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Structural characterization studies using Raman and i.r. spectroscopy and extended X-ray absorption 
fine structure (EXAFS) on the (PEO),[(ZnBrz)i _,(LiBr),] system (n = 20, 40; x = O-0.8) are reported. 
Raman spectroscopy reveals that the ionic species present in the complex depend on the Zn : Li ratio and 
the ether oxygen to metal ion ratio. With increasing x values, the species vary from ZnBrz to ZnBr; to 
ZnBri-. EXAFS measurements confirm that the Zn-Br coordination number is higher for the 
(PEO),[(ZnBrp), _JLiBr),] system than the (PEO),ZnBrz system. In the (PEO)zo [(ZnBr2)0,2(LiBr)0.B] 
composition, no oxygen neighbours of zinc are apparent while a significant Zn-0 contribution is present in 
the (PEO)40[(ZnBr2)0,6(LiBr)0,4] and (PE0JrsZnBr2 complexes. Temperature dependent EXAFS measure- 
ments of (PE0)20 [(ZnBrz),,z(LiBr)s,s] show that ionic association is not altered with lowering of 
temperature. The effect of addition of tetraethylene glycol (TEG) and its dimethyl ether (TEGDME) to the 
complex is also reported. 0 1997 Elsevier Science Ltd. 
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INTRODUCTION 

The wide range of technological applications of solid 
polymer electrolytes*-6 has spurred attempts to under- 
stand fast ion-transport in polymer systems. The 
polymer electrolyte materials are characterized by an 
interesting conductivity behaviour that is highly depend- 
ent on local structure and is influenced by crystallization 
and ionic association. At temperatures below -65°C 
PEO-salt electrolytes consist of mixtures of spherulitic 
crystalline regions separated by amorphous solutions 
of salt in PEO; ion conduction occurs primarily in the 
amorphous regions7-9. One of the methods to improve 
the conductivity of PEO-based electrolytes include 
modification of the polymer matrix by incorporation 
of plasticizers to make the matrix more liquid-like. 
Addition of small molecules such as ethylene carbonate, 
propylene carbonate and PEO oligomers as plasticizers 
facilitate long chain segmental motion. A serious 
disadvantage, however, is that most plasticizers are 
volatile at room temperature leading to their loss from 
the samples. 

To completely understand the mechanism of ionic 
transport in polymer electrolytes, the morphological 
structure must be fully characterized. In this paper, the 
local structure around the ionic species is characterized 
using EXAFS which is an averaging technique and gives 

*To whom correspondence should be addressed 

information such as coordination number and distance 
of neighbours around an absorbing atom. A theoretical 
description of EXAFS is found elsewhere”. Additional 
local structural information can be provided by Raman 
spectroscopy which can help ascertain the different 
ionic species present in the salt complexes. 

Several PEO-zinc salt complexes have been character- 
ized by optical microscopy, d.s.c., EXAFS, conductance 
measurements, and transport number determina- 
tions1’-23. In this paper, results of Raman i.r. and 
EXAFS studies of the PEO-(ZnBr2 + LiBr) systems 
are presented. The effect of plasticizer addition will also 
be discussed. 

EXPERIMENTAL 

PEO (MW 4 x 106, Aldrich, Milwaukee, WI, USA) was 
used as received. ZnBr2 (Aldrich) and LiBr (Aldrich) 
were dried in a vacuum oven at 100°C for 48 h. 
Tetraethylene glycol (Aldrich) was vacuum-distilled 
over dry molecular sieves and tetraethylene glycol 
dimethyl ether (Aldrich) was vacuum distilled over dry 
CaH2 at 120°C. Stoichiometric amounts of PEO, 
plasticizer and salt were dissolved in acetonitrile and 
stirred at room temperature for 24 h. Thin films were cast 
on Teflon sheets by the slow-evaporation of solvent. The 
films were dried at room temperature for 24 h and then 
dried in a vacuum oven at -50°C for another 24 h. 
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Room temperature Raman spectra were recorded 
using a Jobin Yvon T64000 Raman system. Spectra 
were recorded with the triple monochromator at a 16 s 
integration time using 10 accumulations. The argon ion 
laser line at 514.5 nm was used at a power of 300mW. 

1.r. spectra were recorded using Digilab FTS40 
Bio-Rad i.r. spectrometer in the region 4000-400cm-’ 
at a resolution of 2 cm-‘. For i.r. studies, the polymer-- 
salt complexes were cast on 38 mm x 19 mm x 4 mm Csl 
windows and dried at -100°C for 20-30min to ensure 
solvent evaporation. 

Thin film samples for EXAFS were prepared such 
that pr N 2 at 1OOeV above the K-edge of the neutraliz- 
ing cation where t is the sample thickness and p is the 
absorption coefficient. K-edge EXAFS spectra were 
collected at the Stanford Synchrotron Radiation 
Laboratory on Beamline 2-3. For these samples, 5eV 
steps were used in the pre-edge region and EXAFS 
region, while 2 eV steps were employed from 13 eV below 
the edge to 41 eV above the edge. Entrance slits of 
0.7mm were used to obtain high-energy resolution. 
Energy calibration was performed with pure zinc metal 
foil. Two ionization chambers, one of 15 cm length and 
the other of 30cm length, filled with N? were used to 
monitor the incoming and outgoing intensities of X-rays 
respectively. A total of five scans (each scan lasted 
approximately 15 min) were collected and the scans were 
averaged after E0 determination to improve the signal 
to noise ratio. The samples were mounted in a special 
sample holder and purged with nitrogen gas during 
measurement. 

After isolation of the EXAFS oscillations, the data 
were Fourier transformed to obtain the radial structure 
function (RSF) which is similar to a radial distribu- 
tion function. Locations of the peaks are shifted from 
the real interatomic distances; hence, a subscript F will 
be used to distinguish RSF distances from the actual 
distance R. A commercial software package, Autobk, 
available from the University of Washington UWXAFS 
project, was used for the conversion of the measured 
pLt vs. E curve to kx(k) vs. k where E is the energy and k 
is the wave vector. No standard was used in the 
background subtraction. All simulations were also 
weighted by k’ in order to facilitate direct compari- 
son between the simulated and experimental curves. 
FEFFIT and FEFF624, both from UWAXS, were used 
to fit the experimental data to theoretical data for the 
range RF = 1.25-3 assuming a combination of oxygen 
and bromine neighbours in the first shell. The data 
were truncated at k = 12.5 due to the presence of a 
crystal glitch at k - 12.8. E0 was varied in order to 
compensate for errors involving energy calibration and 
phase-transferability2’. The amplitude reduction factor 
(Si) was held constant at 0.9. This value was determined 
after allowing Si to vary during initial fitting. The 
Zn-Br coordination number was set from curve-fitting 
results of the Raman data and these are shown in Table 2. 
Therefore four adjustable parameters were used in the 
fitting of experimental data to theory: the Debye-Waller 
factors for the Zn-Br and Zn-0 coordination shell 
respectively, the edge-energy and Zn-0 coordination 
number. The shifts in the edge-energy ranged from 1 to 
3eV. 

A cryogenic sample holder was used for the EXAFS 
measurements at 5.5 K, 20K, 60 K, 120 K and 200 K. 
Liquid helium was used for cooling. The sample was 
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kept at each temperature for 15 min before measure- 
ment. For temperatures below lOOK, helium gas was 
used as the purge gas while nitrogen was used for the 
higher temperatures. 

RESULTS AND DISCUSSION 
Raman spectroscopy 

The Raman spectra of (PE0)20ZnBr2, (PEO)z”- 
[(ZnBrz)o.s(LiBr)o.Sl and (PE0)20[(ZnBr2)o.2(LiBT)O.sj 
in the region 250-140cm-’ are shown in Figure 1. 
(PE0)20[(ZnBr2)o,S(LiBr)o,~] (curve labelled 1 : 1) shows 
two peaks at 179 and 164cm-’ which have been 
assigned to the symmetric stretching mode (v,) 
of ZnBr3 and ZnB$ respectively and are consistent 
with earlier studie+26-28. These spectra are similar 
to those observed in (PE0)20[(ZnBr2)o,,(LiBr)o,~]23. 
In (TEG)20[(ZnBr2)o.s(LiBr)o,,] and (TEGDME)zo- 
[(ZnBrz)o,s(LiBr)o.S], the only species is ZnBrl. The 
Raman spectra of (PEO), (ZnBr2)o.2(LiBr)o,s] 

1 
(n = 5, 

10. 20) only show ZnBr,- species (curve labelled 
I : 4) as observed in (PP0)20[(ZnBr2)o.2(LiBro.81 
and (TEGDME)20[(ZnBr2)o.2(LiBr)o.s]. However in 
(TEG)20[(ZnBr2)o,2(LiBr)o,s] a mixture of ZnBri and 
ZnBt$ is seen, with the former species predomi- 
nant. In (PEO)20ZnBr2 a mixture of ZnBr2 and ZnBry 
are observed (curve labelled 1 : 0). 

The relative intensities of the different zinc bromide 
species in the polymer complexes were obtained by 
curve-fitting the bands in the Raman spectra to a 
straight base line and one Gaussian-Lorentzian product 
function for each band using a non-linear least-squares 
method (Grams 386%, Galactic Industries). Table 1 
summarizes the results of the curve-fitting data for 
(PEO),[(ZnBr,), .(LiBr),] complexes. Curve fitting 
results in the TEG, TEGDME and PPO salt complexes 
are also included for comparison. The results show that 

L 

O:(Zo+Li) 2O:l 

p\ 

Zn:Li 

J\ 1:l 

j\ ;s‘< 

2io 260 180 lb0 

Wavenumbers (cm-‘) 

Figure 1 Raman spectra of (PEO),,[(ZnBr,),_,(LiBr),], x = 0.2, 0.5. 
I .O. complexes in the region 250- 140 cm-’ 
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Table 1 Results of curve-fitting in the 250- 150cm-’ region for 
different polymer-zinc bromide complexes 

Relative intensities 

Composition ZnBrs ZnBr; ZnB$ 

(PPO)ZOI(Z~B~~)~.~(L~B~)~.~I _ 90.0 10.0 
(TEG)~o[(ZnBrz)o.s(LiBr)o.~l 100.0 _ 

(TEGDME)~0[(ZnBrz)o.~(LiBr)o.51 _ 100.0 _ 
(PE0)20[(ZnBr2)o.s(LiBr)o.51 74.0 26.0 
(PEO)S~(Z~B~~)~.~(L~B~)O.~I 63.2 36.8 
(PEO).&ZnBr2)0 dLiW0.41 89.8 10.2 
(PE0)5[(ZnBr2)o,5(LiBr)o.~l _ 27.7 72.3 
(PEO)ssZnBr2 81.0 19.0 _ 
(PEO)ssZnBrz 74.0 26.0 _ 

_ 

0:Zn 

I 
240 

I 
220 

I 
200 

I 
180 

I 
160 

Wavenumbers (cm-‘) 

Figure 2 Raman spectra of (PEO),ZnBr2 complexes as a function of 
0 : M ratio in the spectral region 250- 140 cm-’ 

TEGDME and PEO exhibit very similar behaviour 
towards cation coordination as reported earlier29. Also, 
PPO and PEO behave similarly owing to their long- 
chain length. The small differences may be related to 
their differing abilities to coordinate cations. 

Increasing the salt concentration (decreasing n), 
with the Zn: Li ratio constant, in the (PEO),- 
[(ZnBr2)0.2(LiBr)0.81 complex does not change the 
relative amounts of ionic species present; this observa- 
tion suggests that ZnBri- is favoured greatly at this 
Zn: Li ratio. Keeping the ether oxygen to total metal 
(Zn + Li) ratio constant and decreasing x does change 
the speciation. When a mixture of species are present 
for a given x value (x = O-0.7), decreasing n also 
changes the speciation. For the (PEO),[(ZnBr2)o,6- 
(LiBr)O.a] complex, decreasing n from 40 to 5 increases 
the intensity of ZnBri- species relative to ZnBrT 
species. The Raman spectra of (PEO),ZnBr2 com- 
plexes (n = 200 to 2) show that with increasing 
salt concentration (decreasing n) the salt complexes 
shift from pure ZnBr2 species to a mixture of ZnBr2 
and ZnBrT species. Figure 2 shows the speciation in 

the Raman spectral region 250- 14Ocm-’ for three 
different compositions. 

Raman studies of zinc bromide complexes in poly- 
(propylene oxide), poly(ethylene oxide) and the oligo- 
merit tetraethylene glycol (TEG) and its dimethyl 
ether derivative (TEGDME) have been reported23. The 
speciation in CH3-capped oligomer is similar to that 
present in PPO 3000 triol. By varying the Zn/Br ratio, 
the speciation can be changed. The ZnBr< species is 
favoured in the -OH capped oligomers and equations 
based on competing equilibria have been proposed23. 
The coordination of zinc bromide species with ether 
oxygens were schematically represented as 

R\ O---her, + Br‘ $ R\ 

R’ R’ 
0---ZnBr; (1) 

R\ 
R’ 

O---hB< 
3 

+ Br- + R\ O___&Br2- 

R’ 
4 (2) 

and the Zn-0 coordination number would vary 
depending on the nature of the zinc bromide species. 
However in the presence of OH-capped polymers, the 
existence of additional competitive equilibria have 
been postulated 

R-.-.~--.&Br + h‘ - R\ 
H’ 

2 H’ 
O---ZnfSr; (3) 

---a$ + h- + R\ 
H’ 

0---ZnB$- (4) 

A strong specific interaction of the OH group with 
the ZnBr: species is suggested. Equilibrium (3) lies to 
the right while (4) lies to the left. 

The effect of adding TEGDME and TEG as plastici- 
zers to (PEO),[(ZnBr2), _,(LiBr),] (n = 20, 40; x = 0, 
0.4, 0.8) also has been studied using Raman spectro- 
scopy. Here, the results are reported for only (PEO + 
Plasticizer)2o [ ( ZnBr2)o,2 ( LiBr)o,8] where 3/ 1 and 1 / 1 PEO 
to plasticizer ratio were used. With the addition of 
both TEGDME and TEG, the peak at 179 cm-’ starts to 
appear and grows in intensity (see Table 2 and Figure 3). 
However, the percentage increase of the ZnBr; species 
relative to ZnBr~- is greater for TEG than for the 
TEGDME-plasticized system, at the same PEO to 
plasticizer ratio. This fact argues strongly in favour 
of the presence of the competing equilibria when the 
-OH end group is present as presented in equations (3) 
and (4). 

The Raman spectra of (PEG), [ (ZnBr2)o,2 ( LiBr)o.8] 
(n = 5, 10, 20) in the region 880-820cm-’ are charac- 
terized by.peaks at 866,859 and 844cm-’ (spectra not 
shown). According to Yoshihara et aL3’, the Raman 
peak at 859cm-’ has been assigned to a mixture of 
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Table 2 Results of curve-fitting from Raman and EXAFS data 

Relative intensity 

Composition 

(PEO),OZnBr, 

(PE0)40[(ZnBr2)06(LiBr)o4] 

(PEO)2o[(ZnBr~)o2(LiBr)o,xl 
(3PE0 + TEGDME)20[(ZnBrz)o.2(LiBr)os] 

(PEO + TEGDME)2o[(ZnBrz)o.2(LiBr)o.s] 

(3PE0 + TEG)~O[(Z~B~~)~.~(L~B~)~XI 
(PEO + TEG)20[(ZnBr2)o z(LiBr)o s] 

ZnBr: ZnBr7 

70.5 29.5 

89.8 

4.6 

23.2 

20.9 

50.2 

PEO:TEGDME 

\ 

-A~ l:o 

I 

140 180 130 lb0 140 
1 

Wavenumbers (cm-‘) 

Figure 3 Raman spectra of (PEO + TEGDME)20[(ZnBr2)o I(LiBr)o xj 
complexes at different PEO: TEGDME ratios in the region 
250-140cm-’ 

r(CH),), and v(COC), in PEO while the band at 
844cm-’ has been attributed to r(CH*),. With the 
addition of salt, a shoulder starts growing in at 
-866cm-’ and can be ascribed to the wrapping of 
PEO around Li+. This peak grows in intensity with an 
increase in total salt concentration and is also evident 
in the spectra of (PEO),[(ZnBr,)o,s(LiBr)O,S] (n = 5, 10). 
This observation suggests that the Lif ions are wrapped 
by the PEO chain. This assignment is supported by 
the Raman study on the PEO-LiCF,S03 system3’ 
where a peak observed at -867cm-’ has been assigned 
to the PEO-Li+ coordination by analogy with ab initio 
calculations of Li+ in monoethylene glycol dimethyl 
ether32. The peak at 867cm-’ was also observed in the 
(TEGDME)2a[(ZnBr2), _.(LiBr),] (X = 0.5, 0.8) com- 
plexes. For the (PEO),[(ZnBr2),,,(LiBr)& complex, 
with increasing salt concentration or decreasing n, the 
relative intensity of the peak at 866cm-’ increases. The 
trend in intensity variation of the 866cm-’ peak is 
consistent with the nature of the ionic species present 

ZnBri 

IO.2 

100.0 

95.4 

76.8 

79. I 
49.x 

Coordination 

number 

Zn-Br 

2.30 

3.10 

4.00 

3.95 

3.77 

3.79 

3.SO 

Zn-0 

3.9 

2.1 

0.25 

0.72 

0.98 

R 6, 
D-W factor 

(A?) 

Zn-Br Zn-0 

2.34 1.96 

2.39 I .97 

2.42 

2.42 1.96 

2.42 1.96 

2.42 I .96 

No EXAFS measurement 

Zn-Br 

5.2E-03 

5.8E-03 

6.OE-03 

5.6E-03 

5.68-03 

6.OE-03 

Zn-0 

3.8E-02 

3.2E-02 

2.2E-02 

3.OE-02 

1.8E-02 

144 
Wavenumbers (cm-‘) 

Figure 4 I.r. spectra of (PEO),ZnBr, complexes as a function of 
0 : M ratio in the spectral region 1400- 1200 cm-’ 

as deduced from bands in the spectral region 
250- 150 cm-‘. The Lif being wrapped by PEO serves 
as a driving force for the preferential formation of 
ZnB& and hence the equilibrium [equation (2)] shifts 
to the right. 

Infrared spectroscopy 
Figure 4 shows the i.r. spectra of (PEO),ZnBr2 

complexes as a function of concentration in the 
region 1400- 1200 cm-’ . The doublet pattern at 1343 
and 1360cm-’ due to the CH2-wag of crystalline 
PE030.33,34 coalesces into a single broad peak at 
1352cm-’ which is characteristic for amorphous PEO 
(the growth of the broad peak is obvious in the 40/l 
complex). The peaks at 1278, 1240 and 1234 cm-’ 
correspond to the CH2 twisting modes. With increasing 
salt concentration, the peaks are replaced by two broader 
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Wavenumbers (cd) 
Figure 5 1.r. spectra of (PE0)20[(ZnBr,),_,(LiBr),] complexes as 
a function of Zn : Li ratio in the region 1400- 1200 cm-‘. The spectra 
of pure PEO at room temperature and 0°C have been included for 
comparison 

0.20 

0.1 i 

!I 
1 

5 I 
: 
: -__-___ fit 

._ 5 : : 

s 

‘L; 1 

- data 

i \ _ :, 1 

RF (4 
Figure 6 Radial structure function for (PE0)20[(ZnBr2),,2(LiBr)0,s] 

bands at 1302 and 1249 cm-’ which are due to amor- 
phous PEO. In the spectral region 1200-lOOOcm_’ 
(spectra not shown) three bands at 1153, 1112 and 
1058 cm-’ which have been assigned to COC symmetric 
and antisymmetric stretching modes30)33 are replaced 
by a single broad peak with the maximum between 1100 
and lOOOcn-’ at high salt concentrations. Bands in 
the 1000-800cm-1 region, characteristic of PEO con- 
formation, are all broad at concentrations greater 
than 20/l. A stacked plot of (PEO)fOZnBrZ, (PE0)20- 
[(ZnBr2)0.5(LiBr)o.sl, (PE0)20[(ZnBr2)o.2(LiBT)0.81, all 
at room temperatures, and PEO at room temperature 
and 75°C is shown in Figure 5. At an O/M ratio of 20/l, 

Figure 7 Plot of kx(k) vs. k for (PEO)zo[(ZnBr&,(LiBr)O,s] 

the Zn-rich complexes are more amorphous although a 
crystalline fraction can be seen in the Zn/Li l/l and l/4 
complexes. However, at higher salt concentrations all 
(PEO),[(ZnBr,), _,(LiBr)),] complexes appear to be 
completely amorphous. 

EXAFS 
The radial structure function for the composition 

(PE0)20[(ZnBr2)0.2(LiBr)0.8] shown in Figure 6 consists 
of only a Zn-Br shell. Figure 7 shows a plot of kx(k) vs. 
k for the same composition. Fits were obtained in k and 
r spaces with an R-factor of less than 0.02, which 
indicates excellent agreement between theory and experi- 
ment 35. Inclusion of the second shells of ZnO and ZnBr2 
did not improve the fits. The reason for the presence 
of the side band centered at RF - 2.8 in the radial 
structure function is not known. The absence of a Zn-0 
contribution in (PE0)20[(ZnBr2)o,2(LiBr)os] suggests 
that zinc is not coordinated to the ether oxygens. 
Similar results have been reported by Linford et a1.17 
for the PEO-Zn/Ca bromide system wherein the 
species present are ZnBri- and Ca2+, the latter being 
strongly co-ordinated with up to 12 oxygens from 
the polymer backbone. For the (PE0)40ZnBr2 and 
(PE0)40[(ZnBr2)0.6(LiBr)0,4] systems, the EXAFS data 
were fit using both Zn-Br and Zn-0 coordi- 
nation shells. The best-fit results for the experimental 
EXAFS data are shown in Table 2. The Zn-Br dis- 
tances for (PEO)MZnBr2, (PE0)40[(ZnBr2)o.g(LiBr)0.+] 
and (PE~)20[(ZnBr2)o.2(LiBr)o,s] are 2.34A, 2.39A 
and 2.42A, respectively. It may be recalled from the 
Raman data analysis that the former two complexes 
consist of a mixture of species while only ZnBri- species 
are present in the third complex. Thus the Zn-Br 
distance becomes longer with increasing coordination 
number from 2 to 4. This increase in the Zn-Br 
distance results from the accommodation of a larger 
number of Br- anions around Zn2+ in a stable favourable 
geometry. 

The values for the Zn-0 coordination numbers 
obtained from these fits were found to be 7.1 and 5.3 
for (PE0)40ZnBr2 and (PE0)40[(ZnBr2)0.6(LiBr)0.4], 
respectively. Such high oxygen coordination numbers 
have been reported by Mendolia and Farrington36 from 
their EXAFS studies of PEO-cobalt bromide com- 
plexes. They have suggested that owing to the stability 
of the five-membered chelate ring of the bidentate 
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3 

Figure 8 Radial structure function for (PE0)40[(ZnBr2), h( LiBr),) j] 

Table 3 Variation of D--W factor for the Zn~-Br shell with 
temperature 

Temperature (K) D-W factor (A’) 

5.5 0.0024 
20.0 0.0024 
60.0 0.0025 

120.0 0.003 I 
200.0 0.0048 
298.0 0.0060 

-OCH2CH20- ligand, CoBrl in PEO must be coordi- 
nated with one -OCH2CH20- unit to form a pseudo- 
tetrahedral complex, in which three Br- ions take up 
three apices of the tetrahedron and the two adjacent 
ether oxygens of the -OCH2CH20- unit take up the 
remaining tetrahedral position. They also speculated 
that Co in polyethylene glycol could be complexed with 
as many as five -OCH2CH20- chelate rings, giving a 
total oxygen coordination of 10. A similar pseudo- 
tetrahedral complex of undissociated CoBrz, would be 
coordinated to a total of two -OCH2CH20- units, or 
four oxygens. The corresponding octahedral complex 
would have four -OCH2CH20- units or eight oxygens. 

According to the Raman data, Zn-Br coordina- 
tion numbers of 3.1 and 2.3 were obtained for 
(PE0)40[(ZnBr2)0,6(LiBr)0.d] and (PE0)40ZnBr2 respec- 
tively. Based on the model presented in the previous 
paragraph, if zinc is pseudo-tetrahedrally coordinated 
to Br- and -OCH,CH,O- ligands, then Zn should be 
coordinated to roughly two and four oxygen atoms 
respectively. These coordination numbers are very 
different from the values five and seven actually found 
for a k-weighting of 1. Further, due to space-filling 
considerations it is difficult to envisage about five or 
seven oxygen neighbours in addition to two or three 
Br- neighbours around zinc. Upon further examination, 
it became clear that our conclusion of five to seven 
oxygen atoms around zinc may have been a result of the 
inherent error in our data coupled with the k-weighting 
scheme used. k = 1 weighting emphasizes the contribu- 
tion of bromine atoms in the RSF so that changes in 
oxygen coordination number are not prominent in the 
radial structure function. For example, the change in 
coordination number when the number of oxygen atoms 
was decreased from 5-7 to 2-4 was less than 5% when 

k = 1 weighting was used. In order to address this 
problem, a weighting of k = -1 was employed so as to 
emphasize the low k-space data which in turn emphasizes 
the Zn-0 contribution. The radial structure function for 
(PE0)4,[(ZnBrz)0.6(LiBr)0,4] at a weighting of k = -1 
is shown in Figure 8. Good fits could be obtained and 
the results are included in Table 2. Zn-0 coordination 
numbers of 2.1 for (PE0)40[(ZnBr2)0,6(LiBr)0.4] and 3.9 
for (PE0)40ZnBr2 were obtained. When values of five 
and seven were used for Zn-0 coordination numbers 
at k = -1 weighting, it was observed that the fits 
worsened by about 30%. Zn-0 coordination numbers 
of 2.1 for (PE0)40[(ZnBr2)0,6(LiBr)0.4j and 3.9 for 
(PE0)4,ZnBr2 can be reasonably explained along the 
ideas suggested by Mendolia and Farrington36. The 
Zn-9 distances0 obtained for the two complexes are 
1.96 A and 1.97 A respectively which are identical within 
experimental error. This result is surprising, since in 
simple zinc compounds with only oxygen in the first 
shell. the Zn-0 distance scales with the number of 
oxygen atoms in the first sheli3’. The high Debye-Waller 
factors for the Zn-0 shell suggest that either the 
oxygen atoms exist at more than one distance and 
these distsnces are widely separated (on the order of 
0.15-0.2 A) or the oxygen atoms are weakly coordinated 
to the zinc atom and hence thermal vibrations are 
quite large. Low temperature EXAFS studies would 
allow us to distinguish between these two possibilities; 
these studies are planned for the future. 

A temperature variation EXAFS study was carried 
out on the (PE0)20[(ZnBr2)0,2(LiBr)0,8] sample at 5.5 K, 
20 K, 60 K, 120 K and 200 K and room temperature. 
In this complex only the ZnBri- species was observed 
in the Raman data. The EXAFS data could be fit to 
the Zn-Br coordination shell. The Zn-Br coordination 
number and distance did not change and a Zn-0 
contribution was not observed on lowering the tempera- 
ture. The effect of temperature on the speciation in 
these types of systems has been studied before in the 
literature, and the results are mixed. Linford et ~1.‘~ 
studied the PE04ZnBr2 complex at room temperature 
and -70°C. They reported that the Zn-0 distance 
did change as a function of temperature while the 
Zn-Br distance did not and suggested the presence of 
neutral ZnBrz species. However, a similar study on 
(PEO) 16ZnBrz by McBreen et al. I5 showed a decrease 
in Zn-Br coordination number from 1.8 to 01.54 and a 
corresponding decrease in distance of 0.01 A, in going 
from 25 to 12O”C, which the authors attributed to 
a change in speciation. However, a temperature varia- 
tion Raman study of PPO-ZnBrz salt complexes in the 
range 25-100°C showed no significant change in the zinc 
bromide speciation23. 

Table 3 summarizes the temperature depend- 
ence of the Zn-Br D-W factor for the (PEO)*,,- 
[(ZnBr*)o.2(LiBr),.,l complex. At very low temperatures 
the D-W factor is 0.0024A’ and increases gradually 
with increase in temperature. The D-W factor consists 
of a thermal term and a disorder term. The former 
diminishes with decreasing temperature, whereas the 
disorder term is either constant or may even increase 
at low temperatures. Based on their EXAFS study of 
the (PEO)4ZnBr2 complex, Linford et ~71.‘~ did not note 
an obvious trend towards a reduction in the D-W 
factors as the temperature is decreased over the range 
of room temperature to -70°C and suggested that the 
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disorder term predominates. However, the data in this 
study are presented for a much wider range of 
temperatures and show an obvious decrease in the 
D-W factor with a decrease in temperature. This 
decrease clearly indicates a significant contribution 
from the thermal term towards the D-W factor at 
room temperature. 

The effect of addition of plasticizers was studied 
by EXAFS. For the complexes (PEO + P)20- 
[(ZnBr2)o.2(LiBr),,s] (P = TEGDME, TEG), the Zn-0 
shell was included in the fitting procedure. The results 
are included in Table 2. The Zn-0 contribution, 
although small, increased with increasing plasticizer 
content; the result is consistent with the Raman data. 
The addition of plasticizer leads to the formation of 
ZnBry species and hence the Zn-0 contribution 
becomes significant. The results also show that the 
Zn-0 contribution is greater when TEG is used as a 
plasticizer compared to TEGDME, at the same mol%; 
again consistent with the Raman results. The effect of 
end-group on speciation is emphasized and can be 
rationalized on the basis of the competing equilibria 
described earlier. A similar observation regarding end- 
group effect was made by Linford et al. based on their 
plasticizer study in the (PEO),NiBr2 system29. 

CONCLUSIONS 

Raman spectroscopic data in the (PEO),- 
[(ZnBrz)l -JLiBr),l complexes reveal that the zinc 
bromide species change from ZnBrz to ZnBr: to 
ZnBri- when x is varied from 0 to 0.8 at a constant 
0 : M ratio. Similarly the speciation also changes when 
II is varied with x being constant. EXAFS results indicate 
no Zn-0 coordination for (PE0)20[(ZnBr&,2(LiBr)0s] 
while Zn-0 coordination numbers of 2.1 and 3.9 res- 
pectively are obtained for (PE0)40[(ZnBr2)0.6(LiBr)0,4] 
and (PEO)MZnBrz. With addition of TEG and 
TEGDME to (PE0)20[(ZnBr2),,2(LiBr)0.s], the Raman 
and EXAFS data show the presence of ZnBr; species 
and a corresponding increase in the Zn-0 coordination 
number. The results from Br K-edge EXAFS spectra 
indicate that each Br has only one Zn neighbour. 
Similar results have been reported by Neat et aL3* from 
Br K-edge EXAFS studies. The zinc-bromine distances 
are substantially less than the sum of the appropriate 
ionic radii thereby suggesting that the zinc-bromide 
species present have some covalent character. A tem- 
perature dependent EXAFS study shows that speciation 
seems relatively unaffected by cooling to below the glass 
transition temperature for (PE0)20[(ZnBr&(LiBr)0,8] 
which only has Zn-Br coordination at room tempera- 
ture. A Zn-0 contribution was absent even at very low 
temperatures. 
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