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Ti XANES and EXAFS were performed to determine the
coordination environment of Ti in several Ti oxide standards
with known structures and two unknowns with CsTiSi2O6.5 com-
position, one amorphous and one fully crystalline. Analysis of
both the XANES and EXAFS data of the unknowns indicate
that Ti41 is 5-fold coordinate in CsTiSi2O6.5 and that the site
is highly distorted. Plots of intensity versus the energy of a Ti
pre-edge feature result in the separation of 6-, 5-, and 4-fold
coordinate Ti into three distinct regions. EXAFS and XANES
data show that the Ti coordination environment for the
amorphous and crystalline CsTiSi2O6.5 samples is the same
indicating that the Ti coordination environment forms early
in the crystallization process. Preliminary measurements at
the Cs K-edge EXAFS on the same samples shows that the Cs
coordination environment is different for the amorphous and
the crystalline CsTiSi2O6.5 samples suggesting that the Cs
coordination environment forms late in the crystallization
process. ( 1997 Academic Press

INTRODUCTION

Crystalline silicotitanates (CSTs) have been proposed as
ion exchange materials for the removal of Cs and Sr from
high level nuclear waste streams (1). Currently, Cs and Sr
are released from the loaded traditional ion exchange resins
by elution and then incorporated into solid waste forms.
Reprocessing by elution is not possible with CSTs; however,
another strategy is to directly incorporate the loaded CST
into a solid waste form, for example, borosilicate glass logs,
by melting. In addition, recent studies (2) have demon-
strated that some cesium silicotitanates can be directly
transformed to a crystalline material isostructural with
pollucite (CsAlSi

2
O

6
) at temperatures well below those
ld be addressed.

206

eserved.
required for formation of borosilicate glass. The Ti-sub-
stituted pollucite, CsTiSi

2
O

6.5
, has leach rates that lower

than that for the borosilicate glass, generates lower volumes
of high level waste, and due to the low processing temper-
atures, the Cs losses due to volatilization during processing
are extremely low. This application and the potential use of
other silicotitanate zeolites as catalytic materials has spur-
red interest in determining the coordination environment of
Ti in these novel materials.

X-ray absorption spectroscopy experiments were per-
formed to determine the oxidation state and coordination
environment of Ti4` where it is substituted for Al3` in the
cesium aluminosilicate pollucite, CsAlSi

2
O

6
. In pollucite,

both Al and Si occupy tetrahedral sites and the tetrahedra
share apexes to form an open three dimensional network.
The cesium atoms occupy the largest cavities in the net-
work. The substitution of Ti4` for Al3` requires some
mechanism for charge compensation, perhaps the presence
additional oxygen as suggested by neutron powder diffrac-
tion results (3). Recently, questions of Ti valence and coord-
ination in zeolitic materials have been addressed using the
analysis of the XANES and EXAFS spectra (4—9). Some
researchers have reported some difficulty in determination
of Ti coordination number (4, 8, 10). In this work, several Ti
standards, a Cs standard and two CsTiSi

2
O

6.5
samples

prepared with different heat treatments were analyzed. The
intensity and energy of a pre-edge feature in the Ti-XANES
spectra allowed separation of the 6-, 5-, and 4-fold coordi-
nate Ti samples into distinct regions. These results were
supported by analysis of the EXAFS data once the EXAFS
spectra had been corrected for self-absorption effects.

DATA COLLECTION

The analyzed samples included standards: TiO
2
-anatase

and rutile, BaTiSi O , NaTiSi O , ETS-4, Na TiSiO ,
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K
2
Ti

2
O

5
, Ba

2
TiO

4
, Ba

2
TiSi

2
O

8
, CsAlSi

2
O

6
-pollucite, and

CsAlTiSiO
4
, and two unknowns of CsTiSi

2
O

6.5
synthesized

at PNNL. The structure and the Ti coordination environ-
ment of the standards have been reported in the literature.
However for K

2
Ti

2
O

5
there is a discrepancy in the reported

metrical parameters and what is calculated based on the
space group, lattice dimensions and fractional coordinates
for this structure. Based on the metrical parameters, the Ti is
reported as occupying a trigonal bipyramidal structure
(11, 12). Based on the space group and fractional coordi-
nates, Ti in K

2
Ti

2
O

5
resides in a severely distorted square-

pyramidal polygon. The square pyramidal coordination
environment is consistent with the recent structure refine-
ment of K

2
Ti

2
O

5
using the results from Raman spectro-

scopy and powder diffraction (13). The microporous silicate,
ETS-4 (9), was chosen as a standard because of the occur-
rence of Ti in a three-dimensional silica network, an envi-
ronment that is thought to be analogous to the Ti environ-
ment in the CsTiSi

2
O

6.5
. The structure of ETS-4 is thought

to be similar to the zeoloite, Ti-b, and has only been deter-
mined by XAS analysis (18). The unknown, CsTiSi

2
O

6.5
A,

was sintered at 700°C and is amorphous using X-ray pow-
der diffraction while, CsTiSi

2
O

6.5
B, which was sintered at

800°C, is fully crystalline.
The XAS data were collected at the Stanford Synchrotron

Radiation Laboratory during six experimental runs in the
2-year period 1994—1996. To allow data collection at both
the Ti-edge at 6,965 eV and the Cs K-edge at 36,000 eV,
a wiggler line endstation, beamline 4-2, using Si[220] and
Si[400] crystals was selected. Additional data at the Ti
K-edge was collected on a bending magnet line, beamline
2-3, using Si[220] crystals. Data were collected in fluores-
cence using either a 13-element Ge array detector or, in later
experiments, a Lytle detector. In both arrangements the
beam path was flooded with He to reduce the intensity
attenuation of the low energy X-rays by air at the Ti K-edge.
To maximize flux the spectra were collected with the two
monochrometer crystals fully tuned and harmonic rejection
at Ti K-edge was accomplished using critical angle reflec-
tion off of a Rh-coated mirror. No method of harmonic
rejection was employed at the high energy of the Cs K-edge.
All data were collected at liquid nitrogen temperatures.

All the samples were analyzed in powder form. The
Na

2
TiSiO

5
and K

2
Ti

2
O

5
samples were heated treated at

400°C for 12 hr prior to analysis to drive off water. The
amount of powders required to result in an absorption unit
of one was calculated, weighed-out, and thoroughly mixed
with small amount of glucose using a mortar and pestle. The
resulting mixture was pressed into a slot of a sample holder
using a hydraulic press. The sample holder was then sealed
with Kapton tape mounted on the cold finger of a liquid
nitrogen cryostat. The cryostat was placed in the beam path
so that the plane of the samples was at 45° to the incident
beam. A titanium metal foil was also mounted on the
sample holder and was used to calibrate the X-ray energy
periodically during the fluorescence measurements. Data at
the Cs K-edge data were internally calibrated by setting the
inflection point to 36,005.0 eV. In almost all cases, multiple
scans were collected and averaged to increase the signal to
noise ratio.

DATA ANALYSIS

The XAS spectra were split into two regions for data
analysis. The XANES, or pre-edge region, extending from
approximately 50 eV below the absorption edge to 100 eV
above the edge, and the EXAFS region, at energies above
the absorption edge. The XANES region generally contains
direct information about the oxidation state of the absorber.
In the case of Ti the XANES region is especially rich and
can be used to extract information on bond length and site
symmetry (14, 15). However, much of the interpretation of
the XANES data is based on an empirical association of
features that are observed in well-characterized standards to
similar features observed in unknowns.

The data in the EXAFS region is used to extract quantit-
ative information on the number and bond length of co-
ordinating atoms in each coordination sphere. In addition,
the chemical identity of the coordinating atoms can be
determined. Unlike XANES data analysis, there is a com-
plete theoretical understanding of the EXAFS features
(16, 17).

Background subtraction and normalization were per-
formed following standard practice described briefly below.
A linear polynomial is fit through the preedge region and
extrapolated under the absorption edge. A second poly-
nomial is fit to the EXAFS region and extrapolated to the
absorption edge. At approximately 5 to 20 eV above the
edge, the extrapolated preedge is set to zero value and the
resulting vertical difference between these two extrapolated
lines is normalized to one. As a result the intensity of the
EXAFS oscillations is on a per atom basis. A two or three
segment polynomial spline through the EXAFS region was
determined by the minimization of the amplitude of the
Fourier transform region from 1 to 3 As . The normalized
absorption spectra was subtracted from the spline and
weighted by k3.

Ti-XANES

The Ti-XANES region was fit using a commercially avail-
able fitting package GRAMS386. The preedge region from
4950 to 4990 eV was fit using a linear combination of
Gaussian curves. For anatase, which displayed the most
complex XANES spectra, eight Gaussian curves were re-
quired. Most of the other XANES spectra were significantly
simpler and required fewer Gaussian components. To rep-
resent the Ti K-edge jump a single Gaussian curve was fixed



FIG. 1. Ti K-edge EXAFS. The EXAFS of the two CsTiSi
2
O

6.5
un-

knowns are compared to the Ti standards.

FIG. 2. Radial distribution function at Ti K-edge. Fourier transforms
were calculated from 2.5 to 10 As ~1 using a Gaussian window of 0.5 As ~1.
Note that peak positions have not been phase corrected.
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at 4990 eV with an amplitude of 1$0.05 for all spectra. As
found by Waychunas (14), the resulting Gaussian curves
could be grouped into two regions; on the low energy tail of
the absorption edge and on the edge itself. The frequency
and intensity of the Gaussian features have been correlated
with the symmetry, coordination number and bond length
of the first coordination sphere. No analysis of the Cs
XANES was performed because this region is relatively
featureless.

EXAFS

The Ti and Cs EXAFS data were simulated and fit with
parameterized scattering amplitudes calculated using the
FEFF6.0 code developed by Professor John Rehr and co-
workers at the University of Washington (16, 17). Several
model compounds were created using the FEFF6.0 code
and crystallographic data from the literature. From these
model compounds, individual scattering paths were para-
meterized and used to fit the several of the standards and the
two unknowns. The fits were made to the unfiltered data.
Each fit was evaluated by several methods. First, Fourier
transforms were performed over the fitted region to see if
results actually fitted features apparent in r-space. In addi-
tion each scattering path was compared to the residual in
k-space to be sure there was frequency and node matching.
A third method to evaluate the quality of the fit was to
Fourier transform each scattering path and compare it to
the residual. A fourth method was to perform the fit over
several k-ranges to determine whether some features were
not created by the choice of Fourier transform range. For
each shell there are five parameters used in the fit: delta E

0
,

the scale factor, the number of atoms, the distance, and
sigma or the disorder. Two of these, delta E

0
and the scale

factor, are determined by fitting the filtered EXAFS of the
first oxygen shell of a known reference material, in this case
anatase. Delta E

0
and the scale factor are fixed at these

values for the remaining samples. The other three para-
meters, the number of atoms, the distance, and sigma or the
disorder are allowed to vary for each shell.

Ti EXAFS

The Ti EXAFS region was fit over the data range from
k"2.5 to 10 As ~1 except for the data for K

2
Ti

2
O

5
which

were fit over the data range from k"2.5 to 9 As ~1. The
change in fitting range was necessary because the EXAFS of
this sample was perturbed by a large monochrometer glitch
at approximately k"9.1 As ~1. The Ti K-edge EXAFS over
the two fitting ranges for the six samples are shown in Fig. 1.
Qualitatively, the EXAFS of all six samples show a general
similarity in the periodicity and the node placements of
the first two oscillations. At higher k values, the similarity of
the EXAFS decreases. In addition the signal-to-noise ratio
decreases. The amplitude of the anatase EXAFS is appreci-
ably greater than the other samples, especially at high k.

The Fourier transforms of the EXAFS data over the fitted
k-range are presented in Fig. 2. The Fourier transform of the
EXAFS is commonly called the radial distribution function,
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or RDF. The RDF gives a more immediate ‘‘physical’’
picture of the EXAFS results because it represents the radial
spatial distribution and density of neighboring atoms from
the point of reference of the absorbing atom. The first peak
in the RDF represents the scattering off Ti nearest neighbor
atoms, in this case oxygen. The RDF plot shown in Fig. 2
has not been corrected for the phase shift and the apparent
distances are generally shorter by 0.5 to 1.0 As than those
distances determined by fitting the data. At the first level of
approximation, a large amplitude can reflect either a large
number of atoms or atoms with high atomic number. The
amplitude can be diminished in intensity by both static and
thermal contributions to the disorder in atomic positions.

Because the focus of this study is on the immediate
coordination environment around the Ti atoms, back
Fourier transforms were performed around the oxygen shell
to remove contributions to the EXAFS from the more
distant shells. The amplitude and the real part of the back
Fourier transforms are plotted in Fig. 3. The oxygen
EXAFS oscillation at anatase exhibits the largest amplitude,
in addition the amplitude is uniform across the k-range,
indicating that there is minimal disorder in the oxygen
positions. The microporous silicate, ETS-4, has the next
largest amplitude at low k; however, the amplitude de-
creases significantly at high k. The decrease in amplitude at
k suggests that the disorder in oxygen positions is greater
than that found for anatase. Na

2
TiSiO

5
oxygen amplitude

has lower amplitude at low k than both anatase and ETS-4
FIG. 3. Back Fourier transform of Ti—O Peak. Back Fourier trans-
forms were calculated for the Ti—O peak centered between 0.8 to 2.1 As ~1.
The real component of the Fourier transform and the amplitude are
plotted.
but the amplitude does not decrease at high k suggesting
that Na

2
TiSiO

5
has fewer oxygen nearest neighbors than

anatase and ETS-4 but less disorder than ETS-4. The two
CsTiSi

2
O

6.5
unknowns and the K

2
Ti

2
O

5
sample have am-

plitudes that are similar to Na
2
TiSiO

5
but their amplitudes

diminish dramatically at high K, indicating significant dis-
order in the oxygen positions. Also apparent in Fig. 3 is the
difference in the frequency of the EXAFS oscillations. Gen-
erally, higher frequency oscillations reflect longer Ti—O
bond lengths. Fits to the back Fourier transform involved
a single oxygen shell based on the phase and amplitude
functions extracted from FEFF calculations on anatase.

Cs EXAFS

The EXAFS of the Cs K-edge were not analyzed in detail.
The objective of the Cs EXAFS study was to determine how
the Cs environment compared qualitatively to the alumino-
silicate pollucite and whether the Cs environment changed
between the two heat treatments for the synthesized sam-
ples. The Cs K-edge EXAFS are shown in Fig. 4. Fourier
transforms performed over a k-range from k"4 to 10 As ~1

are shown in Fig. 5. The first shell consists of scattering
amplitude from 10 oxygens at bond lengths of 3.3 to 3.5 As .
The second shell with the largest amplitude consists of
scattering paths from both Si and Ti second nearest neigh-
bors. Cs atoms at approximately 4.8 As dominate the contri-
bution to the third most distant shell. There is striking
similarity in the transforms of the Cs environment in
FIG. 4. Cs K-edge EXAFS. The EXAFS of the two CsTiSi
2
O

6.5
unknowns are compared to the Cs standard, CsAlSi

2
O

6
-pollucite.



FIG. 5. Radial distribution function at Cs K-edge. Fourier transforms
were calculated from 4.0 to 12 As ~1 using a Gaussian window of 0.5 As ~1.
Note that peak positions have not been phase corrected.

FIG. 6. Ti K-edge XANES. The EXAFS of the two CsTiSi
2
O

6.5
unknowns are compared to the Ti standards.

FIG. 7. Gaussian components used in the curve-fit of anatase Ti-
XANES. Anatase XANES from 4955 to 4990 eV was fit using a linear
combination of 8 Gaussian curves. The preedge feature, A2, displays
a systematic shift in intensity and in energy with Ti coordination number.
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CsTiSi
2
O

6.5
B and the aluminosilicate pollucite CsAlSi

2
O

6
in even the most distant shell. CsTiSi

2
O

6.5
A only exhibits

amplitude in the first shell.

FITTING RESULTS

The Ti K-edge XANES region of the samples is shown in
Fig. 6. Based on the energy of the absorption edge all of the
compounds analyzed contain Ti4`. In addition, two groups
of preedge features can be recognized, one group centered at
approximately 4970 eV and a second group on the steep
slope of the absorption edge. Of these, the second feature in
the first group, A2, shows significant variation in intensity
and energy relative to the absorption edge from compound
to compound. Changes in A2 intensity have been correlated
to the amount of distortion from perfect octahedral coord-
ination (14), and the energy of this peak has been correlated
with the number of coordinating oxygens. Preedge features
on the steep slope of the absorption edge show a strong
correlation with Ti—O bond length. The curve-fitting results
for anatase Ti-XANES is shown in Fig. 7. Tables 1a and 1b
list the fitting results for peak A2 for all samples and for
values found in the literature.

The XANES fitting results listed in Table 1 are compared
graphically in Fig. 8. Plotting the relative energy versus A2
peak intensity separates the samples into three regions. The
samples with six-coordinate Ti have low A2 peak intensity
and large relative energy. Samples with five-coordinate span
a diagonal of the plot from low relative energy and A2 peak
intensity to high relative energy and A2 peak intensity. The
four-coordinate Ti samples have low relative energy and
high A2 peak intensity. The CsTiSi

2
O

6.5
unknowns fall in

the diagonal region representing 5-coordinate compounds.



TABLE 1a
Curve-Fitting Results for Preedge Feature A2

Sample Intensity Energya (eV) Coordination

TiO
2

anatase 0.20 5.5 6
TiO

2
rutile 0.14 5.3 6

Na
2
TiSiO

5
0.68 4.2 5

K
2
Ti

2
O

5
0.41 3.8 5

ETS-4 0.19 4.6 5 or 6
BaTiSi

3
O

9
0.13 4.7 6

Na
2
TiSi

4
O

11
0.30 4.5 6

Ba
2
TiSi

2
O

8
0.51 4.1 5

CsAlTiO
4

0.83 3.4 4
CsTiSi

2
O

6.5
B 0.35 3.4 ?

CsTiSi
2
O

6.5
A 0.27 3.1 ?

FIG. 8. Plot of the intensity versus energy of Preedge feature A2.
Curve-fit results for the Ti standards and unknowns are compared to
values found in the literature. Four-, 5-, and 6-coordinate Ti separate into
distinct regions of intensity and energy.
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The EXAFS fitting results are listed in Tables 2a and 2b
for the oxygen coordination shell around Ti. The calculated
FEFF Ti—O scattering amplitude was multiplied by a scat-
tering factor of 0.42 in order to generate the six oxygens
required for the anatase structure. Typically the FEFF6
code correctly calculates the scattering amplitude so that
little correction is needed. A correction of this magnitude
suggests that the low energy X-ray fluorescence may have
been absorbed by the powder particles themselves, a process
called self-absorption. Self absorption can usually be avoid-
ed by diluting the sample with a low Z matrix material and
grinding the powders to a small particle size. Both tech-
niques were employed in this work. If the scattering geo-
metry is known and the stoichiometry of one standard is
known, then self-absorption corrections can be made to the
amplitude of the EXAFS oscillations following the proced-
ure of Torger (19). Evaluation of the fitting results to the
standards where the coordination environment of Ti is
known allows one to gauge the certainty of the results
TABLE 1b
Literature Values for Preedge Feature A2

Sample Intensity Energya (eV) Coordination

TiO
2

anataseb 0.21 5.5 6
TiO

2
rutileb 0.18 5.5 6

Ramsayiteb 0.29 4.8 6
Titanyl phthalocyanineb 0.79 4.5 5
Fresnoiteb 0.60 4.0 5
Ba

2
TiO

4
b 0.84 3.5 4

Ti(OAm)
4
c 0.74 2.8 4

Ti(OPr)
4
c 0.50 3.0 4

Ti(OEt)
4
c 0.32 3.4 5

Ti(OBu)
4
c 0.30 3.1 5

a Energy relative to E
0

defined as the first inflection point of the absorp-
tion edge of Ti foil at 4965 eV.

b Data from Ref. 5.
c Data from Ref. 18.
determined for the unknowns and for structural situations
were the fitting results are problematic. Therefore, the fitting
results for the standards will be discussed in some detail
before moving on to the two CsTiSi

2
O

6.5
unknowns.

The fitting results for the two 6-coordinate standards,
anatase and ETS-4, reveal an oxygen shell containing six
oxygens at 1.95 As . Sigma, the disorder parameter, is quite
small but consistent with the minor difference between the
six Ti—O bond lengths. The fitting results for anatase are in
quite good agreement with the metrical parameters and the
results for ETS-4 agree well with XAFS results on a similar
structure, the zeolite Ti-b (18).

The fitting results for the two 5-coordinate standards,
Na

2
TiSiO

5
and K

2
Ti

2
O

5
, reveal an oxygen shell containing

five oxygens at 2.00 As and 1.95 As , respectively. As listed in
Table 2b, these structures contain one Ti—O bond that is
significantly shorter than the four other Ti—O bonds. Such
a large difference in bond lengths generally results in a large
sigma value. Surprisingly, sigma for the Na

2
TiSiO

5
Ti—O

shell has zero value. When the EXAFS oscillations for
a short Ti—O bond (eg. 1.70 As ) and for the longer 2.0 As bond
length are overlaid in k-space, the oscillations are nearly
n out of phase over most of the fitting range. As a result, the
two waves beat against each other, interfering destructively.
This result suggests that the square pyramidal coordination
environment may present a problematic geometry for
EXAFS analysis, especially when a limited k-space range is



TABLE 2a
EXAFS Fitting Results for First Oxygen Shell

Sample Distancea Numberb Sigma r2

TiO
2
-anatase 1.96$0.01 6.0$0.9 0.00$0.00 0.4601

ETS-4 1.99$0.01 5.7$0.9 0.01$0.00 0.5009
Na

2
TiSiO

5
2.00$0.01 4.8$0.7 0.00$0.00 0.3360

K
2
Ti

2
O

5
1.95$0.02 5.3$0.9 0.09, fixed 0.5301

Cs
2
TiSiO5B 1.93$0.01 5.3$0.9 0.07$0.01 0.5161

Cs2TiSiO5A 1.94$0.01 5.4$0.9 0.06$0.02 0.6652

a Delta E
0

for Ti—O"1.0 eV.
b Scale factor for Ti—O"1.00.

FIG. 9. Comparison of the fit to back-fourier transform for Ti—O.
K-space comparison of the FEFF fitting results to the back Fourier
transforms of the Ti—O shell for the two CsTiSi

2
O

6.5
unknowns.
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used in the fit. The sigma value for the K
2
Ti

2
O

5
structure is

quite large and is consistent with the large distribution of
Ti—O bond lengths determined for this structure.

The best fits to the two CsTiSi
2
O

6.5
unknowns result in

five oxygens at 1.93 As . This Ti—O distance is consistent with
the results of Pei (10) who found that compounds with
5-fold coordinate and Ti had Ti—O bond distances of 1.90 As
or greater whereas 4-fold and 6-fold coordinate and Ti
compounds are typified by 1.76 and 1.81 As and 1.95 to
2.00 As Ti—O bond lengths, respectively. The similarity of the
Ti—O environments for the two CsTiSi

2
O

6.5
compounds is

remarkable considering that the powder XRD for these
samples indicate that the CsTiSi

2
O

6.5
A sample is X-ray

amorphous and the CsTiSi
2
O

6.5
B sample is fully crystalline.

This suggests that the local Ti—O environment forms early
in the crystallization sequence of these compounds. Sigma is
quite large for both samples indicating that there is signifi-
cant variability in the Ti—O bond lengths. A comparison of
the fitted EXAFS to the back Fourier transforms is shown
in Fig. 9.
TABLE 2b
Metrical Parameters for First Oxygen Shell

Standard Distance Number

TiO
2
-anatasea 1.94 4

1.97 2
Na

2
TiSiO

5
b 1.70 1

1.99 4
K

2
Ti

2
O

5
1.58 1.67c 1
1.65d or 1.91e 1.87 1
1.99 1.99 to 2.08 3

ETS-4f 1.94$0.02 5.5$0.5

a From Ref. (20).
b From Ref. (21).
c Distances from Ref. (13).
d Distance published by Andersson and Wadsley (11, 12).
e Distance calculated using crystallographic data in Andersson and

Wadsley (11, 12).
fBased on EXAFS from Ref. (18).
CONCLUSIONS

Based on the energy of the inflection point of the Ti
K-edge absorption feature, the oxidation state of Ti in
the CsTiSi

2
O

6.5
samples is Ti4`. Analysis of the XANES

spectra strongly indicate that the Ti in the two CsTiSi
2
O

6.5
samples is 5-fold coordinate and this result is supported by
the analysis EXAFS data. Comparison of the fitting results
of the Ti standards to the metrical parameters suggests that
once the EXAFS are corrected for self-absorption effects the
number of oxygens can be determined. For 5-fold coordi-
nate Ti compounds, a determination of the disorder asso-
ciated with the Ti—O bond lengths in each structure may not
be possible due to destructive interference of EXAFS scat-
tering amplitudes from the short Ti—O bond distance and
the longer Ti—O bonds. However, the intensity and energy
of a preedge feature in the XANES can be used to separate
4-, 5-, and 6-fold coordinate Ti compounds reliably.

The similarity of the Ti—O environments for the amorph-
ous and fully crystalline CsTiSi

2
O

6.5
samples suggests

that the local Ti—O environment forms early in the crys-
tallization sequence for these compounds. This results
contrasts with the EXAFS result for the local Cs—O
environment. Only the fully crystalline CsTiSi

2
O

6.5
sample

showed strong similarity to the aluminosilicate standard
pollucite. This suggests that the Cs coordination environ-
ment is formed at the latest stages of crystallization, a
result that could have significant impact on Cs waste form
synthesis.
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