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Chemical-state Analysis by Means of Soft X-Ray Spectroscopy. III.
O Ka Emission Spectra for Oxyanions in Different Salts
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The oxygen Ka spectra of the oxyanions in different salts are obtained by secondary excitation. The obtained
spectra are affected by the cations, the central atom, and the chemical-bond condition. Generally, there are four
components in the spectra, but one small component may originate from the anomalous reflection of an
analyzing crystal. The spectra are discussed from the point of view of chemical-state analysis.

Until a few years ago valence-band spectra originat-
ing from the electron transition from the valence-band
orbitals to the inner-core level were interpreted by stud-
ying the complex interactions involving an isolated
atomic model or by using solid-state-band models.
Because X-ray emission involves two levels, the chemi-
cal effect is the result of the shift of the core level and of
the structure of the valence-band orbital levels. There-
fore, the X-ray-emission spectra can be directly ap-
plied, using standard sample systems, for the
identification of an unknown valence state and for
investigations of the electronic structures of chemical
compounds.

In previous papers!-2 and companion papers,34 we
have studied the valence-band spectra, that is the L23
emission and KB spectra for phosphorus, sulfur, and
chlorine, in various compounds and discussed the
spectral profile from the point of view of chemical-
state analysis. It is concluded that the spectral features
of the' KB or L33 emission spectra are especially influ-
enced by the oxygen of the ligand. In the ground state,
two 2s-electrons and four 2p-electrons are present in
the valence band, but they will obviously be directly
involved in bonding. The O Ka spectrum yields infor-
mation only about the valence orbitals containing the
0-2p population, because the spectra reflect the p-like
symmetry on account of the dipole-selection rule. In
general, the O-2p electron is related to valence-band
orbitals when oxygen combines with another atom.
Therefore, one can expect to get information about the
electronic structure and be able to apply it to the
chemical-state analysis from the results of the analysis
of the OKa spectra.

The first evidence in studies of the O Ka spectra in
various oxide compounds that the X-ray spectra were
influenced by the chemical combination was reported
on the 1940’s;5:® using the direct electron bombard-
ment. As samples are decomposed under such electron
bombardment, however, fluorescence excitation is fre-
quently used in the region of soft X-rays.”-1? Recently,
OKa spectra have been obtained using low-energy-
electron-induced X-ray spectroscopy,!? a high-resolu-
tion concave-grating-grazing incidence spectrometer,!
synchrotron radiation as a light source for the excitation
of substances,!4:19 or the ion-induced X-ray excitation
method.’® Andermann et al. have measured the
OKa spectra for the oxide compounds with a grating
spectrogaph and discussed the C-O bond on the
basis of the spectra thus obtained!” by applying
spectral techniques of such efficiency as to minimize

the effects of radiation decomposition. Kosuch et al.
have shown that the comparison of the O Ka spectrum
with the other X-ray spectra is a useful technique for
the investigation of the electronic structures of chem-
ical compounds.14:19

In this and in companion papers3:9 we present the
results of chemical-state analysis by means of soft X-
ray spectroscopy; in this paper we will also try to make
clear the relationship between the character of the
chemical state and the O Ka emission spectra.

Experimental

Measurements of the oxygen Ka spectrum were carried out
using the single flat-crystal spectroscopic method with a
TAP(2d=25.8A) analyzing crystal. The basic spectrogra-
phic approach that is used in this laboratory is shown in Fig.
1. The X-ray spectrometer is a vacuum type equipped with a
fine Soller collimator 10 cm long and with 0.08 mm spacing.
It has a simple close-coupling of a high-intensity, demount-
able, low-energy X-ray excitation source. The most intense
and practical line source in the oxygen K excitation is CuLa
(13.3A). It is generated in a demountable Henke-type tube!®
using a copper anode. The source is stable for many hours of
operation, typically at 9 kV and 220mA. The X-ray tube
window is constructed of 6 um polycarbonate film with an
aluminum coating a few hundred angstroms thick. Propane
gas at a pressure of 65 mmHg (1 mmHg=133.322 Pa) is used
as the proportional counting gas, and the counting gas in
the counter is isolated from the vacuum chamber with poly-
(vinyl formal). This spectroscopic approach has been des-
cribed in detail elsewhere.18:19 As the oxygen Ka emission
spectra analyzed with a KAP crystal show a strong anoma-
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Fig. 1. A single-crystal spectrographic approach for
low energy X-ray spectroscopy applying closely
coupled demountable X-ray source.
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lous peak on the high-energy side of the main peak,8:29 a flat
TAP was used as the analyzer crystal. The solid specimens
were prepared by pressing a fine powder into a smooth
aluminum ring in order to keep the target sample pure and
at a constant pressure. In order to insure that the radiation
decomposition effect upon these measurements was negligi-
ble, the measurement was done twice for each spectrum with
two identical samples. The total counting times were 30 s
per point, and the counter was scanned, step by step, by 0.05°
of 260 arm.

Results and Discussion

The spectral features of the O K« spectra for LizPOy,
LisSO4, and LiClO4 are compared in Fig. 2. The
anions of these compounds all have the Tq molecular
symmetry, but with different central atoms. There are
mainly four components. These components are
probably related to the molecular orbital in the valence
band. There are seven occupied orbitals (4ai, 3tz, 5ai,
4ts, le, 5tg, and 1t;) in the valence band for these T4
molecular symmetries. The main peak C originates
from the electron transition from the O-2p lone-pair
level (1t1) to the O-1s core level. The hump B on the
lower-energy side of the main peak probably orignates
from the 5tz and le molecular orbitals, whose molecu-
lar orbitals consist mainly of the oxygen-2p and the
central atom-3d population. The peak A on the lower-
energy side should be assigned to 4ts, with its compara-
tively high 3p population of the central atom and its
relatively poor 2p population of the oxygen. The peak
C and the hump B shift to the higher-energy side, and
the peak A shifts to the lower-energy side, in propor-
tion to the increase in the atomic number of the central
atom with the T4 molecular symmetry. Thus, the
domain of the spectra of interest is expanded in pro-
portion to the increase in the atomic number of the
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Fig. 2. Comparison of the O Ka emission spectra for
LizsPO4, LizSO4, and LiClOs. OKa spectra have
been excited by CulLa radiation and analyzed by
TAP crystal.
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central atom.

In general, there are similar features of the L2 3 emis-
sion spectra or the KB spectra for all anions having the
T4 molecular symmetry, though with different central
atoms, although the energy ranges of the emission
spectra are different,3-9 and the domain of spectra of
interest is expanded in proportion to the increase in
the atomic number of the central atom. It should be
noted that the peak position of D reveals scarcely no
influence of the central atom. It seems reasonable to
say that the peak D is due to an enhanced reflectivity of
the analyzed crystal with the local continuum back-
ground in this energy region.®

In companion papers,3 9 the L2z emission spectra of
the central atom are reported to reveal scarcely no
influence of the cations for the phosphate, sulfate, or
perchlorate compounds, but the K8 spectra of the cen-
tral atom are affected just a little by the cation for these
compounds. Kosuch et al. conclude that the oxygen
Ko spectra of oxyanions from different salts do not
show any influence of the cation within the limits of
accuracy of the measurements.!¥ The oxygen Ka spec-
tra for lithium sulfate, sodium sulfate, and potassium
sulfate are compared in Fig. 3 in order to consider the
influences of the cations. Here, the intensity (in arbi-
trary units) is presented as a function of the 26 of the
Bragg angle 6. Each of the experimental spectra was
resolved into its component lines in order to consider
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Fig. 3. Comparison of the O Ka emission spectra for
Li2SO4, NazS0s, and KzSOy4 in order to consider the
influences of cations. OKa spectra have been
excited by CuLea radiation and analyzed by TAP
crystal. Fit through the experimental points is the
sum of convolution function of Lorentzian compo-
nents with Gaussian function.
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it more efficiently. The outmost line is the fitting
curve, which is the sum of the emission components,
which are also plotted here. Each line component is
used as the convolution function, alone the with
Lorentzian and Gaussian functions. It can be seen that
the peak component B is affected little by the cation.
As the main peak C originates from the lone-pair or-
bital 1t;, it seems reasonable to say that the peak Creveals
scarcely no influence of the cation. On the other hand,
the peak B and the peak A should be affected by the
cations, because the oxygen atom is directly related to
the cation. It seems that the hump B grows in propor-
tion to the atomic number of the cations. The inten-
sity ratios of the peaks C and B are 0.56, 0.65, and 0.75
for lithium sulfate, sodium sulfate, and potassium sul-
fate respectively.

The O Ka spectra for KeRHPOy, and KH2POy, in each
of which the metallic cation is replaced by hydrogen,
are compared with KsPOy in Fig. 4. The spectral fea-
tures of the O Ka spectra for their compounds are espe-
cially influenced by hydrogen, as are the Lz3 emission
spectra (in Ref. 3). The peaks A and B shift to the
lower-energy side, and the peak A decreases in propor-
tion to the relation with hydrogen. This phenomenon
is very different from the KB spectra (in Ref. 4), because
the peak on the lower-energy side of the main peak of
KB shifts to the higher-energy side and increases in
proportion to the relation with hydrogen. It can be
noted from the KB spectra that the molecular level
concerning the O-H bond is created on the lower-
energy side of the 4tz level, which consists mainly of
the 3p population and which is and shifted to near the
4t3 level in proportion to the relation with hydrogen.
On the other hand, the electron population of oxygen-
2p diffuses to lower-energy molecular orbitals with the
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Fig. 4. Comparison of the O Ka emission spectra for
KsPOs, K2HPOy, and KHzPO4. OKa spectra have
been excited by CulLea radiation and analyzed by
TAP crystal.
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Fig. 5. Comparison of the O K& emission spectra for
NaH2PO2, NazHPO3, and NaH2PO4. O Ka spectra
have been excited by CuLa radiation and analyzed
by TAP crystal.

relation with hydrogen. Figure 5 shows the same phe-
nomenon in the O Ka spectra for NaH2POg, NasHPO3,
and NaHPO4. The OKa spectrum for NaH2PQy, con-
sists of three components A, B, and C. However, the
OKa spectra for NaH2PO; and NasHPOj3; consist of
only two components, A and C. Moreover, the peak A
of NaH2PO: shifts to the higher-energy side as com-
pared with the cases of NaH2PO4 and NagHPQOs. The
structural formulas for HoPO2~, HPO32-, and HaPO4~
are;

o o o
H-P-H, -O-P-O-, and HO-P-OH,
1 1 I
o) H o

| |
respectively. In the structural formula of HePQO4~, the
central P atom combines directly with oxygen only,
but the partial oxygen atoms combine with hydrogen.
In the structural formulas of HePO3s~ and HPO3s2—, on
the other hand, the central P atom combines directly
with oxygen and hydrogen, but the oxygen atom does
not combine with hydrogen. In the case of the OKa
spectra for NaH2PO3, and NasHPOj3, the hump B does
not appear. Therefore, it seems that the hump B
appears when the central atom combines directly with
O ions (including OH ions). In the structural formu-
las of H2PO2~ or HPOg32-, the central P atom combines
directly with only two or three oxygen atoms respec-
tively. It may be seen that the peak A is related with
the number of the oxygen which is combined with the
central atom of the oxyanion, and is shifted to the
lower-energy side in proportion to the number of the
directly combined oxygen atom with the central atom.
Moreover, the peak A for these compounds shifts to the
higher-energy side compared with the case of KsPOa.
It is reasonable that the peak A is related with the
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number of oxygen which is combined with the central
atom of the oxyanion and is shifted to the lower-
energy side in proportion to the number of oxygen.

Figure 6 compares of the OKa spectra for sodium
sulfite (NazSOs) and sodium sulfate (NazSO4) with
their hydrogensulfite (NaHSOgs) and hydrogensulfate
(NaHSQs). There are two components in the OKa
spectra in the case of SOg?", but three components
in the case of SO4*~. The spectral domain of SO4*~
expands compared with that of SOs?~. The sharpness
of the spectra for NaHSOs or NaHSO; is inferior to
that for NazSO3 or NazSOy4 respectively. It seems that
the spectral components are broadened a little with the
relation to hydrogen.

In Figs. 7 and 8, the relations between the spectral
features and the coodination number of oxygen are
shown. In both cases, the main peak C shifts to the
higher-energy side and the peaks A and B shift to the
lower-energy side according to the coodination num-
ber of oxygen. However, each peak component shifts
to the higher-energy side in the case of the KB spectra,
and the middle peak only shifts to the higherenergy
side, but the higher-energy peak increases in the case
of the L33 emission spectra in proportion to the coor-
dination number of oxygen.

As the chemical effect of the X-ray spectra is the
result of the shift of the core level and of the structure
of the valence-band orbitals, the variation in the spec-
tral profile will give us information about valence-
band orbitals, because the core level is shifted simply
with differ chemical states.
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Fig. 6. Comparison of the O Ka emission spectra for
NazS0s3, and NazSO4, with NaHSOs and NaHSO,.
OKa spectra have been excited by CuLe radiation
and analyzed by TAP crystal.
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Fig. 7. Comparison of the O Ka emission spectra for
NaClOg, NaClOs, and NaClO4. OKa spectra have
been excited by CulLea radiation and analyzed by
TAP crystal.
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Fig. 8. Comparison of the O Ka emission spectra for
NazS204, NagS:0s, NazS:06, and NagS:07. OKa
spectra have been excited by CuLa radiation and
analyzed by TAP crystal.

Conclusion

In this work, it has been shown that a spectral fea-
ture is closely affected by the chemical state and that
the OKa spectra give us not only information for
studies of molecular orbitals, but also provide a use-
ful technique for application to chemical-state analy-
sis, because oxygen 2p isrelated in almost all molecular
orbitals of the valence band. The following properties



April, 1984]

have been found:

1) The OKa spectra for oxyanions are expanded in
proportion to the increase in the atomic mumber of
the central atom.

2) The OKa spectra are affected a little by the
cations, because oxygen atom is directly related to the
cation. This conclusion is very different from that is
the case of the Lg3 emission spectra for the central
atom, and also from the conclusion of Kosuch et al.
about the OKa spectra.

3) The OKa spectra are especially influenced by
hydrogen. It seems that the electron population of
oxygen 2p diffuses to the lower-energy molecular or-
bitals in the relation to the hydrogen.

4) The OKa spectral profile is affected by the
quantity of oxygen, the lower-energy peak shifts to the
lower-energy side, and the main peak at a higher-
energy shifts to the higher-energy side in proportion to
the quantity of oxygen, and the hump B appears only
when the central atom combines directly with the O
(including OH) ions.

In this work, we can not interpret the spectra quan-
titatively as transitions from the molecular orbital
with the help of a molecular orbital calculation. How-
ever, it seems that it will be very useful in studying the
electronic structure and molecular orbital in chemical
compounds in combination with the results of the La3
emission spectra, the KB spectra, and the O Ka spectra
from various compounds with the help of a molecular
orbital calculation. These are subjects for future study
in our work.

We gratefully acknowledge some very useful discus-
sions with Dr. Yoichi Goshi of Tokyo University and
Dr. Sigero Ikeda of Osaka University and invaluable
assistance in this work of Mr. Masaru Matsuo of this
University.
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