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Abstract

7— 7The oxygen K-eraission spectra of the oxyanions SO^ , Se03z~,

TeQo2~ and S0,2~, SeO,2~, TeO, are reported. From the 0 K-spectra

together with the complementary X-ray eraission and photoelectron

spectra aligned on a common energy scale one can build up a consistent

picture of the electronic structure of these oxyanions. The orbital

energies and the relative 0 2p population of the Orbitals are compared

with theoretical predictions.
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l . Introduction

In two previous papers we have reported on X-ray spectroscopic studies

of the oxyanion P0.3- (1 ) and the oxyanions NOj", NO ~ and CO 2~ (2) .

It has been demonstrated that if all X-ray Emission spectra of the

d i f fe ren t atoms of an ion are measured, with the additional Information

from photoelectron spectra and theoretical MO-calculations, a rather

accurate description of the electronic s t ructure uf the occupied molecular

orbitals can be obtained.

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 eraission

spectra provide Information äs tn what extent the individual atomic

orbitals do contrihute to the molecular orbitals.

In the present paper we report on similar investigations of the pyramidal

anions S032~» Se°;j2~ arLrf TeO-j2" (C3v) and the tetrahedral anions S0^2~,

SeO/2- anj TeO,^~ ^A^ • "e have measured the 0 K-emission spectra of

these oxyanions. The 0 K-spectrum ref lects the relative amount of the

0 2p component which contributes practically to all molecula r orbitals of

the anicns. To determine the energy positions of the orbitals precisely,

we use in addition to the 0 K-spectra the complementary X-rav and

photoelectron spectra measured recently by other authors or those that

appear particularly reliable. It 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 Lhe Periodic Table. Therefore,



within each group öl oxyanions s imilari t ies öf the electronic s t ructure

and systematic changes of the shape of ehe spectra are Lo be expected.

Thts provides add i t iona l support to establish the electronic structure

also in cases where no theoretical predicitons are avai labLe.

2. Experimental

The 0 K-spectra were excited in fluorescence using the Synchrotron

radiation of the storage ring DORIS at Hamburg. The meiisure.-ients were

made on a 2 m ctincave grating spectrnmeter which ha s been described

elsewhere (3). All the spectra were obtained using a step-scanning

teuhnique. The polycrystalline samples were cooled with liquid nitrogen.

The angle between the direction of emission and the sample surface

(= take-off angle) was about 9°. The spectral resolution was approximately

0.5 cV.

3. The 0 K-spectra of the pyramidal ions SO,2", Se032~ and TeO-j2"

The 0 K-spectra of the pyramidal ions SO,2", SeO,2- arld TeO-j2" (Cjv)

have been measured for the f i r s t time. The spectra are presented in

t'ig. I. Ey separate measurements the relative energy positions of the

three spectra were deterrnined wi th an accur.u-.y of 0.1 eV.

As r_an be seen, the spectra are similar on the wholc but d i f f e r in details.

The positions of the sLructura! f t j a tu res are denoted by c.apital let ters .

The broken lines under the experimental curves indicate locations and

rela t ive inte.nsities of the resolved conponent peaks. The results are

summarized i n T a b l e l ( features Iexp.). We note that the relative inten-

sities of corresponding structural features are of similar magnitude, but

the positions of some peaks wi th the same designation thange systematically.

The ion S

The Sulf i te ion has been stutHe.d most extensively both theuret ica l ly

(4-8) and experimc.nLally (8-19), In addition to the 0 K-speetrum,

the S Kp,-spectrum (13-17) , the S L2 3-spectruir. (6, 18, 19) and X- ray

photoelectrtin spectra (9-12) are available.

In Fig. 2 the ü K-spectrum measured for Ma2SO^ to^ether wi th the S

1,2 -j-spectrum of NajSO^ (8) and the S K-spectrum of K2S03 ( 1 4 ) are

sbown. The energy positions of s tructures in the R L^ 3~spectrum

actually refer tu structures in the I^-spectrura, These energies were

determined af ter tlie L2~spectruiTi had been subtracted from the S 1,2 ^-spectrun

assuming the intensity ratio of l^^ and 1,3 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

fo r l^SO-, ( 1 2 ) is shawn. At the top, the theoretical r e su l t s of a MO-

ca lcula t ion (8) are added.

All spectra have heen aligned to a eommon energy scale considering the

width and position of s tructural features and also the calnulated

population of the atonic components of the val ence Orbitals . For details

of the r.orrelation of the d i f f e r e n t individual energy scales see R e f . l

and 2.

From the aligned spectra eight eommon structures are obtained - indicated

by vertical lines - which are correlated wi th molecular orbitals. The high

energy structures A and A' in the 0 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 ident i fy
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the structures at about 152 eV and 164 eV in the S L-. ,,-spectruin 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 Kß-spectrum at about 2 4 7 1 e V . — I t should be mentioned

that there are a number of discrepam-ies between the molecular orbital

Interpretation of other authors and the present Interpretation based on

rnore complete spectroscopic data ,

The binding energies of the Orbitals äs determined from the entirety of

the aligned spectra are listed in Table 1. For 0 1s a binding energy of

-531.5 eV is obtained, in good agreement with -531.9 eV (20) and -531.8 eV

( I I ) resulting froro XPS measurements. The binding energy of the S L-j-

level is -167.1 eV; the value obtained by Narbutt {16} is smaller by

0,75 eV (-166.35 e V ) . For the S K-level the resultant binding energy is

-2477.2 eV; in this case Narbutt 's value (using the bindirig energy of the

S L3-level and the energy of the S Kc<| ,-lines) is considerably smaller

(-2475 eV). This comparatively large discrepancy roay have different causes

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

As can be seen from Table l, the relative intensities of the structural

features of the 0 K-spectra on the whole are in sa t i s fac tory agreement with

the calculated 0 2p populations. The calculated 0 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 l a . .
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The ions Se03 " and TeO-,

2- •)_
For the oxyanions SeO^ and TeO-j^ up to now only the XP-spectra

measured by Nefedov et a]. ( I I ) were published. Samples of L ioSeOo • H^O

and Li2TeO-j were used; their spectra are shown in Figs, 3 and 4,

respec tively , The XP-spectrum of water-free Na-SeCU 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 0 K-spectra shown in Figs, 3 and 4 were obtained

using samples of waterfree l^SeO., and Li jTeOo. The energy positions of

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

The aligrenent of the 0 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
r.

are listed in Table 1. l'he binding energies for 0 1s in SeOo'- and TeU

are -530.6 eV and -530.3 eV, rcspectively . These values are in dose

agreement wi th those reported by Nefedov et a l , ( 1 1 ) (-530.9 eV and

-530.3 cV) . This agreement confirms the coordination of the spectra.

2-

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

2-with the electronic structure of the SOg ion äs determined in the previous

section. Frorn 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 0 K-spectra of all three ions (and which has no

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



the help of the X-ray spectra a better localisation is ubtained fo r

Ehe four outermost orhi ta ls than with. the XP-spectra alone, the Orbi ta l s

4e and la^, houever, cannot be resolved.

The positions of the more t ightly bound orbi ta ls üf the three oxyaniong

are well defined by the XP-spectra (Figs, 2, 3 ;ind 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 0 K-eniission

spectra (Fig. l, Table 1) shows that the valence nrhitals of the ions

T— 2-SeO„^ and TeO-, have about Lhe same composition äs those of the ion

SO,2- a£ least äs far äs the. Ü 2p components are concerned.

4. The 0 K-spectra of the tetrahedral ions SO^ ~, SeO^2" and TeO^-

The 0 K-spectra of the ions SO^2", SeO, 2~ and Te0^2~ are presented in

Fig. 5. The energies of the structural features and the cxperimentally

determined relative intensities arc listed in Table 2. In a separate

measurement the positions of the threc spectra relative to e.ich other

wete determined with an accuracy of 0.1 cV.

The shape of the spectra and the energies of structures D, B, A and A'

change systematically from SQ42~ to TeO,2". The similarity of the shapes

and their systematic changc Eaci l i ta te the Interpretation of the results.

The ion SO
2-

The elecLronic structure of the sulphate ion has been the subject

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

all X-ray n~iission spectra applying f luorescence excitation, and

correlated these spectra wi th one another and with the XP-spectrum

(9, 24) us ing tlie binding ener^i^s of the ccrc levöls and the ener^y

of the S K(X|- | Ine. Since thesc au t. hör s have not measured the spectra

in their whole energy ränge and t m l y with low resolut ion, it seemed

worthwhile to retreat the electronir structure with spectra better

resolved and measured over the whole energy ränge.

In Fig. b are shdwn the 0 K-spectru^. of Li2SO^ measured in the present

investigation together w i t h the S K B-spci: trum of K-,SO, (25) and the

S 1-2 •j-spectrum of Ka2SO^ (26) . To correlafc the spectra with one another

the eno.rgi.es of ehe structural fea tures of the l.^-spectruri were nsed.

Also shown in Fig . 6 are an KP-spectrum ( 1 2 ) and l!P-spectra (7) of L^SO^.

The UP-spectrum (He II) resemble.s Lhe 0 K-spectrum since in VPS predomi-

nantly the p-cOpponents are ref lec ted , and because the 0 2p population

is much higher than the S 3p popul.it i im and concentrated upon the upper

orbitals .

For the sulphate ion numerous MO-calculations have been performed (5, 6,

9, 15, 27-32} part of which e i : h i h L L considerafcle d i f f e r ences . Of all

these calculat ions the one by Johansen (27) agrees best with the distri-

bution of the orbitals and therefore is used in Fig. 6,
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From the spectra aligned to a cornmon energy scale we obtain für the

SO^' ton seven different energy states which can easily be ide.ntified

(Table Z ) , Because of the Td-symmetry of ehe ion, t rans i t ions to the

S K-level occur only from three t-^ orbitals. The corresponding

structural features are ref lected in the S Kö -spectrum.

The other four orbi tals were identified with the help of the MO-calcu-

lations. As tn the intense structures of the spectra, our Interpretat ion

of the spectra agrees with that of Uolenko et al. (22 ) . The energies

of the orbitals, however, could be determined more ac.cnratc] y. The

binding energies are llsted in Table 2. A sat isfactory agreement is found

between the intensities of peaka in the 0 K-spectra (Fig. 5) and the

calculated 0 2p components of the valence orbi tals (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 L-j,

and -2479.6 eV for S K. These values are in good agreement with XPS-

results (20): -532.9 eV for 0 K and -169.3 eV for S L-J. The binding

energy of the S K level äs determined from the binding energy of S I^ 3

(-168.9 eV) (20) and the energy for the S Kft ] (2-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.

2-The ions Se04z" and TeO,

For the ion SeO,^~ only the ^-ray photoelectrnn spectrum of Li

measured by Nefedov et al. ( 1 1 ) is a v a i l a b l e . In the present study the

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

MO-calculations have been carried out hy Hüjer 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 0 K-spectrum of SeO^ ~ is interpreted by utilising its XP-spectrum

2—( 1 1 ) and considering also the 0 K-spectrum of SQ^ . The positioning

of the orbitals and their binding energies are presented in Fig. 7 and

Table 2, respectively. The three outermost orbitals le , 3t2 and l t . are

to be identified with the main peak of the 0 K-spectrum, and the orbital

2t2 curresponds to the peak at about 522 eV. The small vidth of the main

peak of the 0 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 0 K-spectrum agree sat isfactor i ly

with the calculated 0 2p components of the corresponding valence orbitals

(Table 2) . The resultant binding energy of 0 1s is -532.1 eV which is

idcnt ica l with the result obtained by Nefedov et al. ( I I ) .

The 0 K-spectrum of TeO;,2 , for which up to now neither experimental nor

theoretical results are available, was measured using a sample of Li^TeO..

The positions of the o r b i t a l s , obtained by comparing the 0 K-spectra of

SO^2-, Se042~ and Te042~ (Fig. 5) are listed in Table 2, together with the

experimentally determined intensities. Since the intensity distributions

of the 0 K-spectra of the three oxyanions wi th tetrahedral symmetry are similar,

it fol lows tha t the composition of the valence orbitals - at least äs far äs

the 0 2p components are concerned - in the ion TeO, is similar to that of

the two other oxyanions.
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Tab. 2; SÔ  , KeO^ , TeO^ : molecular Orbitals (MO), notation (N), energy values of corresponding features

in the 0 K-spectrum in eV (features), observed binding energies in eV (BE), observed relative intensities

in the 0 K-specera (Iexp) and calculated relative atomic 2p-component (theory) for SO^2" (27) and Se0 2̂~ (33)

MO

]tl

*t 2

le

2t?

2a,

It2

la,

N

A'

A

S

C

D

E

F

G

so42~
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