





1. Introduction

ggzzmgg;7?é?g Tn two previous papers we have veported on X-ray spectroscopic studies

of the oxyanion P043‘ (1) and the oxyanicns NO,~, N0, and C032' (2).

OXYGEN K-SPECTRA AND ELECTRONIC STRUCTURE OF THE It has been demonstrated that if all X-ray emission spectra ol the

OXYANIONS 5032-’ Se032_s Te032- and 5042—, SeOaz_, Te042‘. different atoms of an ion are measured, with the additional information

from photoelectron spectra and theoretical MO-calculations, a rather

accurate description of the electronic structure of the occupied molecular

N. K h, G. Wiech and A. Faessler , .
osuch orbitals can be obtained.
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0 Miinchen 22 A . .
8000 Miinchen The structural features of the different spectra permit a relatively

precise determination of the binding energies of the orbitals which then
can be used to check the predictions of theoretical MO-calculations.
Since X-ray transitions are governed by the dipole selection rule, the
intensities of the structural features in different X-ray emission

spectra provide information as to what extent the individual atomic
Abstract

orbitals do contribute to the molecular orbitals.

The oxygen K-emission spectra of the oxyanions 5032_, Se032',

Teﬂ32- and SOAZ—, 89042‘, Teﬂaza are reported. From the O K-spectra In the present paper we report on similar investigations of the pyramidal

. s i 2- 2- 2- . 2—
together with the complementary X-ray emission and photoelectron anions 50,27, Se04°" and Ted3<~ (C3y) and the tetrahedral anions 50,77,

. . 2= 2- —emissi
spectra aligned on a common energy scale one can build up a consistent Se0,, and TeOA (Td). We have measured the 0 K-emission spectra of

picture of the electronic structure of these oxyanions. The orbital these oxyanions. The O K-spectrum reflects the relative amount of the

energies and the relative 0 2p population of the orbitals are compared 0 2p component which contributes practically to all molecular orbitals of

with theoretical predictions. the anions. To determine the energy positions of the orbitals precisely,
we use in addition to the O K-spectra the complementary X-ray and
photoelectron spectra measured recently by other authors or those that
appear particularly reliable. Tt is helpful for the interpretation of the

spectroscopic data that within each of the two groups of divalent oxyanions

the central atoms belong to the same group of the Periodic Table. Therefore,
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within each group ol oxyanions similarities of the electronic structure
and systematic changes of the shape of the spectra are Lo be expected.
This provides additional support to establish the electroniec structure

also in cases where no theoretical predicitons are available.

2. Experimental

The 0 K-spectra were excited in fluorescence using the synchrotron
radiation of the storage ring DORTS at Hamburg. The measurcments were

made on a 2 m concave grating spectrometer which has been described
elsewhere {3). All the spectra were obtained using a step-scanning
technigue. The polycrystalline samples were cooled with liquid nitrogen.
The angle between the direction of emission and the sample surface

(= take-of[ angle) was about 9°, The spectral resolution was approxzimately

0.5 eV,

3. The O K-spectra of the pyramidal ions 8032', Se032“ and Te032‘

The O K-spectra of the pyramidal ions 8032‘, 89032' and TEDBZ' (C3y)
have been measured for the first time. The spectra are presented in
Fig. 1. By separate measurements the relative energy positions of the

three spectra were determined with an accuracy of 0.1 eV.

As cap be seen, the spectra are similar on the whole but differ in details.
The positions of the structural [eatures are denoted by capital letters.
The broken lines under the experimental curves indicate locations and
relative intensities of the resolved component peaks. The results are

summarized in Table 1 (features I ). We note that the relative inten-—

expPs

sities of corresponding structural features are of similar magnitude, but

the positions of some peaks with the same designation change systematically.

The ion 50 32'

The sulfite jon bas been studied most extensively both theoretically
(4-8) and experimentally (8-19). In addition to the 0 K-spectrum,
the S Kfi-spectrum (13-17), the § L2,3~spectrum (8, 18, 19) and X-an

photoelectron spectra (9-12) are available.

In Fig. 2 the 0 K-spectrum measured for NajS04 together with tﬁe S
L2’3—spectrum of NayS03 (8) and the 8 Ki-spectrum of K504 (14) are

shown. The energy positions of structures in the § Ly, 3-spectrum

actually refer to structures in the L3j-spectrum. These energies were
determined after the Lp-spectrum had been subtracted from the § Ly 3y-spectrum
assuming the intensity ratio of Ly and L3 to be 1:2, and spin-orbit

splitting to be 1.2 eV.

In the upper part of Fig. 2 the X-ray photoelectron (XP) spectrum measured
for LL2503 (12) is shown. At the top, the theoretical results of a MO-

calculation (8) are added.

211 spectra have heen aligned to a common energy scale considering the
width and position of structural features and also the calculated
population of the atomic components of the valence orbitals. For details
of the correlation of the different individual energy scales see Ref. 1

and 2.

From the aligned spectra eight common structures are obtained - indicated

by vertical lines - which are correlated with molecular orbitals. The high
energy structures A and A' in the O K-spectrum (Fig. 1) cannot be attributed
to molecular orbitals. These structures may be caused by absorption

structure or by high energy satellites. It is also impossible to identify
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the structures at about 152 eV and 164 eV in the S Lz’g—spectrum with
molecular orbitals (Fig. 2). As to orbital 3e, the calculated S 3p
population (0.48) is considerably higher than expected from the
intensity in the S KB-spectrum at about 2471 eV.— [t should be mentioned
that there are a number of discrepancies between the molecular orbital
interpretation of other authors and the present interpretation based on

more complete spectroscopic data.

The binding energies of the orbitals as determined from the entirety of

the aligned spectra are listed in Table 1. For O ls a binding energy of
-531.5 eV is obtained, in good agreement with =531.9 eV {20} and -531.8 eV
(11) resulting from XPS measurements. The binding energy of the S 13-
level is -167.1 eV; the value obtained by Narbutt {16) is smaller by

0.75 eV {-166.35 ev). For the S K-level the resultant binding energy is
-2477.2 eV; 1in this case Narbutt's value (using the binding energy of the
§ La-level and the energy of the § Kal,z-lines) is considerably smaller
(-2475 eV). This comparatively large discrepancy may have different causes

which, however, may not be due to the alignment of the various spectra.

As can be seen from Table 1, the relative intensities of the structural
features of the O K-spectra on the whole are in satisfactory agreement with
the calculated O 2p populations. The calculated O 2p component in the
orbital le is zero. The observed intensity of the corresponding feature is
indeed small, but clearly measurable and even more intense than the 0 2p

component of orbital laI.

The ions Se032- and 19032_

For the oxyanions Se032_ and Te032' up to now only the XP-spectra

measured by Nefedov et al. (11) were published. Samples of L125203 - Hy0
and LisTeQq were used; their spectra are shown in Figs. 3 and 4,
respectively. The XP-spectrum of water-free NaZSeO3 measured by Hayes (21)
is in good agreement with the spectrum of Fig. 3, except for the region

of the 0 2s orbitals, where it is disturbed considerably by the Na 2p
photoelectron lines. The O K-spectra shown in Figs. 3 and 4 were obtained
using samples of waterfree LiQSeO3 and LizTeD3. The energy positions of

the features and their estimated errors are listed in Table !.

The alignment of the O K- and the XP-spectra in Figs. 3 and 4 is based
only on the features of the spectra, because no further spectroscopic

results are available. The binding energies obtained by this alignment

2_

are listed in Table 1. The binding energies for 0 ls in Se032' and Te03

are -530.6 eV and -530.3 eV, respectively. These values are in close
agreement with those reported by Nefedov et al, (11) (-530.9 eV and

-530.3 eV). This agreement confirms the coordination of the spectra,

Up to now no MO-calculations for these oxyanions are available. The
identification of the valence orbitals was based on the similarity of the

0 K- and also of the XP-spectra of the three pyramidal oxyanions, together
with the electronic structure of the 5032_ ion as determined in the previous
section. From the 0 K-spectra, information is obtained in particular

about the region of the outermost orbitals. The shoulder at about 520.5 eV
which shows up in the O K-spectra of all three ions (and which has no

analogue in the XP-spectra) is to be attributed to the orbital 3a;. With



the help of the X-ray spectra a better localisation is obtained for
the four outermost orhitals than with the XP-spectra alone, the orbitals

4e and lapy, however, cannot be resolved.

The positions of the more tightly bound orbitals of the three oxyanions
are well defined by the XP-spectra (Figs. 2, 3 and 4). With increasing
atomic number of the central atom the spacing between the 0 2s orbitals

decreases.

The similarity between the intensity distributions of the O K-emission
spectra (Fig. 1, Table 1) shows that the valence orhitals of the icns
Se032_ and TeOJZ- have about the same composition as those of the iom

5032‘ at least as far as the O 2p components are concerned.

4. The O K-spectra of the tetrahedral ions 5042_, 5e0,2- and Te0,2~

The 0 K-spectra of the jons §0,27, 5e0,2~ and Te0,2” are presented in
fig. 5. The energies of the structural features and the experimentally
determined relative intensities are listed in Table 2. In a separate
measurement the positions of the three spectra relative to each other

were determined with an accuracy of 0.1 eV.

The shape of the spectra and the energies of structures D, B, A and A'
change systematically from SDAZ" to TeOAZ’. The similarity of the shapes

and their systematic change facilitate the interpretation of the results.

The ion 5042_

The electronic structvre of the sulphate ion has been the subject

of several investigations., Dolenko et al. (22, 23) have measured

all X-tay cnission spectra applying fluorescence excitatlon, and
correlated these spectra with one another and with the XP-spectrum
(9, 24) using the binding energies of the care levels and the energy
of the S Raj-line. Since thesc authors have not measured the ;pectra
in their whole energy range and only with low resolution, it seemed
worthwhile to retreat the electronic structure with spectra better

resolved and measured over the whole energy rangc.

In Fig, b are shown the O K-spectrum of Li,50, measured in the present
investigation together with the § KR-spectrum of K,80, (25) and the

S L2'3—spectrum of Na,S0, (26). 7Ta correlate the spectra with one another
the energies of the structural features of the Lj-spectrum were nsed.

Also shown in Fig. 6 are an XP-spectrum (12) and UP-spectra (7) of Liy50,.
The UP-spectrum (He L[) resembles the O K-spectrum since in UPS predomi-
nantly the p-components are reflected, and because the O 2p population

is much higher than Lhe § 3p population and concentrated upon the upper

orbitals.

For the sulphate ion numerous MD-calculations have Leen performed (5, 6,
9, 15, 27-32) part of which exhihit considerable differences. O all
these calculations the one by Johansen (27) agrees best with the distri-

bution of the orhitals and therefore is used in Fig. 6.




From the spectra aligned to a common energy scale we obtain for the

2= jon seven different energy states which can easily he identified

S0,
(Table 2). Because of the Ty-symmetry of the ion, transitions to the
S K-level occur only from three ty orbitals., The corresponding

structural features are reflected in the S Kf -spectrum.

The other four orbitals were identified with the help of the MO-calcu-
lations. As to the intense structures of the spectra, our interpretation
of the spectra agrees with that of Dolenko et al. (22). The energies

of the orbitals, however, could be determined more accurately. The
binding energies are listed in Table 2, A satisfactory agreement is found
between the intensities of peaks in the O K-spectra (Fig. 5) and the

calculated O 2p componeuts of the valence orbitals (Table 2).

From the spectroscopic data the binding energies of the following
core-levels were also determined: =533.2 eV for 0 K, -169.8 eV for S L3,
and -2479.6 eV for S K. These values are in good agreement with XPS~
results (20): ~-532.9 eV for OK and -169.3 &V for S Ly. The binding
energy of the 5 K level as determined from the hinding energy of $S Ly 3
(-168.9 eV) (20) and the energy for the S Koy ,—lines (2309.0 eV} (23)

is -2477.9 eV. This value is by 1.7 eV smaller than the value determined

from the present results.

The ions SeOAZ' and Teobz‘

For the ion SeDAZ' only the X-ray photoelectron spectrum of LipSe0, « Hy0
measured by Nefedov et al. (11) is available. In the present study the

0 K-spectrum of a sample of water-free LiQSeOL was measured. The two
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spectra are shown in Fig. 7.

MO-calculations have been carried out by Hijer et al, (32) and by Shchego-
lov and Dyatkina (33). The results of the latter authors are shown at the

top of Fig. 7.

The O K-spectrum of Seoéz“ is interpreted by utilizing its XP-spectrum
(11) and considering also the O K-spectrum of SOhZ_. The positioning

of the orbitals and their binding energies are presented in Fig. 7 and
Table 2, respectively. The three outermost orbitals le, 3t and It are
to be identified with the main peak of the 0 K-spectrum, and the orbital
2ty corresponds to the peak at about 522 eV. The small width of the main
peak of the O K-spectrum indicates that the spacings between the three

outermost orbitals are smaller than the values predicted by theory (33).

The intensities of the structures of the O K-spectrum agree satisfactorily
with the calculated O 2p components of the corresponding valence orbitals
(Table 2)., The resultant binding energy of O Is is -532.1 eV which is

identical with the result obtained by Nefedov et al. (11).

The O K-spectrum of Teth', for which up tc now neither experimental nor
thearetical results are available, was measured using a sample of LizTeD&.
The positions of the orbitals, obtained by comparing the O K-spectra of
0,27, 80,2 and Te0,?~ (Fig. 5) are listed in Table 2, together with the
experimentally determined intensities. Since the intensity distributions
of the O K-spectra of the three oxyanions with tetrahedral symmetry are similar,
it follows that the composition of the valence orbitals - at least as far as

7-

the O 2p components are concerned — in the ion Te0, is similar te that of

the two other oxyanions.
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