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A series of sodium polyphosphate glasses of composition Na, ,P,03,; have been studied using
synchrotron-radiation x-ray-absorption spectroscopy. High-resolution P L-edge and K-edge x-ray ap-
pearance near-edge structure (XANES) as well as K-edge extended x-ray-absorption fine structure
(EXAFS) of the phosphates have been investigated. It has been found that while the K-edge XANES
spectra of different phosphate glasses are similar, the L-edge XANES features are strikingly different.
These results show that the intensities of the low-energy spin-orbit doublet in the P L-edge spectra in-
crease with average chain length of polyphosphate glasses. The increase is very rapid up to n =20, then
it levels off as the chain length increases above this value. Using this information, a quantitative calibra-
tion curve has been established which can be used to determine the chain length of polyphosphates in
bulk or surface films. The features observed in the XANES spectra of the polyphosphates have been as-
signed. From EXAFS measurements, the average bond distances and coordination numbers around P
have been measured. It was found that within the accuracy of EXAFS, average P-O bond distances in

polyphosphate glasses do not change substantially.

INTRODUCTION

Amorphous phosphates have been studied for over 100
years. In 1816, Berzelius' found that, when ordinary
phosphoric acid is ignited, the product is fundamentally
different from orthophosphoric acid in that it acquires
the power of coagulating a solution of albumen. Howev-
er, it was not until the middle of the 20th century that the
problem of the number and kind of condensed phos-
phates was solved in general. One of the main reasons for
this was that no analytical techniques were available for
adequately differentiating between the various condensed
phosphates. With the advancement in structural chemis-
try, attempts were made to investigate the structures of
phosphates. By sharing oxygen atoms between tetrahe-
dra, branched polymers of interconnected PO, tetrahedra
(chains or rings) can be produced.?

Phosphate glasses have gained increasing interest be-
cause of their low transformation temperatures and rela-
tively high thermal-expansion coefficients compared with
their silicate counterparts.®> Phosphates have been widely
used in surface coating materials* and safe immobiliza-
tion and disposal of high-level nuclear wastes.” Recently
they have been used as superionic glasses® and molded
lenses in optical applications.” The interest in phosphates
has also been intensified in parallel with progress in bio-
logical materials. For example, calcium phosphate based
glasses are quite promising for application in artificial
bone and tooth materials.®~!! Such growing technologi-
cal importance has, therefore, led to an increasing need
for better understanding of amorphous phosphates and
their properties.

In response to these requirements, several techniques
have been used to analyze the structures and polymeriza-
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tion of amorphous phosphates. They include x-ray'? and
neutron-diffraction studies,® infrared,'* Raman,!#@)15
optical-absorption'® and electron-paramagnetic-
resonance!’ spectroscopies. Recently high-performance
liquid chromatography has been used to determine the
phosphate chain length for short and intermediate chain
lengths.'¥®»15 Nuclear magnetic resonance has been
widely utilized to study the different chemical environ-
ments of phosphorus in phosphates such as the terminal
phosphate groups, the middle group and the branching
group.”®" ¥ X.ray photoelectron spectroscopy’®)!%20
(XPS) utilizing O (1s) and P (2p and 2s) has been used to
determine the percentage of Na,O in phosphates. It has
been found that a linear relationship exist between an ex-
tra peak in the O 1s region and the amount of oxygen in
the phosphate.

Limited applications of extended x-ray-absorption
fine-structure (EXAFS) spectroscopy to the cation in
phosphates have been reported in the literature.?’ How-
ever, no systematic study on the P L and K edges has
been undertaken. In this paper, x-ray-absorption spec-
troscopies (EXAFS and XANES) at the P K-edge and L-
edge have been used to investigate the chemical struc-
tures of a series of phosphate glasses. To our knowledge,
this is the first time that the P L-edge XANES spectros-
copy of the polyphosphate glasses have been reported.
The intensities of pre-edge structures has been used to
determine the chain length of these polyphosphate
glasses.

EXPERIMENT

Sample preparation

Sodium salt of polyphosphate glasses were purchased
from the Sigma company. The average chain lengths of
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polyphosphates reported by the company have been
determined by end group titration.”> Other phosphates
were purchased from the Aldrich company and used
without further purification. The samples were ground to
a fine powder and pressed lightly on a Cu conducting
tape. All the experiments were conducted in vacuum.

Data acquisition and analysis

Phosphorus x-ray-absorption spectra were obtained at
the Canadian Synchrotron Radiation Facility?® situated
at the 1-GeV Aladdin storage ring, University of Wiscon-
sin, Madison. For the K-edge spectra, the double-crystal
monochromator (DCM) beamline which covers the ener-
gy region of 1500-4000 eV was used. For the L-edge
spectra, the Grasshopper beamline, in which the x-ray
beam is monochromatized by an 1800 g/mm grating and
covers the photon region of 70—900 eV, was used. The
photon resolutions at the DCM and Grasshopper are 1.0
and 0.2 eV, respectively, at the phosphorous K-edge and
L-edge energy regions. The photoabsorption spectra
were recorded in the total electron yield (TEY) and
fluorescence yield (FY) modes using a microchannel
plate.?* The FY and TEY spectra for the P L-edge were
very similar but because the FY spectra give slightly
better resolution, only the FY spectra will be presented in
this paper. For the K edge, no gain in resolution was ob-
tained using FY. Thus TEY spectra, which give a
stronger signal, will be presented. The energy scale for
the DCM was calibrated setting the strong absorption
line (white line) of elemental sulphur at 2472.0 eV, and
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that of the Grasshopper was calibrated with reference to
the lowest pre-edge peak of elemental sulphur at 162.7
eV. These values are not absolute values, but are close to
the binding energy of S 1s and S 2p levels, respectively.
The relative energy scale was reproducible within +0.05
eV. For the L-edge spectra a single scan, with good
signal-to-noise ratio could be accomplished in ~5 min.
However, in most cases at least three scans were digitally
combined and after normalization, a background was re-
moved.
RESULTS AND DISCUSSIONS

X-ray-absorption spectroscopy, in general, deals with
the transition of electrons from an atomic core level to
unoccupied states in gases, liquids, and solids. The
theory and principles of this technique has been covered
extensively.>>?¢ The technique has flourished with the
advent of synchrotron radiation as a powerful x-ray
source. Using monochromatized synchrotron radiation,
it is possible to tune the x-ray energies to probe the atom-
ic species in which the excitation occurs. In the last de-
cade, the technique has been widely used for structure
determination in complex biological, chemical, and sur-
face systems. In this study, both P L-edge and K-edge x-
ray-absorption spectra have been investigated for a series
of phosphate and polyphosphate compounds.

Comparison of P K-edge and L-edge XANES spectra

The near-edge structure in an absorption spectrum
covers a range from ~5 eV below to ~50 eV above the
threshold. In Fig. 1 phosphorus K-edge (left) and L-edge
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FIG. 1. P K-edge (left) and L-edge (right) XANES spectra of model compounds.
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(right) XANES spectra of several phosphorus compounds
including polyphosphates are compared. The structures
of bis(diphenylphosphino) methane (BDPM), potassium
diethyldithiophosphate (KDDP), and three phosphates
are shown in the figure. It is obvious from the figure that
the edge jumps in both K edge and L edge have shifted
from BDPM to phosphates. The same shifts are general-
ly observed for other elements, such as silicon?’ and
sulphur.?**° The reason for this shift is due to the higher
electronegativity of oxygen compared with sulphur and
carbon. Therefore in phosphate, inner-shell electrons are
less screened and thus more tightly bound which results
in a higher chemical shift.

First we consider the K-edge spectra in Fig. 1 (left).
All phosphate K-edge spectra recorded are similar to the
two spectra shown in Fig. 1. They consist of one sharp
transition [peak 1 in (C)—(E)] arising from an electron
transition from the 1s core level to the ¢35 (p-like) anti-
bonding orbital, and several relatively weaker peaks (peak
2,3,4) that most likely correspond to shape resonances or
multiple scattering.’® Features in K-edge spectra of
glasses resemble that of the crystalline phosphates. As
can be seen from Fig. 1, peaks 2, 3, 4 in glasses are weak-
er than those in phosphates and peak 4 is shifted to high
energy by 1-2 eV. This pattern did not extend to long
chain phosphate glasses, and basically the spectra of
Glass-5 (n=35) to Glass-44 (n =44) looked very similar.
Therefore, the K-edge XANES spectra of higher chain
lengths will not be presented.

In contrast, P L-edge spectra are more complex and
hence yield more information than their K-edge counter-
parts. The photon resolution and natural linewidth are
more favorable at the P L edge than the K edge. For ex-
ample, in the K-edge spectra, the linewidth of peak 1 is
greater than 2 eV, and the difference between Na,P,0,
(C) and Na;P;04 (D) spectra is very small. The relative
intensities of peaks 2 and 3 changed only slightly. In con-
trast, the linewidth of peaks a and b in the L-edge spectra
are ~0.6 eV, and the spectra of the phosphates are quite
different. For example, the intensities of peaks @ and b in
Na,P,0; (H) are much lower than those in Na;P;04 (I).
The intensities of peaks @ and b in the polyphosphate
glass spectra (J) are also quite different from the two
crystalline compounds.

Peak assignment of P L-edge spectra

In silicon and sulphur L-edge x-ray-absorption spectro-
scopic studies,?”3! the lowest spin-orbit doublet (a and b)
has been assigned to the 2p;,, | ,—aT transitions. Peak
b is separated by 0.8-0.9 eV from q, which indicates that
peak (b) is the spin-orbit counterpart of peak (a); the
spin-orbit separation is 0.86 eV.3? But the relative inten-
sity of (a) and (b) is not what is generally found in XPS
studies. This observation is not uncommon in photoab-
sorption spectroscopy’>** and has been discussed by
Schwarz.*® This assignment is also in agreement with the
systematic study of the oxides and oxyanions of the
third-row elements.”” It has been shown that for SiO,,
PO; ", SO3, and ClO;, the first peak (doublet) in L-edge
spectra is due to the transition of the 2p electron to the

a{ molecular orbital. The change in intensity of the dou-
blet (peaks @ and b) in Figs. 1(H), 1(I), and 1(QJ) is likely
due to the distortion of the phosphate tetrahedra.

The assignment of peak c is still controversial. Previ-
ously it has been assigned to the electron transition to a
mixed-valence band.! People seldom considered it a p-
like transition because it is forbidden. However, recently
Hansen, Brydson, and McComb?® have shown that this
peak for SiO, is due to the transition to a p-like ¢5 orbit-
al. This arises because of significant mixing of p and d
atomic orbitals. The assignment is also in agreement
with Dehmer’s results.’’

Peak d is usually assigned to d-like shape reso-
nances.?”*%37 From spectra (H)-(J) in Fig. 1 we notice
that this peak is always present at the same energy posi-
tion for all phosphates, whether crystalline or glassy.
However, when oxygen is replaced for other elements
with lower electronegativity, the peak is shifted to lower
energies.

Polyphosphate glasses
and P L-edge XANES spectroscopy

In 1950, Van Wazer and Holst found that the branch-
ing or cross-linked phosphates are relatively less stable
than linear or cyclic structures.’® This conclusion is
called the antibranching rule and originally stems from
x-ray and pH titration data. This has also been support-
ed by hydrolytic degradation experiments*°~*3 and ther-
modynamic analysis.** Thus according to the antibranch-
ing rule, the phosphate glasses that have been obtained
commercially for this study have long chain structures.
Because of the mutual repulsion exerted by the negative
phosphate charges, ring structures are not as favorable.*
Phosphate glass is a very special and interesting material
in which the units are arranged one dimensionally in
space, but are irregularly oriented. The general formula
of chain phosphates can be expressed as M, ,,P,0;, 1,
where n is the number of phosphorus and M is a
univalent metal. The average chain length or average de-
gree of polymerization 7 of these anions is given by the
following equation:*®

2

A=2_71> 1)
where R is the molecular ratio of univalent cation to
phosphorus in a given phosphate. It has been demon-
strated in both amorphous and crystalline systems that
the M,0:P,0j5 ratio of a system is a dominant controlling
factor. For any single molecule the ratio precisely dic-
tates the chain length.*® Figure 2 shows that as n (pro-
portional to chain length) increases, 1/R (=P /M) ratio
increases. The increase is very sharp up to n~=20 and
then it levels off and approaches unity.

To further investigate the relationship between the P
L-edge XANES spectra and polyphosphate properties,
the spectra of a series of phosphates and polyphosphate
glasses with different chain lengths have been measured.
These are the only well characterized commercially avail-
able polyphosphates. However, recently we have syn-
thesized a series of zinc polyphosphates. The characteris-
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FIG. 2. Number of P in polyphosphates (chain length) versus
the ratio of P to Na.

tics of zinc polyphosphates glasses, which turned out to
be very similar to the sodium glasses, will be reported
elsewhere.*’

The P L-edge XANES spectra of sodium phosphates
are shown in Figs. 3 and 4. Except for sodium ortho-
phosphate (Na;PO,), sodium pyrophosphate (Na,P,0,),
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FIG. 3. P L-edge XANES spectra of the series of polyphos-
phates: n=1-5.
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FIG. 4. P L-edge XANES spectra of the series of polyphos-
phates: n=18-91.

pentasodium tripolyphosphate (NasP;0,,), and sodium
metaphosphate (Na;P;0,) which are in crystalline forms,
the rest of phosphates were glass. All phosphates shown
in the figures are sodium salts, which makes their spectra
comparable. Spectrum (A) of orthophosphate is the only
one with peaks @ and b well resolved from peak ¢ due to
larger separation between the doublet and peak c (see
Table I). Spectra (D)—(H) are phosphate glasses with the
number of phosphorus in the chain varying from 5 to 91.
As can be noticed, peak a shifts to high energy from
orthophosphate (n =1) to Glass-5 (n =5).

Most strikingly, it is obvious from Figs. 3 and 4 that
the relative intensities of peaks a and b are very sensitive
to the number of P in the linear polyphosphate glasses.
In order to obtain accurate peak positions, peak widths
and peak intensities for polyphosphate glasses, all the
spectra were fitted to Gaussian lines using a least-squares
program.?® As illustrated by Fig. 5, the spectra of phos-
phates have been fitted to several Gaussian peaks
representing the transition of P 2p electrons to the a} and
t5 antibonding orbitals. An arctangent step function
representing the transition of ejected photoelectrons to
the continuum has also been fitted to the spectrum. A
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TABLE 1. Peak positions, widths, and intensities of phosphates from least-squares fitting.

Peak positions (+0.07 eV)

Peak widths (+0.01 eV)

Intensities® (+6%)

Samples a b c d a b c d a b
Na,;PO, 134.55 135.35 138.94 14643 0.57 0.57 3.50 429 0.029 0.017
Na,P,0, 13493 135.83 138.20 146.37 0.45 045 2.85 3.74 0.040 0.031
Na;P;0, 135.13 13596 137.92 146.43 0.56 0.56 3.14 3.71 0.050 0.031
Na,;Ps04 13543 136.33 138.02 146.40 0.62 0.62 2.87 3.48 0.079 0.067
Na,P;30ss 13545 136.31 137.94 14636 0.58 0.58 2.78 325 0.134 0.110
Na;oPyOss 13546 13633 13797 14636 0.61 061 278  3.30 0.151 0.139
Na,PsO;3; 13542 13630 137.77 146.36 0.58 0.58 2.83 323 0.154 0.128
Nag,Py 0,7, 13551 13638 137.85 14644 0.58 058 2.82  3.38 0.163 0.136

2The intensities are normalized to peak (c).

number of conditions and constraints were introduced to
obtain meaningful fits. First, the position of the
arctangent step function was aligned just before peak c.
This position is preceded by excitonic states (peaks a and
b) which are observed in certain solids and generally lie
below the bottom of the conduction band (continuum).?®
Second, the peak widths of peaks a and b (the spin-orbit
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FIG. 5. The least-squares fitting of polyphosphate spectra:
(A) N35P3010; (B) N320P18055; (© Na46P440133.

doublet) were constrained to be equal. All peak heights
and peak positions were allowed to vary. Except for
peaks a and b, the widths of the other peaks were allowed
to vary.

Three XANES spectra of polyphosphate, fitted as de-
scribed above, are shown in Figs. 5(A)-5(C). All peak po-
sitions, peak widths, relative intensities (normalized to
peak c¢) are summarized in Table I. Figure 6 shows the
positions of peaks @ and b as a function of n. From Fig. 6
and Table I we find that the peak a position shifts to high
energy when chain length increases from PO~ (n=1),
to PsO,s’~ (n=5). There is no obvious increase in ener-
gy above n=5. The same trend has been found in XPS
studies of sodium phosphate glasses.!®*® This is expected,
since the difference between XPS and XANES is in the
final state of the ejected electron from the 2p core level.
Since changes in screening affects the inner shells more
than the unoccupied levels, shifts observed in XANES
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FIG. 6. A plot of the pre-edge doublet peak positions against
the number of P in polyphosphates (chain length).
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and XPS are generally similar. However, the XPS peak
widths are at least 1.5 eV compared to the 0.6 eV ob-
served in our spectra. In XPS it has been found that the P
2p,2s, and O ls binding energies are proportional to
chain length.!® This has been attributed to the fact that
as the chain length increases, more bridging oxygen
forms, and thus the electron density around O is reduced,
which makes the core electrons more tightly bound. Also
from Table I, we find that the peak position of peak d in
all the spectra remains constant at 146.4 eV.

The chain length versus the relative area of peak a is
plotted in Fig. 7. In order to compare the peak areas, the
peak intensities of peaks a and b have been normalized to
peak c. It is obvious from Fig. 7 that the ratio a:c in-
creases sharply from PO~ (n=1) to P;30s5s'7" (n=18),
then levels off relatively for higher polyphosphates. It is
very interesting that the plot in Fig. 7 is very similar to
what we found in Fig. 2.

Now, using Table I and Fig. 7 we can directly deter-
mine the number of P in sodium polyphosphate glasses.
The relative error for area measurement was estimated at
about 6% from the standard deviation from duplicate
spectra. As we noticed in the figure, up to n =18, the
change of the number of phosphorus versus the peak area
is large and as a result chain length can be determined
with good accuracy. Above n =18, the change is rather
subtle and thus the result will be less accurate. This in-
tensity measurement is much more sensitive than the use
of chemical shift shown in Fig .6. There, the change in
the peak position versus the chain length is small and can
only be used up to p=35. This technique is also much
more sensitive than XPS, because the peak widths in the
XPS spectra are much larger than those in the XANES
spectra (1.5 vs 0.6 eV). However, it should be pointed out
that polyphosphate constitutes a range of polyphos-
phates. Therefore the method is a semiquantitative one
and we may obtain an average chain length in an un-
known phosphate system. The major advantage of this
method is that it can be applied to thin films and surfaces
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FIG. 7. Number of P in polyphosphates (chain length) as a
function of relative area of peak a.

where other techniques such as titration and liquid
chromatography cannot be utilized. The P L-edge
XANES is used here semiquantitatively to solve such a
complex problem. This will have very important applica-
tion in systems such as surface films. For example, the
results of this investigation have been applied to charac-
terize the nature of polyphosphate in tribochemical
films.3%4

P K-edge EXAFS spectra of polyphosphates

Since the spectral pattern in the K-edge XANES of
phosphate glasses does not change substantially, the in-
formation gained cannot be used to fingerprint the phos-
phate chain length. However, the analysis of K-edge
spectra in the range of 50—-1000 eV above the ionization
threshold, or EXAFS region, can be used to estimate the
bond distance and the coordination number around the
absorbing atom.

Figure 8 shows a typical x-ray-absorption spectrum
recorded to ~600 eV above the P K-edge for NaH,PO,.
A standard procedure has been used to extract the bond
distance and coordination number from the experimental
x-ray-absorption spectra.®® The EXAFS interference
function is defined by x(k)=[u(E)—puo(E)]/uy(E),
where E and k are the x-ray photon energy and the wave
number of the photoelectron ejected by the x-ray photon,
respectively. The coefficient u(E ) refers to absorption by
an atom in the material of interest, while po(E) refers to
absorption by an atom in the free state, both of which are
a function of k. In order to relate (k) to structural pa-
rameters, it is necessary to convert E into the photoelec-
tron wave vector k by the relationship

k=[2m /#E—E;)]"*, )

where m is the mass of the electron, # is Planck’s con-
stant divided by 27, and E,, is the threshold energy of the
absorption edge. In our experiment, the E, was deter-
mined from the inflection point at the absorption thresh-
old. The transformation of Y(E) into (k) in k space
gives rise to

T T T T T T T

P K—edge of NaH,PO,

4(E) (Arb. Units)

L R 1 R 1 N 1
2200 2400 2600 2800

Photon Energy (eV)
FIG. 8. P K-edge spectrum of NaH,PO,.
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X(k)=2N,F;(k)/(kr})exp(—207k?)

Xexp(—2r; /Msin[2kr; +¢ (k)] , (3)

where F;(k) is the backscattering amplitude from each of
the N; neighboring atom of type j, o; is the Debye-
Waller factor which accounts for thermal vibration and
possible statistical disorder, viz., distribution of distances,
r; is the mean internuclear distance between the central
(absorbing) atom and atoms in the jth neighbor shell, A is
the mean free path of the photoelectron due to the finite
core-hole lifetime and interactions with the valence elec-
trons, ¢;(k) is the scattering phase shift due to both the
center and backscattering atom, and k is related to the
experimental wave number of the photoelectron.

In practice, the y(k) of phosphates were extracted
from the raw absorption data (Fig. 8) in following steps.
First, the raw data was truncated above the edge to ex-
clude the XANES region and a pre-edge background is
removed. A computer program®! was used to convert the
photoelectron energy scale to k space using the above
equation. At this stage, y(k) was multiplied by k3 to
enhance features at high k values. Second, EXAFS
k3y(k) was obtained by subtracting post-edge back-
ground function py(k). This background is approximate-
ly the smooth part of u(k) and generated by fitting u(k)
to a multisection polynomial spline function of 3—-4 sec-
tions. Finally the data were normalized by the edge jump
obtained by extrapolation of a straight line fit above the
edge.

The k3y(k) versus k is plotted for orthophosphate and
polyphosphate glasses in Figs. 9(A)-9(C). As is noticed
from the spectra, the amplitude and positions for the
three spectra are very similar. This indicates that the
coordination number and bond distances for the three
samples should be very similar. In order to obtain a more
quantitative picture, the k3y(k ) was Fourier transformed
in R space. The magnitude of the corresponding Fourier
transform of the P EXAFS are shown in Figs. 9(D)-9(F).

This gives a qualitative picture of the local structure
around P. Since the transform is made without including
the phase shift, all of the peaks in F(R ) are shifted closer
to the origin. Further data analyses are needed in order
to obtain quantitative structural information about the
local environment of the absorbing atom.

In general, the parameters (distance R, coordination
number N, and relative mean square disorder of)
relevant to a particular structure model can be deduced
from the Fourier-filtered experimental EXAFS. This is
achieved by reverse Fourier transform (RFT). The RFT
(shell by shell) permits a well-defined phase and ampli-
tude function to be determined for each shell distinguish-
able in the F(R) function. In order to obtain the
structural parameters from the phase and amplitude
function, the scattering phase shift and amplitude scale
needs to be corrected and calibrated respectively. Thus
model phase or amplitudes, either calculated or derived
experimentally, are needed. In this paper, two calculated
tables called FEFF*? and McKale> have been used. The
phase shift and amplitude of NaH,PO, was used as ex-
perimental model for glass analysis. .

The main peak [see Fig. 9(D)] around 1.2 A in the
Fourier transform is assigned to the first P-O coordina-
tion shell. Several small peaks in the higher distance are
likely due to high-frequency noise. A symmetric Han-
ning window was chosen for reverse Fourier transform
[Fig. 9(D), dashed line]. Then utilizing the calculated
(FEFF and McKale) phase shift and amplitude function,
P-O distance R and coordination number N have been
determined. These results are summarized in Table II.
The P-O bond distance of NaH,PO, derived from EX-
AFS, using FEFF or using McKale, is very close to the
diffraction data of 1.56 A.>* As is expected from the
structure of the compound, the coordination number N is
essentially 4 (3.9 and 3.6, respectively, from FEFF and
McKale). Having measured the phase shift and ampli-
tude for a known structure, we can use them for the
analysis of the polyphosphate glasses.

Two glass samples have been analyzed using the same
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FIG. 9. EXAFS spectra (left) and their
Fourier transform spectra (right) of three
phosphates: (A) and (D) NaH,PO,; (B) and (E)
Na,Ps0,,; (C) and (F) Na,,P3Oss.

(F) Glass—18

4 6 8 10 12 0 2 4 6 8
o—-1
k (A7) R (A)
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TABLE II. EXAFS data analysis.

P-O bond distance (A)

Coordination number Diffraction data of

Compounds FEFF McKale Expt.? FEFF McKale Expt. P-O
NaH,PO, 1.55 1.54 3.9 3.6 1.56°
Glass-5 (Na;Ps044) 1.55 1.54 1.54 3.6 3.3 4.8
Glass-18 (Na,oP3Oss) 1.55 1.53 1.55 3.7 3.3 5.0

2The phase shift and amplitude of NaH,PO, were used for the glasses.

"Diffraction data from KH,PO,.

procedure described for sodium dihydrogen orthophos-
phate. Their k3-weighted P K-edge EXAFS are shown in
Figs. 9(B) and 9(C), and the magnitude of their Fourier
transforms is shown in Figs. 9(E) and 9(F). Again, a sin-
gle coordination shell is observed for these glasses in the
Fourier transform plots around 1.2 A. The weak peaks
should have the same origin (probably noise) as those of
the model compound. Comparing R and N of the glasses
with those of NaH,PO, in Table II, we notice that the
chemical environment of P in these two glasses looks very
similar to that of NaH,PO,. That means P in the glasses
is coordinated to four oxygen atoms and the average P-O
bond distance is about 1.55 A. The bond distances and
coordination numbers extracted from EXAFS results ac-
counts for an average value. As the chain length in-
creases in polyphosphates, the number of bridging P-O
bonds also increases. The P-O bridging distance is 1.60
A, which is longer than the terminal P-O. Since the er-
ror in EXAFS measurements is expected to be 0.02 A,
the small changes in the bond distances cannot be detect-
ed in the EXAFS. Thus we are not able to deduce the
chain length of the polyphosphate glasses from the EX-
AFS data using the P-O bond distance and coordination
number.

CONCLUSIONS

From the above discussion the following conclusions
can be drawn:

(1) Both the P K-edge and L-edge XANES are very
sensitive to the electron charge density around the ab-
sorbing atom. The P K and L edges shift to higher ener-
gy as the core level becomes less screened by the ligand
surrounding the absorbing atom. The fine features in the
spectra have been assigned to electronic transitions from
the P core levels to appropriate antibonding orbitals

below and above the edge.

(2) While the P K-edge XANES can provide limited
structural information, the P L edge is very sensitive to
the small local structural changes caused by bridging P-O
bonds in polyphosphates.

(3) Using the ratio of intensities from the P L-edge
XANES spectra of the polyphosphates, it was possible to
construct a calibration curve for chain length determina-
tion. It was found that the chain length was proportional
to the intensity of the first sharp peaks in the XANES
spectra of the polyphosphates. This calibration plot will
be very useful for determining the phosphate chain length
in thin films and biologial molecules where other tech-
niques cannot be applied. An important objective of
XANES spectroscopy is to provide nondestructive and
quantitative results, in complex systems. The P L-edge
XANES is applied semiquantitatively to solve such a
complex problem.

(4) Bond distances and the coordination numbers ob-
tained, analyzing the EXAFS region of the absorption
spectra, indicated that the small changes in the bond dis-
tance, going from orthophosphate to polyphosphates can-
not be detected by the EXAFS analysis.
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