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Abstract

Using synchrotron radiation for excitation, the K-emission spectra of nitrogen
and oxygen in no; and uo; and of carbon and oxygen in 00§- were measured.

The x-ray spectra together with available photoelectron spectra permit a pre-
cise positioning of the occupied orbitals of the anions. The intensities of
the x-ray spectra provide information on the atomic orbital composition. In
general the agreement between the experimental results and those of MO-calcul-
ations is satisfactory; in some cases, however, there are considerable dis-

crepancies.

1. Introduction

The electronic structure of oxyanions has found considerable interest in recent
years. Numerous oxyanions have been studied by photoelectron spectroscopy and
to some extent also by x-ray spectroscopy. In an x-ray spectroscopic study of
the POZ--ion recently published (1) it could be shown, that the x-ray emission
spectra of both atoms of an oxyanion in combination with photoelectron spectra
and MO-calculations allow a consistent description of the electronic structure

of the occupied states of the ion.

The present paper is a report on the x-ray K-emission spectra of nitrogen and
oxygen in NOE and N0; and of carbon and oxygen in C0§-. On account of the
dipole selection rules the K-emission spectra reflect atomic components with
p-like symmetry. The x-ray photoelectron spectra (XPS) generally reflect all
orbitals. Since for light elements the cross section ratio ol/o >> |, for
the oxyanions in question orbitals with components of s-like symmetry contri-
bute most strongly to the photoelectron spectra. So in the present study x-ray

spectra and photoelectron spectra complement each other.

The x-ray spectra together with the photoelectron spectra allow a more precise
determination of the positioning and of the binding energies of the orbitals.
Information on the atomic orbital composition is obtained from the intensities
observed in the x-ray spectra. The results are compared with those of MO-

calculations of the three oxyanions.

2. Experiment

The spectra were observed in fluorescence using for excitation the synchrotron
radiation of the storage ring DORIS at the Deutsches Elektronen-Synchrotron
DESY in Hamburg. A 2 m concave grating spectrometer was used to disperse the
radiation (2), and an open parallel plate multiplier served as detector (3).
The instrument was calibrated with the help of the 0 K-spectrum of Sio2 (4),
the dispersion curve of the instrument being known. The spectral resolution
was about 0.6 eV, except for the observation of the very weak low-energy part

of the oxygen K- spectrum where it was reduced to I eV.

The samples were prepared by rubbing powdered n.noz. LiHOJ, and Li2c03 under
dry argon gas onto scratched aluminium plates. The plates were mounted on a
holder cooled with liquid nitrogen. The take-off angle was always 9%, At 2 Gev
and 150 mA typical counting rates for the main peak of the spectra were about




10j c/min.

. N -8
The pressure it the sample chamber was less than 10 ~ torr. Test measurements
were made to make sure that the spectra were not disturbed by contamination of
the samples. All compounds proved to be stable during the time of several runs.

The time for one run varied between 0.5 and 2 hours.

3. Aligument of the x-ray and photoelectron spectra and comparison with

MO-calculations

The x-ray specvtra ol oxygen and the central atoms of the three oxyarions
extend over an energy range of about 30 ¢V. The main intensity is concentrated
in a region of about 10 eV in the high energy part of the spectrum. The

structures in the low energy part are very weak especially in the 0 K-spectrum.

In arder to determine the pasitions and the intensities more precisely, the
cbserved x-ray spectra were separated graphically into symmetrical components,

as far as this was possible.

Some orbitals show up as features in the spectrum of both the central atom and
the oxygen atom. Hence it i{s possible - by means of the spacing of these
structural features - Lo align the two spectra so that features corresponding
to a certain orbital appear below each other. The spectra thus aligned are
shown for the three ions in Figs. 1-3. As can be seern, nearly all f{ealures in
the oxygen spectrum correspond to a feature in the nitrogen or carbon spectrum,
respectively. - The XP-spectrum can be aligned Lo the x-ray spectra in the same

MANNCT .,

The posilions of the occupied valence orbitals as determined by this alignment
of the x-ray and photoelectron spectra are unambigvous; they are indicated in
the tigures by vertical lines. - Using the position of the vacuum level fixed
by the XPS-measurements one obtains values of the binding energies

of the orbitals which are more precisc than thase derived only from XPS-curves.

The orbitals found spectrosconically are then compared with the results of
MO-calculations of the iun in question (inserted in the upper part of the
figures). The assignment of the orbitals was carried out with the help of the
calculated orbital energies and the population data. To correlate the energy
scale of the calculated and that of the spectroscopically found orbitals the

first one was shifted to adapt the orbitals with a high 0 2p-component to the

mait maximum of the O K~emission spectrum. It will be secn that the assigament

can be carried out unambiguously.

The Intensity distribution of the x-ray spectra provides information ahoul the
relative populatiocs of the moleculzar orbitals. Since the number of transitions
is approximately proportienal to Lhe population of an orbital with 2p-compo-
nents (5), the relative intensity distributicas in the K-spectra correspond
approximalely to the relative populations of the atomic p-components ¢f the

orbitals.

It should be stated here, that the hole in the K-shell of an ozygen atom has
no measureable effect on the electronic structure of the oxyanion (6)}. More-
over the oxygen K~sgpectra of an oxvanion frum different salts do not show an

influence of the cation within the aecuracy of the measutrements (1).

;

4. Results

The NO,-Ion

The x-ray emission spectra of nitrogen and oxygen of the oxyanion N0; have boen
measured for the Pirst time. Two XPS-measurements have been reported (7)(8).

The x-ray spectra cbtained with a sample of Nano,
¥PS-curve of LiNO, of Calabrese and Hayes (7) are shown in Fig. I.

together with the newest

The various MO-calculations of NO; (sz—symmetry] do not show siganificant
differences (9-13), the newest ones being practically identical. The results

of the calculation of Pfeiffer and Allen (12) were used for a comparison with
the spectroscopic data. In the upper part of Tig. | are inserted the caloutated
positions of the orbitals and the partial gross population (in electrons) of

N 2s, N 2p, 025 and O 2p. ~ As can he seen, all states Pound spectroscopically
- with the exception of the low maximum at 381.7 eV in the N K-spectrum -

correspond Lo orbitals obtained in the calcularions.

The euergy values of the srructural features of the two x-ray spectra and the
values of the binding energies of the orbitals are presented in Table 1. Ob-
viously the x-ray spectra contribute considerably to a better determination of
the hinding energies for the difterent orbitals. It is true, the binding ener—
gies of the inner three valence orbitals are weli defined by the XP-spectrum,
but a more precisc determination of the binding energies of the outer orbitals

is only possible with the x-ray spectroscopic data.



The coordinaticn of the XP- and K-spectra also allows one to determine Lhe

binding energies of the K-electrons of the two utowms. Using the zero-point o

=)

the XP-spectrum, one [iuds for the oxygen ls electrons a binding energy of
-531.,1 eV and for the nitrogen ls electron the value -402,8 eV, The latter
binding energy has also been measured by Wyatt et al. (13) for KNOZ; these
authots ovbtained a value of -403.3 eV, The gooad agreement of the two values

confirms the coordination of the XP- and N K-spectrum.

The integral intensities of the x-ray features oI both spectra in Tahle |

are given in percents of the total intensity of the spectrum. The values in

the next column give the calculated distribution of the 0 2p aad N Zp cozpo-
nents in percents of 311 O 2p and N 2p compounents. A comparison of thess values
with the spectral intensity values shows that in a few cases there are consider-
able differences. Some of these are such that they cannot be cxplained by the
inaccuracy of the graphical separation of the spectrz in compouents. In the

case of oxygen, the ratic ot the calculated O 2p components of the orbital

group (Lbz, ]az, ba]) - corresponding to the main maximum of the spectrum —

and of the orbital group (Jb?, Ibl) - corresponding to the lower maximum - 1is
2,5 ¢ |, while the measured intensity ratio is 7.5 : 1. A similar discrepancy
is found for nitrogen. The main maximum of the nitregen spectrum can be separat-
2d into two components with the intensity ratio of about 1.7 : 1, while the
ratio of the calculated N 2p components of the corresponding orbitals Sn] and
(3b b3 1s 0.5+ 1.

P

The NO;—lon

The x-ray spectrum of nitrogen in N03 has naot been mezsured so far. The x-ray
K~gpectrum of oxygen iun this ion was observed by two authers (14)(13). Mowever,
it seened desirable to remeasure the O K-speclLrum under better experimental
conditiong. A sample of T.iﬂ()3 wius used. For the same compeund three XPS-curves
have been published (7)(8)(16). The two x-ray spectra, together with the phote—

clectron gpectrum measured by Calabrese and Hayes (7), are shown in Fig.2.

MO~caleulations of the NO;—inn Lﬂah—symmerry) have been carried out hy Wvatt

et al. {13), and by Dolin et al. (17] with different methads. The somewhat
different results are inserted in the upper part of ¥ig.2, including the pepul-
aticit values calculated by Lhe latter authiors, All calculated orbitals are re-
flected in the spectra. However, there are [¢atures in all spectra at the

ligh energy end which cannot ne correlated with culeulated orbitals, Anotier

[eature in the spectra which cannotb be interpretated is the asvmmelry of the

maxima cerresponding to the 2¢' orbital,

ihe secuenve of the criitals as derived from the spectroscopic data is shown

in Table 2. There is a discrepancy berween the theoretical results of Wyatt et

al. (13) anc these of 2elin et al. (17) ceoncerning the orbitals 3e’ and I”E .

The XPS-dzta seem to conflitm Lhe scequence Tound by Wyatt et al., since only the
L

Je' orbital bas a component of s—symmelry which may be reflected hy the maximum
at a binding encrpgy of about -11.8 V. - The orbitals le" arnd la! have a se-
paration of 0.13 ¢V accerding to the [irst authors and 1.4 oV according to the
second authors. The intensily ard shape of the waln maximum ef the O K-spectrum

seem to be compatible only with the smaller vatue.

&s in the case of No;, the binding energies of the outer orbitals of Nuz are

berter defined by

Lthe x-ray spectra, whereas trose of the three inner valence-

tta:s ere better deterwined by thie XP~cspectra. — The binding energies of

[

or

the K-electrons as on

zined from the x-ray spectra are -332.5 eV for oxygen and
=407.7 ¢V for nitrogen, relative to the zero-peint of the XP-speotrum. These
values are ir good sgrecment with fhe mean vaiues ~533.0:0.2 eV for oxygen and
-407,5-0.4 eV for nitrogen, calculated by Neiedev et al. (18) from the results
of several fnvoestipations of XNOS. This agreement couflirms that the aligament

of the thr

Spectre 1s proper.

The calculated oxype 2p components of the orbitals are reilected in the
structural features of the x-ray spectrum with sutisiactory agreement (Tabrle 2).
However, in the case of nitrogen, toe intensity ratic of main maximun to lower

maximan 14

out iG:j, whereas the ratic of the corresponding 2p cemponents of
orbital groeup(3e', la;, éa;)und orbital 4’ is near 4:1.
Y

The Cag_-lon

-
For the €O, ~ion several XPS-measurements are available (7)(16)(19). The x-ray

emission spectrum of oxygen published by Koster (14} shows {ewer derails taan

were expecled, and therctore was remeasured. A sample of LiJC03 wits used, The

obgerved spectra are shown in Fig.3, tegether with the ¥P-spectrum of Li,C0

3

vasured by Calabrese and Kayes (7).

3
MO-calcuiations for the CO; -1on {Dgﬁ-symmetry
3

authore (F7 ,i9,20). Position and atomic compasition of the orbitals inscrte
5 19,20, H

nave been performed By sceveral



in Fig.3 are calculated by Connor et al, (19). The distauces of the orhitals
calculated by Tossel (20) are also shown in Fig.3, because they apree very well
- except for the somewhat too large sparing between le' and la) -

with thcse found experimentally. According to beth caleulations the orbitals
lag and 3e' are very close to each other, in agreement with shape and haif-
width of the main maximum of the ¢ K-spectrum. The sequence of the two orbitals
caunot be determined from the spectroscopiec  data. All calculated orbitals
are reflected ia the spectra, but there is structure in hoth spectra at the

high energy end which cannot be correlated with a calculated orbital.

The energy values for the structural details of the x-ray spectra and the
values for the binding energies are presented in Table 3. The binding enerygices
are well defined, with the exception of these for the orhirals SH; and 2e',

which are reflected in all three spectra by broad overlapping maxima.

The hinding energy of the 0 ls electrons relative to the zero-point of the Xb-
spectrum is found to be -531.2 eV, Nefedov et al. (I16) measurced -537.5 =V,
using LiZCOB’ This value is probably too hiph by about 5 eV, herause these
authors' values for the binding energies of Lhe valence orbitals are also by
about the game amount higher than thcse of the other authors (7, 19). - For

C 1Is the observed value 1s-288.8 ev.

For the intensities of the maxima of the oxygen K-spertrum and the 2p compo-
nents of the corresponding orbitals(la;, 1e"),4e" and (3e', laé)similar dis-

crepancies are found as in the case of NOZ. - The correspondence of the inten-

sities of the main feature in the carbon spectrum and of the Zp components

ot the orbitals(3e', la;)und 2e' is good,

Tt may be mentioned that, uccording to the selection rules,transitions from

orbitals la}, le", aund Ga; to the K-level are forbidden, and in the MO-calcul-

ations the C 2p component of these orbitals is zero. However, in the C K-spec~
trum there is weak but distinct structure in positions corresponding to tran-
sitions from these orbitals. Such transitions indicate possibly that the D, -

3h
symmetry of the cation is disturbed.

Summarizing it may be stated (hat all essential features of the spectrz can be
correlated with the calculated arbitals. The sequence of the cruoitals as de-
termined from the x-ray spectra is the same as that of the caloulated ones.

In many cases the distances of the calculated orbitals are too larpe, - Cine-
rally the intensity distribution of the K-specira reflects the population of
the atomic 2p camponents satisfactorily; in some cases, however, there are
considerable discrepancies. For a more quantitative compiarison czlealations

of the intensity distribution of the x-ray spectra should he available.
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Tab. | NO,: molecular orbitals (M0), observed binding energies in eV (BE)
energy values of corresponding features in the x-ray spectra in eV
(Features), observed relative intensities in the x-ray spectra (IeiP)
and calculated relative atomic 2p-components (Theory)

Oxygen Nitrogen

MO BE Features le‘p Theory Features lexp Theory
6a| -3,220,2 528.2%0.3 399.840.2 10 15,0
la2 -4,620,1 526.740.1 75 58,5 - 0 0
kbz -5,6%0,2 524.8%0.2 397.4%0.3 7 0,3
Ibl

-8,5%0,3 522.7%0.3 10 23,1 394.5%0.3 29 41,4
3b2
Sal -10,0:0,3 521.120.% 7 1,1 392.940.3 48 21,1
aal -13,6%0,2 518.5+1 4 4,8 - 0 5,0
2b2 ~25,3%1 506.5%1 3 0,5 377.6%0.6 3 13,8
3-, -30,5%] 501 %I 1 2,0 372.4%0.5 3 3,5




Tahk.

5
CO; : molecular orbitals (MO), observed binding energies in ev (BE)

energy values of corresponding features in the X-ray spectra in eV

(Features), observed relative inteasities in the x-ray spectra (I )
- e

and calculated relative aromic

Tab. 2 NOE; molecular orbitals (MD), observed binding energies in eV (BE),
energy values of corresponding fealures in the x-ray spectra in eV
(Features), observed relative intensities in the x-ray spectra (T‘\xp
and calculated relative atomic 2p-components (Theory)

Oxygen Nitrogen
M 0 B E Features T Theorty Features Theory
exp exp
t 1 7] -
1a2
-5.610.2 526.85tQ.15 0 0
1" 75 |} 74 -
4e’ -7.4£0.2 525.0¢ 0.2 399.7:0.2 8 14
Je' -11.8:0.2 521.92 +0,15 395.3L0.3
Fia | b2t
la} -13.2¢0.2 - 394.0¢£ 0.2 81 38
4a -14.510.2 518.2 0.5 4 1.6 393.0%0.3
2¢’ -26.210.8 506.7 *0.8 5 1.6 381.1+0.8 11 28
3ai -31.740.8 501.2 10.8 2 2.3 - 0 0

lJo—components {Theory)

xp

Oxvgen Carbon
MO B E Features 1 Thecry | Features 1 Theory
exp exp
.

laz

-5.100.% 526.2+0.1 283.9£0.2 4 0
le" 80 66
be’ -6.240.2 525.150.2 ¢, 4
3e"

-9.9+0.2 521.4x0.2 13 25 279.0%0.1 69 73
la!!
ba’ ~12.110.2 519,140, 3 3 6.7 276.6%0.4 4 0
2e’ ~24.011 507.240.8 2 0.7 265.0:0.4 23 23
33; —26.6Fk1 504.510.5% 2 1.3 - 0 0
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electron
Fig. 2 0 K- and
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Fig. 3 ¢ O K- and

electron

Figure Captions

N K-emission spectrum of No;

spectrum (7), and calculated

N K-emission specirum of N0;

spectrum (7), and calculated

.. 2~
C K-emission spectrum of CO

3

spectrum (7), and calculated electronic structure (19)(20).

together with X-ray photo-

electronic structure (12).

together with X-rav photo-

electronic structure (13)(17),

together with X-ray photo-
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