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ABSTRACT: Extended X-ray absorption fine structure (EXAFS) spectroscopy was used to characterize
the (PEO)n[ZnBrou - (LiBr),] system. Values of n and x were chosen so that the average number of nearest-
neighbor bromine atoms varied from 2.25 to 3 as determined by Raman spectroscopy. This study
determined that the number of nearest-neighbor oxygen atoms was 3, 1, and 0 for zinc with 2, 3, and 4
nearest-neighbor bromine atoms, respectively. Some ambiguity is present in the first case, with four
nearest-neighbor oxygen atoms being almost impossible and two being possible but not likely. The mean-
squared displacement of the zinc—bromine bond increased almost linearly with absolute temperature,
similar to the behavior observed for other covalent or ionic bonds. Interestingly, the strength of the Zn—
Br bond, as determined by the change of the mean-squared displacement with temperature, was the
same for all samples independent of the degree and nature of coordination. For some samples, there was
a clear rise in the mean-squared displacement (MSD) of the Zn—0O linkage with temperature. For other
samples, the mean-squared displacement at 20 K was extremely large; consequently, the expected increase
of the MSD with an increase in temperature was barely noticeable. The MSD showed a relative minimum
at a temperature corresponding roughly to the glass transition temperature for all samples where data
were collected in an appropriate temperature range. To our knowledge, this study represents the first
time a feature in EXAFS spectra has been found to be sensitive to the glass transition temperature. The
significance of this observation in terms of local structural changes at the glass transition is discussed.

8523

Introduction

Poly(ethylene oxide) (PEO)—salt systems have been
thoroughly investigated over the past 10—20 years
because of their possible use as polymer electrolytes.!™
Although most applications envision using a lithium
salt, other cations have been investigated as well. One
of these cations has been zinc; PEO/zinc salt systems
have been studied extensively over the past 15 years.
An important issue in many of these studies has been
the arrangement of atoms around the zinc cation. This
paper will focus on zinc bromide salts dissolved in high
molecular weight PEO, with particular attention being
paid to the temperature dependence of the zinc coordi-
nation. We will significantly extend previous work by
other workers and report a novel temperature-depend-
ent effect.

Using theoretical simulations, Xie and Farrington®
concluded that zinc with one or two nearest-neighbor
bromine atoms was present in (PEQO)1:ZnBr,. The spe-
cies consisting of a zinc cation with one bromine anion
would be positively charged. Although such structures
are not common in solids outside of water-containing
inorganic compounds, an extra bromide ion could be
nearby to maintain charge neutrality. These authors
proposed five nearest-neighbor oxygen atoms for zinc
with one nearest-neighbor bromine atom and two or
three nearest-neighbor oxygen atoms for zinc with two
nearest-neighbor bromine atoms. Using extended X-ray
absorption fine structure (EXAFS) spectroscopy, McBreen
et al.® reported that the number of nearest-neighbor
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bromine and oxygen atoms were 1.8 and 4.16, respec-
tively, for (PEO)sZnBr,. However, the fit included a
physically impossible negative mean-squared displace-
ment (MSD) and hence should be considered suspect.
Einset and Latham et al.” reported that (PEO)eZnBr,—
(PEO)15ZnBr, had an average number of nearest-
neighbor bromine atoms of 2.3—2.4 while the average
number of nearest-neighbor oxygen atoms varied widely.
The authors realized that the latter was partially due
to the fact that bromine backscattering dominated the
EXAFS pattern given the k3-weighting scheme the
authors used; however, other factors such as sample
preparation were also cited.

Our earlier work in this area confirmed the conclu-
sions of Einset et al. regarding the number of nearest-
neighbor bromine atoms for systems with similar com-
positions.® Using Raman spectroscopy in combination
with EXAFS spectroscopy proved advantageous since
Raman and EXAFS spectroscopies were consistent with
respect to the number of nearest-neighbor bromine
atoms. In our previous paper, we studied systems with
the general composition (PEO)n[ZnBrya—x(LiBr)y]; by
varying n and x, it was possible to change the number
of nearest-neighbor bromine atoms from 2.2 to 4.
Because of the different k dependence of the backscat-
tering amplitudes of oxygen and bromine, the statistical
error in fitting Zn—0O coordination numbers was
substantially reduced by using different k-weighting
schemes, and more consistent oxygen coordination
numbers were obtained. The number of nearest-neigh-
bor oxygen atoms was shown to drop with increasing
number of nearest-neighbor bromine atoms. However,
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the oxygen coordination number for a given number of
bromine nearest neighbors could not be accurately
determined because not enough samples were mea-
sured.

The effect of temperature on the arrangement of
atoms around zinc has also been studied using EXAFS
spectroscopy. McBreen et al.® found that Zn—Br coor-
dination changed substantially, with a decrease in
distance of 0.01 A and a change in Br speciation from
1.8 to 1.54 as the temperature changed from 25 to 120
°C. A study on (PEO)4ZnBr; concluded that the Zn—Br
distance did not change with temperature as the tem-
perature dropped from room temperature to —70 K,
while the Zn—0 distance decreased slightly for most of
the samples studied.®

The purpose of this present study is to determine
more accurately the number of oxygen atoms around
zinc as well as to determine the behavior of these
systems with changes in temperature over a wide range.
The (PEO)n[(ZNnBr3)1—«(LiBr)y] system has been studied,
with n = 20—80 and x = 0—0.5. Compositions were
chosen to have a range of average nearest-neighbor
bromine atoms from 2.25 to 3, corresponding to the
range where the average number of nearest-neighbor
oxygen atoms changes most significantly. This choice
of materials enables us to take maximum advantage of
the ability to determine the number of nearest-neighbor
bromine atoms precisely using Raman spectroscopy.
During the course of our studies, we discovered a new
phenomenon clearly related to the glass transition of
the polymer. To our knowledge, this study represents
the first time that EXAFS has been used to study the
glass transition in any material.

Experimental Section

Materials. PEO (MW 4 x 108, Aldrich Chemical Co.) was
dried in a vacuum oven at 50 °C while ZnBr, and LiBr were
dried in a vacuum oven at 100 °C for 48 h prior to use. The
appropriate amounts of the salt and polymer were dissolved
in acetonitrile and stirred for 24 h. Thin films were cast on
Teflon sheets, and the solvent was allowed to evaporate at
room temperature for ~24 h in a nitrogen-atmosphere glove-
box. The resultant films were dried in a vacuum oven at 50
°C for 24 h.

Raman Spectra. Raman spectra were recorded at room
temperature and 10 K using a Jobin-Yvon T64000 triple
monochromator Raman system. The 514.5 nm line of an argon
ion laser at a power of 300 mW was used for excitation. A 16
s integration time was used, and 10 accumulations were
averaged. Spectra were taken at 10 K and room temperature.
The cryogenic sample holder was cooled using an Air Products
LT-3-110 helium refrigerator. Room temperature spectra were
collected both in a 180° (backscattering) geometry under a
microscope with an 80x objective and in 90° scattering
geometry. Low-temperature spectra were collected only in the
90° scattering geometry because the preferred backscattering
geometry was not possible with the cryogenic sample holder.
Spectra collected in backscattering geometry were curve fit
from 300 and 140 cm™* to determine the percentages of zinc
with two, three, and four nearest-neighbor bromine atoms.
Spectra were curve-fit (using Galactic Grams ver 5.2) using a
straight baseline and one Gaussian—Lorenzian product func-
tion for each band.

EXAFS Spectra. Measurements were performed at the
Stanford Synchrotron Radiation Laboratory (SSRL) on Beam-
line 2-3. Three ionization chambers were used to monitor X-ray
intensity; the sample was placed between the first and second
ionization chambers while a sample of zinc foil was placed
between the second and third ionization chambers. 5 eV steps
were used in the preedge and EXAFS regions, while 2 eV steps
were employed from 13 eV below the edge to 41 eV above the
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Table 1. Distribution (in %) of Number of
Nearest-Neighbor Bromines According to Raman

Spectroscopy?®
ZnBr; ZnBr3~ ZnBrg2-
(PEO)20[ZNBr] 74 26
(PEO)s0[ZNBr5] 71 29
(PEO)go[ZNnBr3] 77 23
(PEO)40[(ZnBr2)o_6(LiBr)o_4] 34 66
(PEO)40[(ZnBr2)o_5(LiBr)0_5] 8 84 8

2 These values were calculated from spectra collected at room
temperature in the 180° scattering geometry. The error in the
percent of each species is estimated to be +£4%.

edge. A total of 5—7 scans, each lasting 15—20 min, were
collected, and the scans were averaged after edge energy
determination to improve the signal-to-noise ratio. Only EX-
AFS region spectra are analyzed and shown; near-edge spectra
showed no significant changes with temperature.

Measurements were made over the temperature range 20—
443 K. A liquid helium cryostat with a heater was used to cool
the sample below room temperature while a specially con-
structed heating cell was used to heat the sample above room
temperature. The controller was set to a desired temperature
and allowed for a limited time (typically 15 min) to attain that
temperature. Temperature variation in the cryostat was +1
°C, while temperature variation in the heating cell was +3
°C. For the heating cell, the system was designed to minimize
curvature in EXAFS patterns due to sample creep at high
temperatures. On the basis of the shape of the EXAFS curves
and duplicate measurements, changes in absorption density
during an energy scan did not significantly affect data quality
for the results presented in this paper.

The theory behind EXAFS is discussed in detail elsewhere!?
and will not be described here. Model fitting has an extremely
important role in this study, and important issues will be
highlighted throughout the presentation and discussion of
results. The program FEFF7* was used to determine theoreti-
cal EXAFS patterns for fitting to experimental data. Atomic
arrangements used in FEFF7 were Zn—0 with an interatomic
distance of 2.10 A and zZn—Br with a distance of 2.39 A.
Changing these distances in FEFF7 had no significant effect
on the quality or results of model fitting. No multiple scatter-
ing paths were used. EXAFS oscillations were determined from
the raw absorption data using AUTOBK, version 2.65,2 while
FEFFIT, version 2.54,*2 was used to fit expressions generated
from FEFF7 to the experimental data.

This version of FEFFIT allows fitting of multiple files at
one time, which was very useful for fitting data collected at
different temperatures. Error bars shown on plots represent
the error in least-squares fitting as determined by FEFFIT.
The magnitudes of error bars are sensitive to the number of
floating parameters; so for a given plot error bars represent
data fitted in the same manner except where noted.

Results and Discussion

The first part of this paper will be a thorough
reexamination of the structure of PEO—ZnBr; com-
plexes based on EXAFS spectra. Three important and
substantial differences between this study and previous
studies justify this reexamination:

(1) The average number of nearest-neighbor bromine
atoms for each compound is known from Raman spec-
troscopy as listed in Table 1. Hence, the number of fitted
parameters for EXAFS modeling was reduced by one.
Further, knowledge of this value allowed for adjustment
of the amount of lithium bromide so as to maximize the
change in oxygen coordination number. The bromine
coordination number was varied between 2.25 and 3 to
achieve this goal.

(2) Because multiple files were fit simultaneously, one
fitting parameter could be used for interatomic distances
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and the edge energy where appropriate. Hence, best-fit
parameters were determined from data collected at
different temperatures at one time. This approach is
inherently better than fitting each file individually.

(3) Instead of trying to determine average oxygen
coordination numbers for a set of samples independently
of one another, the oxygen coordination number for each
ZnBry species in different samples was determined by
forcing sample-to-sample consistency.

Implicit in the last item is that a given number of
nearest-neighbor bromine atoms corresponds to only one
given number of nearest-neighbor oxygen atoms. In
other words, bromine coordination number uniquely
determines oxygen coordination number. This assump-
tion is the simplest one that could be made, and nothing
in our measurements argued against the correctness of
this assumption. If zinc is only in one phase of the
material, then this assumption is almost certainly true.
However, if zinc atoms are in both an amorphous and a
crystalline phase, then this assumption may not be true
if the anion speciations are different and the relative
amounts of these two phases differ. Note that a separate
PEO/zinc bromide crystalline phase (PEO)sZnBr, has
been postulated,” meaning that such a situation is
theoretically possible. However, because of the rather
high PEO/salt ratios used, a significant amount of the
postulated mixed-crystalline compound (PEO)sZnBr,
was probably not present. Further, other researchers
have suggested that this crystalline compound does not
even exist.® Another question is the structure of the zinc
bromide species with three and four bromine atoms; are
they isolated as contact ion pairs with a charge of —1
or —2, respectively, or as part of an extended structure?
Our work here does not answer that question; either
case is possible.

To accurately fit the number of oxygen and bromine
atoms, different k-weighting schemes should be used as
shown previously.® Previously, k-weighting schemes of
—1 and 1 were used to fit the number of oxygen and
bromine atoms, respectively, while in this paper weight-
ing schemes of 0 and 2 were used. The reason for this
change was that for —1 weighting, a consistent k range
could not be found for all samples where the Fourier
transform of the isolated k-weighted oscillations was
zero at a distance of zero given the data reduction
procedure used. (This Fourier transform will be termed
the radial structure function, or RSF for short, while
the distance axis of the RSF will be termed Rg to
distinguish this from R, which represents a true inter-
atomic distance.) If data could be collected over an
infinite energy range (or k range), the RSF must be zero
at R = 0 for the same reason that a radial distribution
function is zero at R = 0. Since in practice data cannot
be collected or analyzed over an infinite range, it is
possible for the RSF to be nonzero at Rg = 0 depending
on the energy (or k range) used and the data reduction
procedure. Forcing the k-weighted oscillations to be zero
at Re = 0 is not necessary if the model perfectly
describes the data at low Rf or the EXAFS patterns are
all identical at low Rg; however, neither was the case
in this study. Hence, the purpose of choosing k = 0
weighting instead of k = —1 weighting, and the purpose
of choosing the particular k range used, (2.6—14.5 A1)
was to minimize the effect of truncation errors. Weight-
ing with k = 2 was chosen so that the difference in the
two k-weightings was consistent with the previous
paper.
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Figure 1. Raman spectra for sample PEO2[ZnBr;]: A, room
temperature, 180° scattering geometry; B, room temperature,
90° scattering geometry; C, 10 K, 90° scattering geometry.
Baselines have been slope adjusted and vertically offset for
presentation clarity.

Figure 1 shows representative Raman spectra of the
(PEO)20ZnBr, sample. The curve-fit analysis of the room
temperature spectra yields zinc—bromine peaks at 210
and 180 cm~1 for all five compositions, and the (PEO)4o-
[(ZnBr2)os(LiBr)os] spectrum (not shown) also has a
peak at 165 cm~1. All spectra also have PEO peaks at
230 and 280 cm~1. Peaks at 165, 180, and 210 cm~—1 have
been assigned to zinc with four, three, and two nearest-
neighbor bromine atoms, respectively. These assign-
ments are in general agreement with assignments by
Macklin and Plane, Yang et al., and others.13-17 It
should be noted that the assignment of the band at 210
cm~! is somewhat ambiguous in the literature. Also,
Macklin and Plane and Yang et al. both assign a band
at 240 cm~! to ZnBr™; this band does not appear in any
of our spectra. Percentages of each species present for
each composition as determined from the integrated
areas are given in Table 1.

In general, low temperatures are better for determin-
ing structural information from EXAFS spectroscopy
because mean-squared displacements are smaller, and
hence features are better resolved. Since the coordina-
tion was determined using Raman spectra collected at
room temperature, the first issue to examine was
whether the coordination of the zinc changed as the
temperature was lowered below room temperature. This
determination was not unambiguous, as shown in
Figure 1, where fitting spectra to determine integrated
areas became impossible. This problem was worsened
by the low signal-to-noise ration obtainable through the
cryogenic cell due to the loss of scattering intensity
through the windows. On the basis of visual inspection,
we believe it is appropriate to conclude that Raman
spectra were consistent with no change in the coordina-
tion of the zinc by bromine as the temperature was
lowered; however, it is important to note that small
changes would not have been noticed. As the reader will
shortly see, changes in mean-squared displacements
and distances with temperature support the conclusion
of no zinc—bromine coordination change below room
temperature.

EXAFS data were fit over three different temperature
intervals: below room temperature, room temperature,
and above room temperature. Three intervals rather
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than one were used because the different samples were
used for the different intervals, and data were collected
during different beamtime assignments. Further, FEF-
FIT has a limit of 16 spectra at one time, and fitting all
three intervals at once would not have been possible for
all samples. Because of the different k-weighting schemes
used, and the fact that the bromine fitting parameters
had a large impact on the oxygen fitting parameters,
the procedure to fit each set of spectra was the following:

(1) Spectra more sensitive to bromine (k2-weighted
spectra) were fit allowing the Zn—Br mean-squared
displacements at different temperatures, one Zn—Br
distance, and one edge energy to vary. For the higher
temperature interval, the Zn—Br distance was allowed
to change as well for reasons described shortly. The
number of bromine nearest neighbors was fixed by
Raman spectra. All mean-squared displacements of
oxygen atoms were set at 0.01 A2, while the number of
oxygen nearest neighbors was fixed as described in the
Zn—0 section. The amplitude reduction factor was set
at 1.0 for this and all fits; this value was chosen based
on model fits to Zn—O compounds.’® Note in our
previous paper® the amplitude reduction factor used was
0.9; however, this change has no effect on the major
conclusions of this paper.

(2) Spectra more sensitive to oxygen (k°-weighted
spectra) were fit allowing the Zn—O mean-squared
displacements to vary at different temperatures, along
with one Zn—0O distance and one edge energy. The
Zn—Br distance and MSD from (1) were input into the
fitting file for these spectra. The number of oxygen
nearest neighbors was fixed as described in the Zn—0O
section.

(3) Once again, spectra more sensitive to bromine
(k2-weighted spectra) were fit, allowing the Zn—Br
mean-squared displacements at different temperatures,
one Zn—Br distance, and one edge energy to vary. The
number of bromine nearest neighbors was fixed as in
(1). The Zn—0 distance and mean-squared displace-
ments from (2) were input into the fitting file for these
spectra while the number of oxygen nearest neighbors
was fixed as in (1) and (2). In all cases, the edge energies
from (1), (2), and (3) agreed with one another within
the fitting error as output by FEFFIT.

The results of the EXAFS data analysis and conse-
quently the conclusions of this paper depend heavily on
the accuracy of the FEFF code. A complete review of
this issue is well beyond the scope of this publication.
We have measured approximately 10 model compounds
in our laboratory and have concluded that FEFF pro-
vides an almost exact description of the EXAFS patterns
for nearest neighbors using physically reasonable pa-
rameters. Therefore, we believe that any errors origi-
nate in an incorrect choice of model rather than an
erroneous calculation of EXAFS patterns from the FEFF
code.

Zn—Br. The results for the k2-weighted spectra, i.e.,
zinc—bromine fits, will be considered first because these
results were similar to other systems studied, and the
quality of fit was generally very high as shown in Figure
2. Figure 3 shows the change in the Zn—Br mean-
squared displacement with temperature. The fits are
consistent with one another since the constant mean-
squared displacements at low temperatures are roughly
identical. No consistent, statistically significant differ-
ences exist in the low-temperature mean-squared dis-
placements, a result which was expected since static-
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Figure 2. Representative k?-weighted spectra measured at
20 K in both k-space (top) and Rg space. The solid line
represents experimental data, while the dashed line represents
the best-fit spectra from FEFFIT.
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Figure 3. Change in Zn—Br mean-squared displacement with
temperature. From bottom to top, the average number of
nearest-neighbor bromine atoms was 2.25, 2.5, 2.66, and 3
(solid circle, open circle, solid square, open square). From
bottom to top, 0.002 A2 was added successively to the mean-
squared displacements (0.000, 0.002, 0.004, and 0.006 A?) to
improve data presentation. For the data at and below room
temperature, one Zn—Br distance was used in fitting, while
for the data above room temperature, the Zn—Br distance was
allowed to float at each temperature. For the latter, the value
of the mean-squared displacement changed only in the third
significant figure if only one Zn—Br distance was used.
However, the error bars were considerably larger if only one
Zn—Br distance was used, because the fit quality worsened
substantially.

disorder terms dominate at low temperature, and the
variations in Zn—Br distance should not change sub-
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Figure 4. Zn—Br distance as a function of number of nearest-
neighbor bromine atoms for data collected below room tem-
perature. Circular symbols represent data collected and ana-
lyzed for this paper; square symbols represent data taken from
ref 8. Data in this paper represent fits using one distance for
multiple temperatures, while data from ref 8 represent data
from one sample only.

stantially with changes in the number of nearest-
neighbor bromine atoms. The values of mean-squared
displacements at low temperature are reasonable values
for zinc nearest neighbors based on the results for
oxygen in carboxylate species'® and selenium in zinc—
selenium alloys.1® This result suggests that the assign-
ments generated by Raman spectra are reasonable
because the mean-squared displacement and number
of atoms are highly correlated in any least-squares fit
of EXAFS data.

However, the constant value of 0.004 A? is slightly
higher than the roughly 0.003 A2 for the compounds
listed above. A smaller mean-squared displacement
means a smaller number of nearest-neighbor bromine
atoms or a smaller amplitude reduction factor; these two
variables affect FEFF-calculated spectra identically.
Reducing the average number of bromine atoms by 0.25
changes the fitted mean-squared displacement by ap-
proximately 0.0005 A2 while the quality of the fit has
little noticeable change. Hence, based on EXAFS data
alone a Zn—Br coordination number of 1.8, consistent
with McBreen et al.,® would be possible.

The number of nearest-neighbor bromine atoms and
the distance between zinc and bromine are clearly
related. Figure 4 shows the relationship between inter-
atomic distance and the number of nearest-neighbor
bromine atoms. The number of nearest-neighbor bro-
mine atoms corresponding to the samples (PEO)zo-
[ZnBr;] and (PEO)so[ZNBr;] was assumed to be identical
given the estimated error of +£4% in the Raman curve-
fitting analysis. According to this graph, a linear
relationship exists between Zn—Br coordination number
and distance in the range of local environments studied
in this paper. Quantitatively, however, the distances
here are slightly different than those in the previous
publication as shown in the graph. The distances here
should be more accurate, since a greater k range was
used?% and multiple files were used in the fits. However,
the much different Zn—0O distances used, for reasons
that will be described shortly, account for most of the
differences in Zn—Br distances.

After the EXAFS data had been collected, we realized
that morphological changes can occur as samples are
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Figure 5. Zn—Br distance as a function of temperature.
Within a given plot, identical symbols represent data collected
from the same sample. Filled symbols represent samples with
an average of 2.25 nearest-neighbor bromine atoms, while the
filled squares and filled circles in the bottom plot represent
data collected from (PEQO)[ZnBr;] and (PEO)so[ZNBr;] samples,
respectively. A definite drop in mean-squared displacement
occurs at higher temperature.

stored at room temperature over the period of many
days or weeks. Sensitivity to sample preparation condi-
tions has been noted previously.® Fortunately, we had
made the samples immediately prior to an EXAFS run
and were consistent in our sampling handling, so this
phenomenon did not seem to substantially affect our
results except for one sample. On the basis of data
comparison with a sample having the same nominal
composition, as well as a clear mismatch in the Zn—Br
distance, one (PEO)40[ZNBr.6)(LiBr)o.4] sample did not
have 2.66 nearest-neighbor bromine atoms on average.
Hence, this sample was treated as an unknown and the
number of nearest-neighbor bromine atoms determined
from the Zn—Br distance. This sample is shown in
Figure 2 as the sample with 2.50 bromine neighbors.
The quality of fit with this new bromine coordination
environment was equivalent to other samples for both
k? and kO-weighting.

McBreen et al.b concluded that the number of nearest-
neighbor bromine atoms changed with a temperature
change from 25 to 120 °C. This conclusion was based
on a decrease in distance of 0.01 A in the average Zn—
Br distance. Within experimental error, our data show
a comparable decrease in distance over the same tem-
perature range as shown in Figure 5. Figure 5 also
shows that no change in Zn—Br distance occurs below
room temperature. Whether any change happens be-
tween 250 and 320 K cannot be determined from the
data, since the sample-to-sample error in the distance
is probably around 0.01 A. This rather large sample-
to-sample error is almost certainly due to morphological
changes that occur with aging. The error bars in Figure
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5 are probably an overestimate of the error; hence, the
decrease at higher temperatures is assuredly real.

There are two possible sources for this drop in Zn—
Br distance above room temperature. The first is that
higher-order cumulant terms (i.e., the third-order term
which is related to thermal expansion) suddenly became
important;2! however, over this temperature range, the
drop is too large for thermal expansion. Clearly this drop
in distance must represent a reduction in the average
number of nearest-neighbor bromine atoms, which is
almost certainly accompanied by an increase in the
number of nearest-neighbor oxygen atoms. The driving
force for these changes is very likely the increased
concentration of oxygen atoms available for complex-
ation due to melting of the polymer. Since more oxygen
atoms are available, the equilibrium shifts toward more
zinc—oxygen coordination and away from zinc—bromine
coordination. This observation also probably explains
why the environment around zinc can change with aging
or with sample preparation, because changes in the
fraction of crystalline PEO will change the number of
oxygen atoms available for complexation.

A reduction in the number of nearest-neighbor bro-
mine atoms means that the mean-squared displace-
ments in Figure 2 are incorrect for the highest temper-
atures, since the number of bromine atoms was assumed
constant. Based on Figure 4, however, the decrease in
coordination implied by the change in radius is ap-
proximately 0.15 atoms, and hence the mean-squared
displacements are too large by approximately 0.0003 A2,
a difference which was ignored. In fact, the fits used to
determine bond strengths (not shown) were too low by
approximately this amount in this region; further
evidence that the number of nearest-neighbor bromine
atoms at the highest temperatures was actually lower
than assumed.

The final observation about the Zn—Br bond is that
the change in MSD with temperature is independent
of the number of nearest-neighbor bromine atoms. Since
the change in mean-squared displacement with tem-
perature is proportional to the bond strength, these data
show that the Zn—Br bond strength does not depend
on the number of bromine atoms. Quantitatively, the
respective bond strength can be estimated. The data in
Figure 3 can be used to determine an average force
constant for the Zn—Br bond if we assume a symmetric
pair distribution function for static disorder and har-
monic vibration for all bromine atoms in this shell. With
these assumptions??

2 2 2
0 = Oyip + Ostat (1)

where ovip and osar are the vibrational and static
contributions to the mean-squared displacement. The
vibrational component can be written in the following
form:

12
Gy = 4.106(#% coth(g))l @)

where u is the reduced mass in atomic mass units (35.96
in the present case), v in cm™! is the vibrational
frequency divided by the speed of light, and x = 1.441v/T
with T in kelvin. The average force constant equals
472ucv? and is 1.04 & 0.04 mdyn/A. The force constant
of gaseous Zn—Br calculated from the frequency ob-
tained from the electronic emission spectrum is 1.03
mdyn/A .22
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Figure 6. Representative k®-weighted spectra measured at
20 K in Re space. The solid line represents experimental data,
while the dashed line represents the best-fit spectra from
FEFFIT. The upper plot represents one characteristic type of
spectra; the MSD for the oxygen atoms is quite large but the
fit is good. The bottom plot represents the second characteristic
type of spectra; the MSD for oxygen is much smaller, but
features at low Rg are not described well by the model.

Zn—O0. Fits to Fourier transforms of kO-weighted data
were more complicated and can be divided into two
qualitatively different cases. The first case is illustrated
by the top plot in Figure 6. The fit is satisfactory, and
the model used for the simulated structure could be the
actual atomic arrangement. The second case is il-
lustrated by the bottom plot in Figure 6, and in this
case the model does not fit the data very well. Clear
and consistent disagreement occurs between the model
and data at low Rg. In this case, the model used for the
simulated structure is not a good description of the
atomic arrangement. Different truncation intervals were
chosen, and anomalous features at low Rg consistently
occurred, so we are very confident that these features
are not artifacts of the data reduction procedures.
Further, features at low Rr were noticed in another
study of similar materials.?

For space-filling reasons, the features at low Rg
cannot be due to direct backscattering, since no atoms
can get close enough to zinc to backscatter at this
distance. One possibility is that these features are due
to electronic transitions;?® however, the fact that these
features change substantially in intensity argues against
this hypothesis. Interference between two or more
backscattered waves is a structural factor that can cause
features at low Rg. If the low Rg peak was due to
interference, then the geometric arrangements must
have some specific pattern; such effects were ignored
in our analysis. Hence, if the cause really was inter-
ference, the descriptions and conclusions that follow are
only incorrect with respect to minor details.

The first task in fitting was to determine the number
of oxygen atoms for each Zn—Br coordination environ-
ment. Given the zinc—bromine distance found in the
previous study for zinc with four nearest-neighbor
bromine atoms,® the size of the bromine anion, and the
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crystal structure in pure zinc bromide,2* the only
reasonable assignment was to assume that zinc with
four nearest-neighbor bromine atoms has no nearest-
neighbor oxygen atoms. In fact, zinc with four nearest-
neighbor bromine atoms probably has an atomic ar-
rangement equivalent to crystalline zinc bromide.?®
From simple space-filling requirements based on the
Zn—0 and Zn—Br distances, zinc atoms with three
nearest-neighbor bromine atoms could only have one or
two oxygen nearest neighbors, while zinc atoms with
two nearest-neighbor bromine atoms could only have
two or three nearest-neighbor oxygen atoms. The latter
could have four oxygen atoms only if the oxygen
distances were much larger, which means the Zn—0O
distances were grossly incorrect. Such a result is pos-
sible because of the poor fits to the data but is extremely
unlikely.

The task was to determine the best combination of
oxygen atoms from the five samples measured at low
temperatures. Changing the average number of oxygen
atoms by approximately 0.75 changed the oxygen mean-
squared displacement by 0.01 A2 i.e., the best-fit value
of the mean-squared displacement was very sensitive
to the number of oxygen atoms for k-weighted spectra.
The number of nearest-neighbor oxygen atoms was
determined by requiring mean-squared displacements
to be positive and as small as possible. On the basis of
this analysis, zinc with three bromine nearest neighbors
had one oxygen atom, while zinc with two bromine
nearest neighbors had three nearest-neighbor oxygen
atoms.

This procedure has a number of problems. First, for
the samples where the fits are quite good (as repre-
sented by the top plot of Figure 6), the mean-squared
displacements were quite large, ~0.02 A2 at 20 K.
Considering only these samples and applying the same
criteria gives two as the number of oxygen atoms for
zinc with two bromine nearest neighbors. The fact that
the MSD for the spectra represented by the bottom part
of Figure 6 would have been negative in some cases
could reasonably be ignored since the model clearly is
not a perfect description of the atomic arrangement
anyway. However, changing the amplitude reduction
factor to a perfectly reasonable value of 0.8 reduces the
mean-squared displacements to perfectly reasonable
values 0.003 and 0.013 A2 for the two cases in Figure
6, which argues that the assignment of three rather
than two oxygen atoms is correct. Further, if both the
mean-squared displacement and the number of oxygen
atoms were varied independently for each sample, the
combination of three and one oxygen atoms (for zinc
with two and three nearest-neighbor bromine atoms
respectively) was the best-fit result more often than any
other combination.

These values are not consistent with the average
coordination numbers found in our previous publication
although those values were based on only two samples.8
More disconcerting, the Zn—0 distance is not the same
as found previously, although the distance is consistent
with that found by Einset et al.” Indeed, researchers
have reported Zn—0 distances from 1.97 to 2.25 A in
these complexes, attesting to the fact that fitting Zn—0O
shells is difficult. The correct distance cannot be re-
garded as being completely settled because the model
does not satisfactorily describe the actual spectra.
However, we do believe that the distance presented here
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Figure 7. Zn—O0O distance plotted as a function of nearest-
neighbor bromine atoms. These distances were determined
from sets of data at different temperatures. Square symbols
represent sets of data collected above room temperature, while
circles represent data collected below room temperature.

is most likely correct, since in some cases good fits were
obtained.

The Zn—0 distance as a function of bromine coordi-
nation number is shown in Figure 7. Clearly, the
average distance is around 2.10 A, which is close to the
average distance for oxygen 6-fold coordinated to zinc
in compounds such as zinc acetate dihydrate. This result
shows that substituting bromine atoms for oxygen
atoms, i.e. increasing the Zn—Br coordination number,
decreases the Zn—0 bond distance; note that decreasing
the Zn—O0 coordination number also decreases the Zn—0O
bond distance in zinc compounds with only first-shell
oxygen atoms.?® However, the sample-to-sample error
is clearly so large as to make such a conclusion tenuous
at best. This sample-to-sample error was independent
of the two types of spectra shown in Figure 6.

Figure 8 shows the variation in mean-squared dis-
placement with temperature. Ignoring for the moment
the drop in mean-squared displacement around 200—
250 K, two qualitatively different types of behavior are
evident as was previously demonstrated in Figure 6. The
first of these occurs when the mean-squared displace-
ment is almost constant within experimental error over
the entire temperature range; i.e., the static variation
in distance is so large that thermal changes are masked.
The second type is when, after a flat region at very low
temperatures, the mean-squared displacement rises as
thermal vibrations become more important. This second
type, as represented by the bottom plot, is typical of
most bonds. The rise in mean-squared displacement
with temperature for Zn—O0 is higher than in Zn—Br,
which indicates a weaker interaction between zinc and
oxygen. Differences in slope at low temperature between
the two samples that have nominally the same number
of nearest-neighbor oxygen atoms almost certainly
represents errors due to fitting inaccuracies rather than
real differences in bond strengths.

A significant drop in the mean-squared displacement
followed by a rise at higher temperatures is shown in
Figure 8. The top and bottom plots of Figure 8 clearly
show this behavior; unfortunately, data were not col-
lected at the appropriate intervals to be sure whether
such a change occurs with other samples. The bottom
plot represents the qualitative behavior where the
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Figure 8. Change in Zn—0O mean-squared displacement with
temperature. From bottom to top, the average number of
nearest-neighbor bromine atoms was 2.25, 2.50, 2.66, and 3.00
corresponding to an average number of nearest-neighbor
oxygen atoms of 2.50, 2.00, 1.68, and 1.08.

mean-squared displacement is low at low temperatures,
while the top plot represents the qualitative behavior
where the mean-squared displacement is high at low
temperatures. This drop in mean-squared displacement
is at a temperature roughly corresponding to the glass
transition temperature of the material.® As far as we
are aware, this study represents the first time a feature
in EXAFS spectra has been found to be sensitive to the
glass transition.

Radial structure functions from k°-weighted data at
selected temperatures for the top and bottom plots of
Figure 8 are shown in Figure 9. The drop in MSD with
increasing temperature shown in Figure 8 is reflected
as a constant or a slight increase in peak height for the
broad peak located between Rg = 1.0—2.0. Note that the
normal behavior of a nearest-neighbor peak in a RSF
is a roughly linear drop in peak height with tempera-
ture. The behavior of the peak at R = 2.3 is typical,
even though this peak has contributions from both
oxygen and bromine. Subtle changes in peak shape for
the peak at Re = 1.0—2.0 are present, but understand-
ing these changes is not possible using the current
model.

A similar drop in mean-squared displacement fol-
lowed by a rise was found in the ferroelectric—ferro-
electric and ferroelectric—dielectric phase transforma-
tion in Fe3B;013Br.2” No detailed morphological expla-
nation was given in that paper to describe this behavior.
An apparent drop in the number of nearest-neighbor
atoms was found in the melting of elemental lead.?8
However, in that experiment, changes in the number
of nearest-neighbor atoms and in the mean-squared
displacement could be monitored independently because
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Figure 9. Radial structure functions for k®-weighted spectra
as a function of temperature. The top plot shows spectra where
the fit of the MSD to experimental data was satisfactory, while
the bottom plot shows spectra where the fit of the MSD was
not satisfactory. The sample represented by the top plot
contains zinc with an average of approximately 1 nearest-
neighbor oxygen atom and 3 nearest-neighbor bromine atoms,
while the sample represented by the bottom plot contains zinc
with an average of approximately 2.5 nearest-neighbor oxygen
atoms and 2.25 nearest-neighbor bromine atoms.

of the good agreement between the FEFF model and
the experimental data. The authors concluded that the
drop in the number of nearest-neighbor atoms was not
real. Rather, EXAFS is not able to measure the broad
structureless component due to diffusion because of the
finite energy range available. Hence, the perceived drop
in coordination number was actually due to a significant
increase in the diffusional hopping rate of lead atoms.

Because the model did not fit the experimental data
well, a drop in mean-squared displacement could not
be distinguished from an increase in the number of
nearest-neighbor oxygen atoms. A drop in MSD or an
increase in the number of nearest-neighbor oxygen
atoms is counterintuitive. A drop in mean-squared
displacement means that either thermal vibrations have
decreased or the static variation in distances have
decreased. First, a decrease in thermal vibration is
probably not the cause because noncovalently bonded
interatomic thermal vibrations should either be unaf-
fected by the glass transition or increase dramatically.
Second, a decrease in static variation means that
ordering occurs with the glass transition, which is
certainly possible if nonequilibrium structures were
frozen at the glass transition. The third possibility is
that an increase in the number of nearest-neighbor
oxygen atoms could mean that a substantial change in
speciation occurred, which is not supported by any other
data and can be rejected. Fourth, an increase in the
number of nearest-neighbor oxygen atoms could also be
due to a reduction in the number of diffusional hops of
oxygen in and out of zinc's coordination environment.
Again, such a change is counterintuitive. A fifth pos-
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sibility is that Figures 8 and 9 represent some subtle
change in geometry; however, this explanation is also
unlikely since samples with initially high and low mean-
squared displacements show this behavior.

We consider the second explanation which postulates
freezing-in of nonequilibrium structures at the glass
transition to be the most likely. If this explanation is
correct, however, then the glass transition represents
the formation of nonequilibrium structures at the
angstrom scale, which, as far as we are aware, has not
been postulated previously. Further, this result would
result in a major advancement in our understanding of
the glass transition.

Summary

The arrangements of atoms around zinc, and the
changes in those arrangements with temperature, have
been investigated in PEO/zinc bromide/lithium bromide
complexes with different numbers of nearest-neighbor
bromine and oxygen atoms. The relationship between
the number of nearest-neighbor bromine and oxygen
atoms has been established to a much higher level of
accuracy than in previous papers. We have concluded
that zinc with four nearest-neighbor bromine atoms has
no nearest-neighbor oxygen atoms and zinc with three
nearest-neighbor bromine atoms has one nearest-
neighbor oxygen atom, while zinc with two nearest-
neighbor bromine atoms has three nearest-neighbor
oxygen atoms. No evidence of zinc with one nearest-
neighbor bromine atom was found. The temperature
dependence of the features in EXAFS spectra due to
bromine is typical of other strongly bonded nearest-
neighbor atoms studied in the literature. However, very
unusual behavior was observed in the feature due to
nearest-neighbor oxygen atoms, namely a marked de-
crease in the oxygen atom mean-squared displacements
occurring in the vicinity of the glass transition. Several
possible explanations for this behavior have been dis-
cussed; however, at this point the question must be
regarded as open. Further experiments are planned on
other bromine-containing polymers to see whether
similar behavior at the glass transition might be
evident.
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