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The usual two-solvent casting technique was used to prepare a series of poly(ethy1ene 
oxide), PEO, and poly(propy1ene oxide), PPO, electrolytes containing trivalent salts of Eu, 
Nd, and Pr with concentrations between n = 80 and n = 3 (n  is the number of ether oxygen 
atoms in the polymer chain per lanthanide cation). The films were characterized by 
differential scanning calorimetry, scanning electron microscopy/energy-dispersive X-ray 
microanalysis, and X-ray powder diffraction. The Eu3+ and Pr3+ electrolytes with n z 8 
exhibit an endothermic peak around 65 "C, which is associated with the melting of crystalline 
PEO. Films with compositions 16 z n z 7 showed, in addition, a smaller endotherm around 
60 "C, which results from a eutectic phase of PEO and PEO/salt complex. The highly 
concentrated PEO,EuBr3 films, n 5 6, are a glassy, transparent, and fragile materials when 
no traces of water are detected. The stoichiometry of the high-melting-point crystalline 
complex observed for these Eu3+ electrolytes appears to be close to an oxygen-cation ratio 
of 3:l .  The morphology of the Nd3' electrolytes was found to be independent of the salt 
concentration. These films are characterized by the presence of a crystalline PEO phase 
and, probably, a nonstoichiometric PEO-NdC13 complex. PPO-EuBr3 electrolytes are 
predominantly amorphous and formation of a salt-rich complex phase was also observed a t  
high salt concentrations. 

Introduction 

During the past two decades, complexes of high 
molecular weight polymers and metal salts have been 
extensively investigated as reported by several review 
p a p e r ~ . l - ~  The unique properties of these materials, 
which combine a plastic nature with ionic conductivity, 
makes them very promising for the development of thin- 
film rechargeable solid-state batteries, electrochromics, 
sensors, and microionic d e v i ~ e s . ~  

It is well-known that high molecular weight poly- 
(ethylene oxide), PEO, and poly(propy1ene oxide), PPO, 
can dissolve a wide range of ionic salts of monovalent, 
divalent, and trivalent cations to form ionically conduct- 
ing solid polymer  electrolyte^.^-^ Although monovalent- 
and divalent-salt-based polymer electrolytes have been 
extensively studied and are well do~umen ted ,~ ,~ - l~  only 
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a limited amount of work has been reported on polymer 
electrolytes containing trivalent rare-earth cations. 19-32 
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Morphology of Rare-Earth Polymeric Electrolytes 

of combining the luminescent emission of the lanthanide 
cations with the material advantages of processible 
plastic films with variable thickness and large surface 
areas. Indeed, these polymer electrolytes are strongly 
luminescent from 14 K to room temperature with 
lifetimes on the order of 1 ms at  low t e m p e r a t ~ r e s . ~ ~ - ~ l  
We believe that these unique properties will certainly 
open new prospects for technological applications of 
polymer electrolytes in the electronic, optoelectronic, 
and even medical-pharmaceutical domains. In addition, 
the luminescence features of Eu3+-based electrolytes can 
shed further insight on the local structure surrounding 
the cation in the PEO and PPO mat rice^.^^-^^ 

In the present work, differential scanning calorimetry 
(DSC), scanning electron microscopy/energy-dispersive 
X-ray microanalysis (SEM/EDX), and X-ray powder 
diffraction (XRD) were used to analyze phase transi- 
tions, morphology, and salt distribution in a series of 
PEO complexes of Eu, Nd, and Pr halides with composi- 
tions between n = 80 and n = 3, with n being the 
number of ether oxygen atoms in the polymeric chain 
per lanthanide cation. Similar analysis were carried out 
for selected compositions of PPO,EuBr3 electrolytes, n 
= 32,20,8. 
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Experimental Section 

Sample Preparation. A two-solvent solution casting 
technique was used to prepare the polymer electrolyte films. 
PEO (molecular weight of 5 x lo6, Aldrich) was dried under 
vacuum at 60 "C for 3 days prior to sample preparation. 
Stoichiometric amounts of ultrapure EuBr3, NdC13, and PrC4 
salts and PEO were dissolved in ethanol-acetonitrile mixtures 
and then cast. The resulting polymer films were vacuum dried 
first a t  room temperature for about 48 h, then at 70 "C for 
another 24 h, and finally a t  room temperature for an additional 
5 days. The dried polymer films were stored in an Ar- 
atmosphere drybox and all subsequent handling was per- 
formed in dry conditions. The same process was used for the 
preparation of PPO (molecular weight of 5 x lo7, Zeon 
Chemicals) with EuBrs salt. 

The compositions studied in this work were PEOnEuBr3 
where n varies from 80 to  3, PPO,EuBr3 with n = 32, 20, 8, 
PEOnPrC13 where n varies from 40 to 8, and PEOnNdC13 where 
n varies from 40 t o  3. It should be mentioned that although 
preparation of P P  highly concentrated compositions, n < 8, 
were attempted, no homogeneous films could be obtained, 
probably due to a salting-out effect. 

Sample Characterization. DSC analysis were performed 
with a Mettler FP800. The microstructures were analysed 
with a polarized optical microscope Labophot 2-Pol Nikon PFX 
equipped with a Mettler FP 84 TA microscopy cell and a Nikon 
FX-35W camera. All DSC analysis were carried out under a 
flow of Ar. The heating rate was varied between 10 and 5 
"C/min. Two heating cycles were done for each film. The films 
were first heated from room temperature to 200 "C, then cooled 
to room temperature, and immediately reheated to 270-300 
"C. 

The SEM/EDX studies were performed using an SEM JEOL 
JSM 6400 coupled with a Tracor Northern series I1 X-ray 
Microanalysis system. The primary electron beam energy was 
varied between 2, 5, and 10 keV in order to minimize beam- 
induced damage. X-ray microanalysis was carried out a t  an 
accelerating voltage of 10 and 15 keV. The samples were 
mounted in small carbon stubs with carbon paint and evapo- 
ration-coated with a thin carbon layer in order to  provide a 
conducting surface and minimize electron-beam-induced dam- 
age. 

XRD analysis was carried out with a Phillips PW-1010 
diffractometer using Cu Ka  radiation. Samples for X-ray 
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Figure 1. DSC curves for the first heating cycle of the system 
PE0,EuBrS with n ranging from 80 to 3. (Films with n 1. 20 
were run at 10 "C/min and films with n 5 16 were run at 5 
"C/min). 

powder diffraction were prepared by grinding under liquid Nz 
for about 20 min. The resulting polymer electrolyte powders 
were then sealed in Lindaman tubes and heated at 120-130 
"C for 4 days and then kept at 60 "C for an additional 4 days 
and at room temperature for another 4 days. 

Results and Discussion 

PEO- and PPO-Ears Systems. Figure 1 shows 
the DSC curves obtained during the first heating cycle 
of the system PEO,EuBr3 with n ranging from 80 to 3. 
The electrolyte films with compositions 80 L n L 20 
undergo a melting transition that occurs at  a well- 
defined temperature and is characterized by a sharp 
first endothermic peak. The temperature of the first 
endotherm is close to  the temperature of the melting 
point of pure PEO (65 0C),1-3 which indicates that the 
crystalline phase of the films consists mostly of uncom- 
plexed crystalline PEO. With increasing salt concentra- 
tions, the peak shifts to lower temperatures due to 
dissolved ions being accommodated in the crystalline 
PEO phase.l' 

Salt-rich films with compositions 16 L n L 7 display, 
in addition, a smaller endothermic peak adjacent to the 
PEO melting endotherm. This smaller peak did not 
occur upon reheating. Therefore, it is reasonable to 
assume from the DSC data that it results from the 
eutectic phase of a PEO-PEO/salt complex. These 
results indicate that the eutectic composition lies within 
12 =- n L 8. A melting temperature depression caused 
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Figure 2. X-ray powder diffraction pattern of pure PEO and 
PEO,EuBr3 with n = 32, 16,4. 

by the formation of an eutectic phase has been reported 
for other PEO-rare-earth salt systems.20>22 

For the highly concentrated films, n 5 6, no crystal- 
line PEO and eutectic phases were detected. The DSC 
data show instead endothermic peaks around 150 "C, 
which corresponds to the melting of a stoichiometric 
crystalline salt-polymer complex.16J7 This complex 
starts to decompose at *140 "C, becoming liquid at first. 
Actually, it can be observed to boil off under the optical 
microscope. This is illustrated in the DSC curves 
(Figure 1) as irregular peaks in the temperature region 
140-190 "C. The stoichiometry of this crystalline 
complex appears to be close to an oxygen-cation ratio 
of 3:l. The existence of a high-melting-point crystalline 
complex with a stoichiometry 4:l or 3:l was previously 
suggested for trivalent-cation-based PEO  electrolyte^,^^ 
although this is the first time it has ever been observed. 
These results are further supported by X-ray analysis 
and microscopy studies. 

Figure 2 shows the XRD patterns of pure PEO and 
PEO,EuBr3 (with n = 32, 16, and 4) at room tempera- 
ture. The Bragg peaks resulting from pure PEO are 
well-defined. The diffraction pattern of the electrolyte 
with low salt concentration, n = 32, is basically identical 
with that of pure PEO. However, with increasing salt 
concentration, the intensities of the peaks due to the 
pure PEO crystalline phase decrease and disappear for 
the film n = 4 as more salt is being incorporated in the 
PEO crystalline phase. These results correlate well 
with the DSC data (Figure 1). Although the XRD 
pattern of film n = 4 is ill-defined a t  room temperature, 
it exhibits peaks from a crystalline complex. 

From the DSC data (Figure 1) a broad endotherm 
peak is seen above the melting PEO for electrolytes with 
compositions in the range 80 2 n 5 12. This endotherm 
may be presumably due to the loss of water eventually 
adsorbed during the transference of the samples from 
the glovebox, which is consistent with the fact that  Eu- 
complexes are usually highly hygroscopic.20 However, 
it has been reported for PEO-based Znx+ electrolyte~l~ 
that a similar broad endothermic peak either may be 
associated with the presence of a PEO/salt complex 
poorly defined chemically or can be explained by a 
process of melting and gradual dissolution of salt-rich 
complex compositions in the PEO amorphous phase. 

Figure 3. SEM micrographs for (a, top) PEO'LREuBr.7 and (b, 
bottom) PEOl&uBr.7 at  1OOx. Note that composition n = 28 
was dried a t  T = 120 "C. 

It is observed from the DSC data (Figure 1) that the 
intensity of the PEO melting endotherm decreases with 
increasing salt concentration. This is interpreted as 
being due to the variation of the ratio of crystalline vs 
amorphous material. This observation is consistent 
with microscopy analysis. Figure 3 illustrates the 
morphology at room temperature of PEO,EuBr3 films 
with composition n = 28 (Figure 3a) and n = 16 (Figure 
3b) as obtained by SEM. It can be seen that the 
electrolytes are partially crystalline at room tempera- 
ture and spherulites are clearly visible, which is con- 
sistent with previous studies of PEO-based  electrolyte^.^ 
No evidence of salt-free regions was observed with EDX 
compositional analysis and X-ray distribution maps, 
which indicates that the spherulites consist of PEO and 
salt mixtures. Low salt concentration electrolytes such 
as PE040EuBr3 show large and well-defined spherulites. 
The size of the spherulites decreases with increasing 
salt concentration. This is due to an increase in the 
amount of amorphous material, which reduces the rate 
of crystalline of the polymer and hinders spherulite 

Similar results were obtained with optical 
microscopy. The morphology of the film n = 16 a t  room 
temperature (Figure 3b) shows two different crystalline 
regions. The smaller areas are brighter and appear to 
be associated with a high-melting-point crystalline 
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Figure 4. X-ray diffraction pattern of PEOlsEuBrn a t  60,65, 
100, and 180 "C. 
complex. The larger areas consist of poorly defined and 
faint spherulites. The formation of faint salt-rich 
spherulites results from a slower crystallization pro- 
cess.34 These spherulites have lower crystallinity and 
are associated with a lower intensity DSC peak (Figure 
1) and, as mentioned above, may result from the 
coexistence of crystalline PEO and an eutectic phase of 
a PEO-PEO/salt complex. Upon heating, the spheru- 
lites in the films n L. 16 were seen to melt within the 
temperature range 61-68 "C. This is characterized by 
an intense color change and corresponds to the sharp 
first endotherm seen in the DSC curves (Figure 1). 
Films with n 5 8, however, only showed a slight color 
brightening around 65 "C. No significant structural 
changes could be detected with further increase in 
temperature. A gradual darkening of the films was 
observed between 80 and 100 "C probably due to the 
loss of water. At temperatures around 130-140 "C, the 
electrolytes were seen to change from rubbery to liq- 
uidlike, which is consistent with other reports.20t22 This 
process was observed to occur within the temperature 
range 10-30 "C depending on the film composition. 
Incomplete melting was observed for film n = 16, 
suggesting the presence of a high-melting salt-rich 
polymer-salt complex with a melting point above the 
onset of PEO decomposition. This result is supported 
by X-ray analysis. Figure 4 shows the XRD pattern of 
PEO&uBr3 taken with increasing temperature (60,65, 
100, and 180 "C). It can be seen that the diffraction 
peaks corresponding to crystalline pure PEO disappear 
between 60 and 65 "C as PEO melts, but a crystalline 
complex is still observed at 180 "C, which agrees well 
with the incomplete melting observed by microscopy. 

No evidence of any spherulitic structure was detected 
at  room temperature for films with compositions n I 8, 
as illustrated in Figure 5 for PE03EuBr3. This result 
agrees well with the results obtained from DSC analysis 
(Figure l ) ,  which show the formation of a high-melting- 
point crystalline complex with a stoichiometry close to 
3:l for salt-rich films. These salt-rich Eu3+-based 
electrolytes are glassy, transparent, and fragile films 
when no traces of water are detected. The glass 
transition temperature, Tg, for PE03EuBr3 and PE04- 
EuBrs films was found to be above room temperature 
within the temperature range 42-47 "C. This sharp 
temperature increase relatively to the Tg of pure PEO 
(z-60 "C) can be explained by a simultaneous strong 
interaction between the cations and ether oxygens of 
different chains, which leads to the formation of tran- 

Figure 5. SEM micrographs for PEOSEuBr-3 a t  100 x . The 
structures observed in the middle of the figure result from a 
nucleation of different impurities as the EDX microanalysis 
has shown. 
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Figure 6. DSC curves for the first heating cycle of the system 
PP0,EuBrS with n ranging from 32 to 8. (Films with n 2 20 
were run at  10 "C/min and the film with n = 8 was run a t  5 
"C/min.) 

sient inter- and/or intramolecular cross-links that sig- 
nificantly reduce chain mobility.13~26~35-37 In fact, recent 
studies by Bruce38 in salt-polyether systems where the 
oxygen-cation ratio is approximately 4:l or 3:l have 
suggested that preferential formation of intrachain 
cross-links are responsible for stiffening of the chains 
and, consequently for the sharp increase observed in Tg. 
These cross-links introduce a local compression and an 
ordering effect of the polymer matrix and, in general, 
for high salt concentrations the complexes comprise 
essentially a single phase, a m o r p h o u ~ l ~ 9 ~ ~ J ~  or crystal- 
line.38 In particular, the analysis reported by James et 
al.36 on highly concentrated PPO complexes led to the 
conclusion that optical transparency and high Tg values 
are associated with the formation of a single phase. The 
physical characteristics of salt-rich Eu3+ electrolytes, n 
= 3,4, namely, their transparency and glassy behavior, 
and the DSC, XRD, and SEM results seem to cor- 
roborate this conclusion. 

As mentioned previously, selected compositions of 
PPO,EuBr3 were also studied. Figure 6 shows the DSC 
curves obtained during the first heating cycle of PPO- 
,EuBr3, n = 32,20,8. It can be seen that a high-melting 
complex is also formed for salt-rich PPO-EU:~+ electro- 
lytes. No evidence of salt precipitation from the polymer 
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Figure 7. DSC curves for the first heating cycle of the system 
PEOnPrC13 with n = 40 to 8. Note the different scale of the 
DSC curve of film PEOsPrC13. 

was detected for the PPO samples in the temperature 
range used. This indicates that the broad endotherm 
observed between 140 and 160 "C (Figure 6) is not the 
result of a salting-out effect as reported previously for 
other PPO-salt  system^.^^^^^ Therefore, we believe that 
a high-melting complex poorly defined chemically is 
formed for salt-rich PPO-Eu3+ electrolytes. However, 
the formation, structure, and crystallinity of this com- 
plex phase are still unclear. 

PEO,PrC13 and PE0,NdCls Systems. Selected 
compositions of Pr3+- and Nd3+-based PEO electrolytes 
were also studied. Figures 7 and 8 show the DSC curves 
obtained during the first heating cycle of PEO,PrC13, n 
= 40, 32, 24, 16, 8, and PEO,NdC13, n = 40, 32, 20, 16, 
3, respectively. As observed previously for the Eu3+- 
based electrolytes, the temperature of the first endot- 
herm is close to the melting point of pure PEO, thus 
indicating the presence of uncomplexed crystalline PEO 
in the crystalline phase of the films. 

From Figures 7 and 8, it can be seen that the intensity 
of the first endotherm decreases with increasing salt 
concentration, which results from a variation in the 
fraction of crystalline vs amorphous material. This is 
consistent with the results obtained from microscopy 
analysis. Figure 9 illustrates the morphology at  room 
temperature of the films PE040PrCl3, PEOsPrCl3, and 
PE040NdC13 as obtained by SEM. Well-defined and 
large spherulites with brightly transmitting regions are 
observed for the composition n = 40 (Figure 9a,c). The 
spherulites appear to be larger in the Pr3+ system. The 
size of the spherulites decreases for salt-rich composi- 
tions as more amorphous material gets incorporated in 
the crystalline PEO phase. No visible evidence of a 
crystalline PEO phase was detected for PEOsPrC13 at 
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Figure 8. DSC curves for the first heating cycle of the system 
PEOnNdC13 with n ranging from 40 to 3. (Films with n z 20 
were run at 10 Wmin  and films with n 5 16 were run at 5 
' C/min . ) 
room temperature (Figure 9b). These results are con- 
sistent with those observed for the PEO-Eu3+ system. 

For the films with higher salt concentration, n 5 16, 
the temperature of the first endotherm shifts to a lower 
value due to an increase of the amount of dissolved ions 
being incorporated in the crystalline PEO phase. The 
P$+-based electrolytes show an additional smaller peak 
adjacent to the first endotherm (Figure 7 )  which did not 
occur during the reheating cycle. These results are 
similar to  those observed for the Eu3+-based films, 
indicating again that both uncomplexed crystalline PEO 
and the eutectic phase of a PEO-PEOhalt complex are 
present at room temperature for these compositions. 
The presence of this eutectic phase in the Pr3+-based 
electrolytes (Figure 7 )  is probably associated with a 
stoichiometric high-melting-point crystalline complex 
similar to that observed for Eu3+-based electrolytes. On 
the other hand, for salt-rich Nd3+-based electrolytes 
(Figure 8 )  there is no evidence of an eutectic phase, 
which indicates that a high-melting-point crystalline 
complex with a well-defined stoichiometry is not formed 
for Nd3+-rich compositions. These Nd3+-based films 
(Figure 8 )  show, in addition, a broad endotherm around 
100-110 "C, which probably results from the loss of 
water eventually adsorbed during sample transport. 
However, as with the Eu3+-based system, it either may 
be associated with the presence of a PEOhalt complex 
poorly defined chemically or can be attributed to a 
process of melting and gradual dissolution of salt-rich 
compositions of PEO-salt complexes into the amorphous 
phase. This broad endotherm is not as evident for the 
PE032NdCl3 electrolyte and for the Pr3'-based films 
(Figures 7 and 8). 

Conclusions 
DSC, polarized microscopy analysis, SEM/EDX, and 

X-ray diffraction studies were performed on samples of 
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mixtures of spherulitic crystalline regions interspersed 
by amorphous solutions of salt in PEO. Electrolytes 
with low salt concentrations, n 2 32, have large and 
well-defined spherulites. These spherulites appear to 
be larger for the Pr and Nd systems as compared to the 
Eu system. The size of the spherulites decreases with 
increasing salt concentration due to the variation of the 
ratio of crystalline PEO vs amorphous material as 
revealed by DSC, polarized microscopy, SEM/EDX, and 
XRD analysis. Europium and praseodymium films with 
16 2 n 2 8 show two different crystalline phases a t  room 
temperature, whereas the same neodymium composi- 
tions only show one crystalline phase. 

Detailed DSC measurements carried out in the tem- 
perature range 25-300 "C have shown that all the P$+ 
and Nd3+ films as well as Eu3+ PEO-based electrolytes 
with n 1 12 exhibit an endothermic peak around 65 "C 
which is associated with the melting of crystalline PEO. 
The actual value of this peak varies with composition 
due to incorporation of some of the salt in the crystalline 
PEO phase. Europium and praseodymium salt-rich 
films with compositions between n = 16 and n = 7 
showed, in addition, a small endothermic peak around 
60 "C, adjacent to the PEO melting endotherm. This 
smaller endothermic peak results from the eutectic 
phase of PEO and PEO/salt complex. Initial results for 
Eu3+ electrolytes indicate that the eutectic composition 
lies within 12 > n 2 8. The presence of this eutectic 
phase is probably associated with a stoichiometric high- 
melting-point crystalline complex. In fact, in the case 
of Eu3+-based electrolytes this crystalline complex was 
distinctly observed for salt-rich electrolytes with a 
stoichiometry close to an oxygen-cation ratio of 3:l. On 
the other hand, the morphology of the Nd3+-based 
electrolytes was found to be independent of the salt 
concentration and there is no indication of a stoichio- 
metric crystalline complex. In addition, most of the 
PEO-lanthanide based electrolytes showed a broader 
endotherm at  *100-110 "C, which might be due to the 
loss of water, to the presence of a PEO/salt complex 
poorly defined chemically or to a gradual melting of 
PEO/salt complexes. 

A salt-rich phase is also observed for the PPOgEuBr3 
electrolyte but its structural nature is yet unclear. 
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