductivity tended 
to decrease. This indicates that all of the incorporated salt 
does not function as carrier ions and that the ion disso- 
ciation is suppressed with increasing lattice energies. The 
curvature of the relations in Figure 8 changed at a lattice 
energy of about 750 kJ mol-l. Above this lattice energy, 
the decrease in conductivity became pronounced. The 
PEO complexes of the salts with lattice energies higher 
than 750 kJ mol-' were partially crystalline, whereas those 
with lower lattice energies were completely amorphous, as 
seen from Table I. This indicates that the interaction of 
ions with the ether oxygen atoms in the PEO chain is an 
essential process for the carrier generation, and this in- 
teraction inhibita the crystallization of PEO chain. Figure 
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Figure 9. Ionic conductivity as a function of salt concentration 
for PEO-LiC104 complexes. 

9 shows the ionic conductivity of the PEO-LiC104 com- 
plexes as a function of the salt concentration a t  constant 
reduced temperatures. The increase in the conductivity 
with the concentration was smaller than that expected by 
the complete dissociation. This also indicates that all of 
the incorporated salt does not function as carrier ions. The 
formation of ion pairs and other aggregates seems to occur 
a t  a higher concentration. We cannot deny at the present 
the possibility of long-range ion interaction which reduces 
the ionic mobility at constant reduced temperatures with 
increasing salt concentration. 
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Sequence Distributions and a Phase Diagram for Copolymers 
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ABSTRACT Copolymers made from poly(ethy1ene terephthalate) (PET) and p-acetoxybenzoic acid (PHB) 
have been examined in solution and as melts by NMR spectroscopy. Proton and carbon NMR spectra of 
solutions have shown that the sequence distributions for PET/PHB copolyesters can be described in terms 
of a probability model in which PHB has a slightly greater than random chance of being bonded to another 
PHB, which leads to significant deviations from randomness at  higher P H B  levels in the copolymer. Proton 
wide-line NMR spectra on melts show evidence of both liquid crystalline and isotropic phases for compositions 
at or above 35 mol % PHB. The compositions of the isotropic and anisotropic phases are found to contain 
approximately 35 and 80 mol % PHB, respectively, a t  280 “C. The amount of each phase is estimated for 
several compositions up to 80 mol % PHB. A qualitative explanation of the formation of the liquid crystalline 
phase requires significant amounts of sequences of four or more PHB units to initiate liquid crystalline phase 
formation. At compositions with enough PHB to separate a liquid crystalline phase, shorter sequences of 
PHB partition between the phases to enrich further the PHB-rich phase. 

Introduction 
The series of copolyesters based upon poly(ethy1ene 

terephthalate) that has been copolymerized with p-acet- 
oxybenzoic acid has been the subject of several investi- 
gations into their structure and properties. The copoly- 
(ethylene terephthalatelp-oxybenzoyl) copolyesters, called 
PET/PHB, have been shown to exhibit liquid crystallinity 
a t  or above 35 mol % PHB.I The PET/6OPHB and 
PET/80PHB copolyesters, having 60 and 80 mol % p- 
oxybenzoyl moieties, respectively, are reported to show 

Q02~-9297/~7/222Q-Q5~3~Q~.50/0 

 domain^,^-^ and to have thermal p r o p e r t i e ~ ~ i ~ * ~ , ~  and dif- 
fraction p a t t e r n ~ ~ ~ ~ - ~ ”  domains2-s with phase separation into 
PHB- and PET-rich phases in their solids. Although the 
copolyesters have been reported to be random copolyesters 
based upon I3C NhIR spectra,lp9 the phase separation2v5 and 
morphology  result^^^^ have been interpreted as evidence 
for blocked sequence distributions in these copolymers. 

The NMR evidence for chain sequence statistics has 
been reexamined with a high-field spectrometer. I t  pro- 
vides better sensitivity for carbon results and proton re- 
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