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ABSTRACT: A DSC study performed on poly(propy1ene oxide) (PPO) electrolytes containing various 
lithium salts (LiBr, LiC104, LiCF3S03, and LiN(CFSS02)2) shows that microphase separation is a general 
feature of PPO-LiX systems. Below a certain salt content, which corresponds to O/Li = 9 (0 = ether 
oxygen) for LiBr, to O/Li = 10 for LiC104 and LiCF3S03, and to OLi  = 16 for LiN(CF3SOd2, two glass 
transition (T,) features are recorded on optically clear mixtures of these systems. A comparison made 
with poly(ethy1ene oxide) (PEO) electrolytes shows that this phase complication has a strong effct on 
the conduction process. For the PPO-LiBr and PPO-LiC104 systems, which involve a large difference 
between the compositions of their low-T, and high-T, microphases, a percolation threshold occurs over 
the range where related PEO-LiX electrolytes exhibit their conductivity maximum. A similar but less 
pronounced effect is systematically observed for the other PPO-LiX systems and for non-PPO systems 
that exhibit an initial accelerated rise in their T,-composition relationships. The PEO-LiX systems are 
free from these anomalies. 

Introduction 
The broad range of potential applications of poly- 

ether-metal salt solid electrolytes, particularly as thin- 
film separators in lithium rechargeable batteries, has 
stimulated a large number of basic studies in recent 
years.lr2 In their optimal form, these electrolytes are 
rubbery materials of low glass transition temperature 
(T,) that involve liquidlike molecular motion at  the 
microscopic level. In this form, they show great simi- 
larity with the aprotic, liquid electrolytes currently used 
in primary b a t t e r i e ~ . ~  Their conductivity exhibits a 
broad maximum in the concentrated regime and, for a 
given concentration over this range, decreases exponen- 
tially with decreasing temperature toward T p  A marked 
difference, however, lies in the diffusion mechanism of 
the solvated ions. Since metal ions (particularly Li+) 
strongly coordinate to the polymer units, they undergo 
long-range migration through an exchange of solvation 
sites instead of moving with their solvation spheres. 
This feature, together with the strong ion-ion interac- 
tions resulting from the low permittivity of polyether~,~J 
is detrimental to metal cation transport in direct current 
devices based on polyether electrolytes. To clarify the 
physics underlying these effects, rubbery and liquid 
electrolytes prepared with commercial or laboratory- 
made polyethers are currently investigated by various 
physical and electrochemical techniques. 

Poly(ethy1ene oxide) (PEO), which is a linear analog 
of crown ethers, is probably the best solvating polyether 
for a number of metal salts. However, this polymer, 
which is prone to crystallize, forms crystalline com- 
pounds with most of these salts. For that reason, 
special care must always be taken to define the liquidus 
curves of these compounds prior to physical studies on 
PEO melted or supercooled  electrolyte^.^,^ In order to 
avoid this difficulty, several basic studies, particularly 
on ion a s s~c ia t ion ,~ - l~  were recently conducted on 
noncrystallizable electrolytes prepared with low molec- 
ular weight atactic poly(propy1ene oxide) (PPO). Un- 
fortunately, as previously shown on mixtures of LiC104, 
NaC104, and NaI prepared with such a polymer, a more 
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insidious phase effect arises because PPO has a lower 
solvating power than PEO.I4 

Below a certain salt content, which corresponds to a 
molar ratio O/salt = 10 (0 = ether oxygen) for the PPO- 
LiC104 and PPO-NaI systems and to a molar ratio 
O/salt = 13 for the PPO-NaC104 system, a liquid- 
liquid separation takes place. For the former two 
systems, this separation is microscopic. The mixtures 
are optically clear but exhibit two Tg features in their 
DSC curves. According to a quantitative analysis of 
these curves, more dilute mixtures of these systems 
essentially consist of complexed microdomains with a 
1 0 4  (O/salt) stoichiometry in equilibrium with salt-free 
PPO. This microscopic separation is a genuine phase 
feature since the mixtures of the third system (PPO- 
NaC104) exhibit a two-layer separation at room tem- 
perature. Upon heating above 40-50 "C, however, their 
macroscopic separation reversibly transforms into a 
microscopic separation. 

Although the high-T, feature in the DSC curves of 
these systems progressively broadened with dilution to 
disappear for Olsalt > 20, complementary information 
on more dilute mixtures could be deduced from inde- 
pendent data. These data were Raman spectra previ- 
ously reported by Schantz and Tore116t7 for mixtures of 
Lie104 (and NaCF3S03) with a PPO sample of the same 
molecular weight (M = 4 x lo3) as in our study. In this 
work dealing with ion association, spectra had been 
recorded at 22 "C over a wide range of compositions (5 
< O/salt 1000) by focusing on the anion symmetric 
stretching mode. Upon dilution from O/salt = 5, the 
components of a band splitting assigned to ion pairs and 
free anions exhibited a marked change in relative 
intensities down to O/salt = 10 (O/salt = 16 for NaCF3- 
SO3). For salt contents below this limit, however, the 
band splitting remained finite with essentially no 
further change in relative intensities down to Ofsalt = 
1000. Not only was this feature consistent with our 
interpretation, but it also revealed that Lie104 (or 
NaCF3S03) was confined to local regions of invariant 
stoichiometry over a wide range of concentrations in the 
dilute regime. 

Since the Raman features of the PPO-NaCFsS03 
system are similar to those of the PPO-Lie104 system, 
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comparable, high conductivities in PE0,20 are well 
suited for examining the effect of microphase separation 
on the conductivity of PPO electrolytes. 

Since conductivity data already exist in the literature 
for the PPO-LiC104 and PPO-LiCF3S03 s y s t e m ~ , ~ , ~  
measurements were made on the PPO-LiBr and PPO- 
LiN(CF3S02)2 systems only. The investigation of these 
four systems, presented in the second section of this 
paper, is based on a comparison with related PEO 
amorphous electrolytes of the same compositions. In 
the case of LiBr, an oxymethylene-linked PEO was used 
because this salt forms a crystalline compound of high 
melting point (332 "C) with regular PEO. This sample, 
denoted as P(OM/PEG2OO), was a high molecular weight, 
noncrystallizable material prepared from a poly(ethy1- 
ene glycol) oligomer (PEGBOO). This investigation, 
which also includes a comparison between the PMGE- 
LiSCN and PEO-LiSCN systems, reveals the presence 
of a systematic effect, reminiscent of a percolation 
threshold, for all the systems that exhibit DSC evidence 
for a microscopic liquid-liquid separation. 

Experimental Section 
Materials. PEO (M,  = 4.4 x lo3, Mw/M, = 1.02) and PPO 

( M ,  = 4.2 x lo3, Mw/Mn = 1.35) were the same as those used 
in the former work.14 P(OMPEG2OO) ( M ,  = 5.3 x lo4, M,/ 
M ,  = 2.5) was prepared according to the procedure described 
by Booth et a1.,21 by reacting a PEG200 oligomer ( M ,  = 223, 
Mw/M, = 1.04) with an excess of dichloromethane in the 
presence of KOH. PMGE ( M ,  = 2.5 x lo4, Mw/Mn = 1.8) was 
prepared by anionic polymerization by using potassium tert- 
butoxide as the initiator and tetrahydrofuran as the solvent. 
The details concerning synthesis, purification, and character- 
ization of these two polymers are reported in previous pa- 
p e r ~ . ~ J ~  Before utilization, all the polymers were dried under 
high vacuum for 48 h. Their residual conductivities at 100 
"C were lower than 5 x S/cm. 

LiClO4 (K&K, 99.8%) and LiCF3S03 (Aldrich, 97%) were 
dried under high vacuum for 24 h at 130 "C. LiBr (MCB, 99%) 
and LiN(CF3S02)z (3M), which exhibited dehydration endo- 
therms at 168 and 166 "C, respectively, were dried under high 
vacuum for 24 h at 150 "C and for an additional 1 h at 170 "C. 
Polymer-salt mixtures were prepared under a dry atmosphere 
by mixing weighed quantities of 1-5% methanol solutions of 
each component. Solvent evaporation was carried out in 
ampules connected to a vacuum system. The solvent-free 
mixtures were transferred into 25-mm-diameter, optically 
clear, glass vials with screw caps and dried under high vacuum 
for 24 h at 130 "C. Those containing LiBr and LiN(CF3SOZ)z 
were dried for an additional 1 h at 170 "C. The vials were 
stored under a dry atmosphere in a glovebox. 
DSC Measurements. The calorimeter (Perkin-Elmer DSC- 

4) was flushed with dry helium, and sample pans were filled 
and sealed under a dry atmosphere in the glovebox. Glass 
transition features were recorded at a heating rate of 40 "C/ 
min, and supercooled specimens (with PEO) were obtained by 
melt quenching at a cooling rate of 320 "C/min. Values of Tg 
were read at the intersection of the tangent drawn through 
the heat capacity jump, with the base line recorded before the 
transition. Heat capacity increases, Acp, at Tg were read at 
the temperature corresponding to the half-height of the 
transitions. In the case of the PEO-LiBr system, fusion and 
dissolution temperatures were read at the peak of the endo- 
therms. PEO (or eutectic) melting was recorded at 10 Wmin, 
while intermediate compound dissolution (or melting) was 
recorded at 40 "C/min. Although the mixtures of this system 
exhibited discoloration when heated above 250 "C under the 
microscope, an exothermic effect due to thermal degradation 
was noted above 350 "C only. All the high-temperature 
endotherms, even those at 332 "C, were well separated from 
this effect. 

Conductivity Measurements. The bulk electrolytes were 
contained in cells consisting of two stainless steel solid 

we concluded that a microphase separation also takes 
place in the mixtures of this systern.I4 Interestingly, 
this feature has recently been confirmed by Bergman 
et al.15 on the basis of a photon correlation relaxation 
study. Like the DSC technique, this light scattering 
technique yielded evidence for two relaxation processes 
over a limited range of compositions only. As proposed 
in the former work,14 this suggests that the size of the 
complexed microdomains decreases markedly with de- 
creasing global salt content. They probably transform 
into more and more labile heterogeneities that eventu- 
ally fluctuate a t  a rate high enough to become undis- 
cernible from the bulk relaxation of the materials. In 
Raman spectroscopy, however, these heterogeneities 
appear as static down to high dilution (Ohalt = 1000). 

Over 25 years ago, Moacanin and Cuddihy16 had 
already reported thermomechanical data showing two 
relaxation features for PPO-LiC104 mixtures prepared 
with a high molecular weight PPO. More recently, 
Greenbaum et ~ 1 . ~ ~  had also reported DSC data showing 
two Tg features for PPO-NaI and PPO-NaSCN mix- 
tures prepared with a similar polymer. In both these 
studies, the PPO samples were commercial rubbers 
containing a small fraction of allyl glycidyl ether units 
to  permit sulfur vulcanization. Since our work, Nek- 
oomanesh et a1.18 reported a Tg splitting for mixtures 
of LiC104 with high molecular weight propylene oxide- 
ethylene oxide statistical copolymers with EO molar 
contents in the range 64-90%. From these studies, it 
is clear that the liquid-liquid separation in the M = 4 
x lo3 low molecular weight PPO did not result from its 
finite content (3 mol %) in hydroxy end groups. 

This separation, which is not observed for supercooled 
mixtures of LiC104 or NaI with PE0,14 probably results 
from an unfavorable balance between the cation-oxygen 
interactions, which favor salt dispersion, and the ion- 
ion long-range Coulombic interactions, which oppose 
this dispersion. A biphasic liquid-liquid structure 
becomes more stable than a homogeneous structure 
because the dominant factor is the Coulombic energy 
liberated through the ion condensation process associ- 
ated with the formation of the high-Tg microphase. As 
pointed out in the former work, evidence for a more 
discrete separation can be found in the T,-composition 
relationships previously reported for noncrystallizable 
mixtures of MSCN (M = Li, Na, and K) with atactic 
poly(methy1 glycidyl ether) (PMGE).Ig For this poly- 
ether, which has a solvating power intermediate be- 
tween PEO and PPO, an accelerated rise in Tg occurs 
over the same range of compositions as the Tg splitting 
related to PPO. Note that such an accelerated rise in 
Tg was also observed for supercooled mixtures of the 
PEO-NaC104 system.14 All these anomalies, particu- 
larly those in PPO, call for a more systematic investiga- 
tion. 

In the first part of this paper, we report DSC data 
obtained for three other PPO-lithium salt systems. 
From these data, which concern mixtures of LiBr, LiCF3- 
, 3 0 3 ,  and LiN(CF3SOz)z with a M = 4 x lo3 PPO, it 
turns out that microphase separation is a general 
feature of PPO-LiX electrolytes. However, a compari- 
son based on the derivatives of the DSC curves shows 
that the compositions of both the low- and high-Tg 
microphases depend on the nature of the anion. The 
smallest difference between these compositions is ob- 
served for the PPO-LiN(CF3S02)2 system, while the 
largest difference is observed for the PPO-LiC104 
system. Therefore, these two salts, which exhibit 
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Figure 1. DSC heating curves recorded at 40 "C/min on mixtures of the PPO-LiBr (a), PPO-LiCF3S03 (b), and PPO-LiN(CF3- 
S 0 2 ) ~  (c) systems. 

cylinders encapsulated at both ends of a Teflon ring. The cell 
assembly is fully described in a previous work.5 A l-cm- 
diameter disk-shape electrode-electrolyte contact surface was 
imposed by Teflon sleeves. The gap between the electrodes 
(3 mm) was measured at room temperature with an accuracy 
better than 1%, and no correction was made for the thermal 
expansion of the cells. The cells were filled and sealed in the 
glovebox. For that purpose, the bulk electrolytes were heated 

The conductivity measurements were performed in a Instron 
temperature chamber equipped with a computer-driven con- 
troller. The temperature of the electrolytes was measured 
with an accuracy better than f0.2 "C by means of a thermo- 
couple inserted in a well dug in the body of the cells. The real 
part, 2, and the imaginary part, 2 ,  of the complex impedance 
of the cells were measured over the frequency range 5 Hz to 
13 MHz by using a Model 4192A Hewlett-Packard impedance 
analyzer. The impedance data were collected at intervals of 
5 "C by means of a HP-IB interface. As usual,5 the bulk dc 
resistance of the electrolyte was determined as the point where 
the high-frequency semicircle in the plot of 2' as a function of 
2 cuts the 2 axis. 

Results and Discussion 
(a) Thermal Properties. Figure 1 shows DSC 

curves recorded for various compositions of optically 
clear mixtures of PPO with LiBr, LiCF3S03, and 
LiN(CF3SOz)z. The curves related to LiBr are similar 
to those reported for LiC104 and NaI. They exhibit well- 
separated, double-T, features over a range of composi- 
tions (10 < OLi  < 20). A T, splitting is also observed 
for the PPO-LiCF3S03 system. However, it is of lower 
magnitude and concerns a narrower range of composi- 
tions (14 < O/Li < 20). No Tg splitting is apparent for 
the PPO-LiN(CF3SOz)z system, but its single-T, feature 
exhibit an abnormal broadening over the same range 
of compositions as the double-T, features of the other 
systems. 

Although the DSC curves recorded for the PPO-LiBr 
system are qualitatively similar to those reported for 
the PPO-LiC104 system, their quantitative analysis 
reveals some differences. The Tg data of these two 
systems are plotted as a function of the salt molar 
fraction in Figure 2. Near the critical composition for 
microphase separation (OLi = 9 for LiBr and OLi = 

to 110-130 "C. 

24 I O  B 4 3 z 1.5 1 O/Li 

0.0 0.2 0.4 
xsalt (molar fraction) 

Figure 2. Plots of Tg as a function of the salt molar fraction 
for mixtures of the PPO-LiBr and PPO-LiClOa systems. T g , ~  
and T g , ~  denote the onset of the low- and high-temperature 
features recorded below the critical composition for microphase 
separation (Obi = 9 for LiBr, and OLi = 10 for LiC104). 

10 for LiC104), the low-temperature transition (Tg,L) 
associated with LiBr is higher than that associated with 
LiC104. In the former work on the PPO-LiC104 and 
PPO-NaI systems, the heat capacity increase (Ac,, per 
gram of material) associated with Tg,L was shown to 
increase linearly with decreasing salt weight fraction. 
Furthermore, in each case, the linear relationship 
extrapolated to the Ac, value of PPO at a zero salt 
content. This feature, which is exemplified in Figure 3 
for the PPO-LiC104 system, was interpreted as an 
indication that the low-T, microphase related to this salt 
is essentially salt-free PPO. Included are the Ac, data 
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Figure 3. Plots of the heat capacity increase at T g , ~  (Ac,, per 
gram of sample) as a function of the salt weight fraction for 
mixtures of the PPO-LiBr and PPO-LiC104 systems. 

related to LiBr. In that case, the linear fit made over 
the range 10 < OLi < 32, which intercepts the composi- 
tion axis at  W,dt = 0.144 (OLi = 9), does not extrapolate 
to  the value of salt-free PPO. The relationship exhibits 
a break at  a finite salt content (Wsalt = 0.04, OLi = 40), 
suggesting the presence of a small amount of LiBr in 
the low-T, microphase. 

This interpretation in terms of an equilibrium be- 
tween microphases of well-defined stoichiometries is not 
in contradiction with the fact that the onset of the high- 
temperature transition (Tg,H in Figure 2) decreases 
markedly with decreasing global salt content. Nor is it 
in contradiction with the similar but less pronounced 
effect observed for T,,L. Both these effects may be 
explained in terms of a change in the size of the 
microdomains with global dilution. Inspection of Figure 
1 shows that the lowering of T,,H is associated with a 
marked, asymmetrical broadening of the high-temper- 
ature transition. By analogy with microphase-separat- 
ed block copolymers,22 this feature can be rationalized 
in terms of an exchange of kinetic energy through the 
chemical junctions at the interface between the unlike 
micro phase^.'^ 

Over the range just below the critical composition, the 
biphasic structure related to LiBr (or LiC104) probably 
consists of dilute (or salt-free) microdomains dispersed 
into the more concentrated 9/1 (or 1011) phase. In this 
situation, the segmental motion in the low-T, mi- 
crophase is expected to be dampened by the anchorage 
of some of its PPO segments to the continuous harder 
phase. It is likely that this effect accounts for a part of 
the small increase in T,,L with respect to salt-free POP. 
Such an effect was not observed for the PPO-NaC104 
system, which exhibited a macroscopic separation over 
this range of  composition^.^^ A further decrease in the 
global salt content has an effect comparable to a change 
in the relative chain length in a block copolymer. The 
size of the dilute microdomains increases to the detri- 
ment of the concentrated phase, and an inversion in the 
nature of the continuous phase takes place. At this 
point, a larger fraction of the polymer segments in the 
concentrated microphase are located near the interface 
where they undergo an exchange of kinetic energy with 
the more mobile phase. This surface effect, which 
increases with global dilution, probably accounts for 

LiBr 

LiCF,SO, 

LiN(CFJSO,), 

Figure 4. Comparison of the derivatives of the DSC curves 
recorded on O/Li = 16 and O/Li = 20 mixtures of the four 
PPO-LiX systems studied in this work. 

both the asymmetrical broadening of Tg,H and its fade- 
out at  high dilution. 

Figure 4 shows the derivatives of the DSC curves of 
the O/Li = 16 and 20 mixtures of the four PPO-LiX 
systems. The peaks in these curves correspond to the 
points where the rate of change in heat capacity (dcd 
dt) due to each transition is maximum. They provide a 
better basis to examine the effect of the nature of the 
anions on Tg,L and Tg,H. A more complete picture based 
on this procedure is given in Figure 5 for both the PPO- 
LiCF3S03 and PPO-LiN(CF3SO& systems. It shows 
that the critical composition of the former system is 
located near OLi = 10, like that of the PPO-Lie104 
system. Furthermore, a shoulder indicating a Tg split- 
ting is also apparent over the range 18 < OLi < 24 for 
the PPO-LiN(CF3S02)2 system. At a given composition 
below the critical composition (Obi  = 16 for the latter 
system), the comparison made in Figure 4 shows that 
Tg,L  increases in the order LE104 < LiBr < LiCF3S03 
< LiN(CF3S02)2, while T,,H decreases in the same order. 
The former feature suggests that the low-T, mi- 
crophases related to LiCF3S03 and LiN(CF3S02)z con- 
tain a larger amount of salt than that related to LiBr. 
Unfortunately, because of the proximity of Tg,L and Tg,H, 
no reliable analysis based on Acp at  T g , ~  can be made 
for these two systems. For the same reason, the plots 
shown in Figure 6, which summarize the Tg data of 
these two systems, are constructed on the basis of the 
onset of the first transition only. 

According to a previous work on PEO-LiX electro- 
lytes,20 on a molar basis and over the range 6 < OLi < 
24, the Tg elevations produced by LiCF3S03 and LiN(CF3- 
SO212 (2.9 and 2.8 "C/mol %, respectively) are markedly 
inferior to that produced by LiC104 (4.3 "C/mol %). Such 
data, which correspond to supercooled, homogeneous 
mixtures of these three salts with PEO, could not be 
obtained for the PEO-LiBr system. The phase diagram 
of this system (Figure 7) shows a high-temperature 
liquidus curve down to low concentrations (Ob i  = 20). 
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Figure 5. Derivatives of the DSC curves recorded on the 
mixtures on the PPO-LiCF3S03 (a) and PPO-LiN(CF3SOz)z 
(b) systems. These derivatives allow a more accurate defini- 
tion of the critical composition for microphase separation (01 
Li = 10 for LiCF3S03 and O L i  = 16 for LiN(CFsS0z)z than 
the DSC curves. 

For PPO, a reliable comparison of the Tg elevations 
produced by these four salts is possible at concentrations 
above the critical composition for microphase separation 
only. The Tg values of mixtures in a ratio O/Li = 6 with 
LiC104, LiCF3S03, and LiN(CFsS02)2 are 16, -6, and 
-4 "C, respectively. They are systematically higher (by 
23 & 2 "C) than those reported for supercooled mixtures 
of the same composition with PE0.20 In turn, that 
related to LiBr (6 "C) is intermediate between those of 
LiC104 and LiCFaS03. These Tg data provide further 
explanation for the differences in the Tg splitting 
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Figure 6. Plots of Tg as a function of the salt molar fraction 
for mixtures of the PPO-LiCFsS03 and PPO-LiN(CF3SOz)z 
systems. Due to the overlapping of T g , ~  and T g , ~ ,  these plots 
show the onset of the first transition only. 

PEO-LiBr 
64 20 0 4 2 i 0.5 O/i i  

I 1 1  I I I 1 I 

500 1 

300 1 ,/ 
200 1; L 

+ 

---I 
1 0 '  " ' a * ' I 

0.0 0.2 0.4 0.6 0.8 1.0 

Wsolt (weight fraction) 

Figure 7. Phase diagram of the PEO-LiBr system. The 
vertical boundary a t  W d t  = 0.53 was derived from a calori- 
metric analysis of the DSC data. I t  shows the formation of a 
1.75/1 (OLi) crystalline compound that exhibits an incongru- 
ent melting a t  332 "C. Mixtures with molar ratios OLi  = 1.85 
and 1.60 had lower heats of fusion than the stoichiometric 
mixture. 

observed in Figure 4. The small splitting observed for 
the PPO-LiCF3S03 system is mainly due to the low Tg 
of the 10/1 microphase of this system. This feature, 
which also applies to the PPO-LiN(CF3S02)2 system, 
is aggravated by the lower salt content in the 16/1 
microphase of this system. In turn, although the Tg 
elevation produced by LiBr is not as marked as that 
produced by LiC104, the Tg splitting related to this salt 
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Figure 8. Plots of Tg as a function of the salt molar fraction 
for amorphous mixtures of the P(OM/PEG200)-LiBr and 
PMGE-LiSCN systems. No Tg splitting or broadening was 
observed for these systems. 

is enhanced by the larger salt content in its 9/1 mi- 
crophase. 

Figure 8 depicts the Tg-composition relationships 
constructed for the P(OM/PEG200)-LiBr and PMGE- 
LiSCN systems. These relationships exhibit the same 
feature as that of the POP-LiCF3S03 system (Figure 
6). With increasing salt content, Tg first exhibits an 
accelerated rise up to a certain composition (Obi  = 6 
for LiCF3S03, OLi = 7 for LiBr, and OLi = 8 for 
LiSCN) and then increases linearly up to saturation. 
An initial, accelerated rise is also observed for the PPO- 
LiN(CF3S02)2 system (Figure 6), but a more gradual 
change takes place at higher concentrations. Note that 
supercooled mixtures of PEO with LiC104, LiCF3S03, 
LiN(CF3S02)2, and LiSCN were reported to exhibit a 
linear increase in Tg over this range.19,20 Thus, the data 
in Figure 8 suggest some kind of microphase separation 
for the P(OMi"EG200)-LiBr and PMGE-LiSCN sys- 
tems, even though no Tg splitting or broadening could 
be detected in the DSC curves of these systems. 

According to the ceiling values of Tg in Figures 2 and 
6, at moderate temperatures and on a molar basis, the 
solubility limits of the present salts increase in the order 
LiC104 < LiBr < LiCF3S03 < LiN(CF3S02)2, that is, in 
the same order as Tg,L in Figure 4. At their melting 
points, LiC104 (T, = 251 "C) and LiN(CF3S02h (T, = 
234 "C) are fully miscible with PPO. As could be judged 
by microscopy, LiCF3S03 and LiBr, which melt at much 
higher temperatures, both exhibit a minute increase in 
solubility over the range 70-250 "C. As reported for 
PE0,5 melt quenching of PPO-LiN(CF3S02)2 mixtures 
from a temperature above the melting point of the salt 
yields supersaturated mixtures in the vitreous state. In 
Figure 9, the Tg data of these mixtures (diamond 
symbols) are plotted as a function of the salt weight 
fraction for both polymers. These plots, which include 
the data of the unsaturated mixtures, show a change 
of regime a t  Wsalt = 0.70 (OLi = 2) for PPO and near 

0.0 0.5 1 .o 
WSalt (weight fraction) 

Figure 9. Plots of Tg as a function of the salt weight fraction 
for mixtures of LiN(CF3SOdZ with PPO and for supercooled 
mixtures of this salt with PEO. The diamond symbols, which 
correspond to supersaturated, homogeneous mixtures of either 
system, allow the definition of the polymer-in-salt regime, Le., 
the region where the fully complexed polymer is dissolved in 
the molten salt. 

Wsalt = 0.65 (O/salt = 3.5) for PEO. More concentrated 
mixtures yield linear relationships that converge toward 
the same limit (Tg = 52 f 2 "C) at a 100% salt content. 
These new relationships suggest that the materials then 
consist of fully complexed PPO (or PEO) dissolved in 
the molten salt. Therefore, it is the physical properties 
of the fully complexed polymer that govern the Tg 
elevation at lower salt  content^.^ This latter feature 
should also apply to the other systems. 
(b) Conductivity Study. By analogy with mi- 

crophase-separated block copolymers, the low-T, mi- 
crophase in the present PPO-LiX electrolytes should 
transform into a continuous phase below a certain salt 
content. If this hypothesis is correct, this change should 
strongly affect the conductivity behavior. This is par- 
ticularly true for the PPO-LiC104 system, which ex- 
hibits the lowest values of Tg,L among the present 
systems. On the other hand, if such an effect exists, it 
will be less severe for the PPO-LiN(CF3S02)2 system, 
which exhibits the highest values of Tg,L among the 
present systems. In order to clarify this point, we chose 
a comparison with the corresponding PEO-LiX sys- 
tems. As reported in a previous work,2o the conductivity 
isotherms of these two PEO systems show broad maxima 
of comparable magnitude over the range where a Tg 
splitting (or broadening) is observed in PPO. Also, their 
phase diagrams, together with the supercooling of 
certain compositions, allow a conductivity study down 
to 50 "C over a wide range of compositions.5~20 

In Figure 10, conductivity data (a) obtained for the 
PEO-LiC104 system are compared with the data re- 
ported by McLin and Angel16 for a PPO sample of the 
same molecular weight (M = 4 x lo3) as the PEO and 
PPO samples used in this study. These conductivity 
isotherms (at 50 "C), showing log u as a function of the 
salt molar fraction, do not reveal any anomaly that could 
be associated with microphase separation. This also 
applies to the PEO- and PPO-LiN(CF3S0212 systems, 
whose conductivity isotherms (at 100 "C) are included 
in Figure 10. The data obtained for the latter system 
cover the same range of compositions as those recently 
reported for the PEO-LiN(CF3S0212 ~ y s t e m . ~  
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Figure 10. Conductivity isotherms of the PPO-LiC104 
system at 50 "C (a) and the PPO-LiN(CF3SOZ)z system at 100 
"C (b). In each case, a comparison is made with amorphous 
electrolytes of the same salt in PEO. The data of the PPO- 
LiC104 system are those reported by McLin and AngelL8 

The broad maxima in Figure 10 result from a change 
in charge carrier mobility with increasing salt concen- 
tration. Since local viscosity accounts for a large part 
of this effect, further analysis of the present data will 
be made in terms of reduced conductivity UR, i.e., 
conductivity at a given value of T - Tg. A reduced 
temperature T - Tg of 110 "C was chosen for that 
purpose. It is within the narrow range of T - Tg that 
allows a comparison with the OR data of the PEO 
 electrolyte^.^^ In the case of the PPO-LiC104 and 
PPO-LiN(CF3SOz)z systems, the actual temperatures 
were established on the basis of the Tg data of Figures 
2 and 6. For the latter system, which was studied over 
the range 2 I O/Li < 128, these temperatures extend 
from 45 to 130 "C, approximately. Two of the studied 
compositions (OLi = 20 and 24) are within the range 
where a Tg broadening is observed in Figure 1. No 
attempts were made to consider this broadening (the 
onset of the main transition was used for all composi- 
tions). For the PPO-LiC104 system, however, both the 
values of T g , ~  and T g , ~  were considered, yet such a Tg 
splitting applies to a single composition only (OLi = 
16). Such a blind procedure was used on purpose. The 

0.0 0.1 0.2 0.3 
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Figure 11. Reduced conductivity at T - Tg = 110 "C of the 
PPO-LiC104 (a) and PPO-LB(CF~SOZ)~ (b) systems. A 
comparison with related PEO amorphous electrolytes shows 
evidence for a percolation threshold near the critical composi- 
tion for microphase separation in PPO. 

aim of this comparison is to look for any anomaly with 
respect to PEO that could be attributed to microphase 
separation in PPO. 

Figure 11 shows plots Of OR as a function of the molar 
fraction of LiC104 and LiN(CF3SOh in PPO and PEO. 
These nonlogarithmic plots made under isoviscous 
conditions reveal that microphase separation has a 
marked effect on the conduction process. For the PPO- 
LiC104 system, UR first increases very slowly with 
increasing concentration up to the composition OfLi = 
10 and then exhibits an accelerated rise toward OR of 
the PEO-LiC104 system. Over the same range, the 
PEO systems first exhibit a linear increase in UR 
followed by a decrease above a certain salt content. A 
similar difference between PPO and PEO is observed 
in systems containing the second salt. However, the 
initial rise in UR for the PPO-LiN(CF3SOz)z system is 
not as flat as in the case of the PPO-LiC104 system. 

It may be seen that the value of OR established on the 
basis of Tg,H (-35 "c) for the PPO-Lic104 mixture in a 
ratio O/Li = 16 is well above the curve drawn through 
the data of the other compositions. In turn, that 
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to a percolation threshold. As will be shown, this 
feature, which takes place just above the range where 
a T, splitting (or broadening) is observed in the DSC 
curves, is a general feature of the PPO-LiX electrolytes 
in this study. 

Two other interesting features can be deduced from 
the UR plots in Figure 11. The first concerns the 
composition of the low-T, microphase in the mixtures 
of the PPO-Lic104 system. The finite value Of OR (1.04 
x S/cm) at  the lower end of the concentration range 
of this system (Obi  = 40) indicates that this microphase 
contains a certain amount of salt. However, this 
amount is relatively small since this value of UR is 
inferior to that (1.65 x S/cm) of the PEO-LiC104 
mixture with a molar ratio OLi = 500. The second 
feature concerns the superposition of the PPO- and 
PEO-LiN(CF3S02)2 data above a certain concentration 
in the concentrated regime. The abrupt decrease in OR 
over this range is the prelude to the changes of regime 
observed at  high concentrations in the Tg plots of Figure 
9. Less and less free ether units are available for cation 
jumps, and a second percolation threshold takes place 
in both polymers this time.6 

As mentioned, amorphous electrolytes cannot be 
obtained at  moderate temperatures for the PEO-LiBr 
system. A similar but less severe limitation also applies 
to the PEO-LiCF3S03 system. Although its phase 
diagram also involves a high-temperature liquidus curve 
at  low salt contents,20 by taking advantage of the greater 
salt content in the eutectic mixture of this system (O/ 
Li = 401, conductivity data could be obtained over the 
range 32 < OLi 500. These data, as well as those 
reported by Albinsson et  aZa9 for a M = 4 x lo3 PPO 
sample, allowed the construction of the UR plots de- 
scribed in Figure 12. These plots show the same 
features as those related to LiN(CF3S02)2 in Figure 11. 
Note that none of the PPO-LiCF3S03 mixtures are 
located over the range (14 .e OLi < 20) where a Tg 
splitting is observed in Figure 1. Included in Figure 
12 is a second comparison based on conductivity data 
obtained for the PPO-LiBr and P(OMiPEG200)-LiBr 
systems. It may be seen that the former system behaves 
like the PPO-LiC104 system. Furthermore, in agree- 
ment with the expectation based on the singularity 
observed in the T, plot of the P(OMPEG200)-LiBr 
system (Figure 8), its UR plot also exhibits an accelerated 
rise a t  low salt contents. 

As illustrated in Figure 13, UR plots constructed from 
conductivity data obtained for the PMGE-LiSCN and 
PEO-LiSCN systems also show that a similar anomaly 
exists in PMGE. This latter comparison is particularly 
interesting since LiSCN is among the lithium salts that 
exhibit the lowest conductivities in PEO. For the 
composition O b i  = 32, its value of OR is 0.6 x SIcm 
compared to 4.0 x S/cm for LiN(CF3S0212. By 
assuming that this difference is mainly due to a greater 
association of LiSCN in PEO, it is noticeable that this 
latter system yields a linear rise in UR at low concentra- 
tions similar to that of the PEO-LiN(CF3S02)2 system. 
Therefore, the accelerated, nonlinear rises observed in 
POP and PMGE cannot be attributed to ion pairing. 

Concluding Remarks 

Two distinct effects account for the low conductivity 
of PPO-LiX electrolytes with respect to related PEO- 
LiX amorphous electrolytes. One of these effects, which 
mainly concerns the concentrated regime ( O b i  < lo), 
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Figure 12. Reduced conductivity at T - Tg = 110 "C of the 
PPO-LiCF3S03 (a) and PPO-LiBr (b) systems. The UR data 
of the former system are based on a work by Albinsson et aL9 
A comparison with PEO or P(OM/PEGBOO) amorphous elec- 
trolytes shows the same features as in Figure 11. 

established on the basis of T g , ~  (-64 "C) is below but 
closer to this curve. In fact, a good fit can be made by 
adjusting Tg to -58 "C, i.e., 11 "C only above the Tg of 
salt-free PPO. In comparison, the Tg of a PEO-LiC104 
supercooled mixture of the same composition is -43 "C. 
From this departure, it is clear that the conduction 
process is severely affected by the presence of the low- 
T, microphase. According to the Ac,, data in Figure 3, 
such a mixture with a molar ratio O/Li = 16 (Wsalt = 
0.10) should contain 63% by weight of the high-T, 
microphase. As reported by Wixwat et  ~ l . , ~ ~  over the 
temperature range from 33 to 90 "C, the density of a 
PPO-LiC104 mixture with a molar ratio O b i  = 10 (the 
composition of the high-Tg microphase) is 12% higher 
than that of salt-free PPO. By assuming that this 
difference in density applies to the unlike microphases 
in the O/Li = 16 mixture, the volume fraction of its high- 
Tg microphase may be estimated as 56%. This volume 
fraction is high enough to suggest that the accelerated 
rise in UR observed at higher salt contents corresponds 
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Figure 13. Reduced conductivity at T - Tp = 110 "C of the 
PMGE-LiSCN system. A comparison with PEO-LiSCN 
amorphous electrolytes shows the same features as those of 
the PPO-LiX systems in Figures 11 and 12. 

is the greater Tg elevations produced by the presence 
of the salts in the former electrolytes. The second effect, 
which concerns both the semidilute and the dilute 
regimes, is microphase separation. This phenomenon, 
which is not unique to PPO, causes a marked depression 
in conductivity over the range where related PEO 
electrolytes exhibit their conductivity maximum. When 
combined, these two effects result in a global lowering 
of the conductivity isotherms over the entire range of 
compositions. As shown in this work, when the former 
of these effects is separated from the latter in terms of 
reduced, isoviscous conductivity, a signature specific to 
microphase separation clearly appears into the concen- 
tration dependence of the data. This signature is an 
initial low conductivity regime followed by an abrupt 
rise near the critical composition for microphase separa- 
tion. For the PPO-LiC104 and PPO-LiBr systems, 
which involve a large difference between the composi- 
tions of their unlike microphases, this feature is clear 
evidence for a percolation threshold. 

Interestingly, non-PPO systems, like the PMGE- 
LiSCN and P(OM/PEG200)-LiBr systems, also show 
anomalies that may be interpreted in terms of mi- 
crophase separation. Over a range of compositions, both 
their Tg and their reduced conductivity exhibit acceler- 
ated rises similar to those of the PPO-LiCF3S03 and 
PPO-LiN(CF3S02)2 systems. The absence of any Tg 
splitting or broadening, however, suggests the presence 
of more labile heterogeneities than in these latter 
systems. Note that all the PEO-LiX systems studied 
until now appear to be free from such anomalies. 
However, at  the present time, it is not clear whether 
the results obtained for the P(OM/PEG200)-LiBr sys- 
tem depend on the nature of the salt or the nature of 
the polymer (or both). This segmented copolymer 
contains 80% of EO units, and it is noticeable that 
microphase separation still takes place in a propylene 
oxide-ethylene oxide statistical copolymer containing 
90% of EO units.18 This confirms that regular PEO is 
unique among the polyethers and copolyethers that can 
dissolve metal salts. 

A last point concerns the effect of temperature and 
pressure on the compositional features of microphase- 
separated PPO electrolytes. Raman data reported by 
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Schantz6 show that an increase in temperature in the 
dilute regime (100 < O/salt -= 1000) has the same effect 
as an increase in concentration at  a given temperature 
in the concentrated regime (5 < O/salt < 10). For 
instance, at  67 'C the two components associated with 
the anion symmetric stretching mode in PPO-LiC104 
dilute electrolytes exhibit the same relative intensities 
as those expected for the composition OLi = 7 at 22 
"C. More recent data reported by Lundin and Jacobs- 
son12 show that an increase in pressure gives rise to the 
opposite effect in Raman spectra recorded on PPO- 
LiCF3S03 electrolytes with molar ratios OLi = 16 and 
32. Both these effects were discussed in terms of a 
change in ion pairing with increasing temperature (or 
pressure) without any concern about the possibility for 
a microphase separation. 

Since a large fraction of the salt (particularly LiC104) 
is confined to the high-T, microphase of these systems, 
a new interpretation of the Raman data should focus 
on a potential change in the composition of this mi- 
crophase. Note that Raman spectra recorded at  a given 
temperature, under normal pressure, show no apparent 
changes resulting from the decrease in the size of the 
concentrated microdomains with dilution.6J0J1 These 
microdomains form spontaneously because their stoi- 
chiometry involves a maximum of interactions with a 
minimum of internal tension. The ion-ion long-range 
Coulombic energy, which is dominant in the stabiliza- 
tion of this structure, strongly depends on the average 
distance between the ions. Therefore, it is likely that, 
in order to minimize the free energy, the stoichiometry 
of these microdomains readjusts to either a lower or a 
larger salt content in response to compression or 
thermal expansion. If that is the case, the critical 
compositions deduced from the Tg data would cor- 
respond to low-temperature conditions. The possibility 
that these critical compositions may shift t o  higher salt 
contents with increasing temperature does not change 
the main features deduced from the present data. 
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