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Abstract

Using Synchrotron radiation for excitation, ttie K-emission spectra of nitrogen

and oxygen in NO and NO- and of carbon and oxygen in CO. 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.

l. 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 P0^~-ion recently published (l) 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
- - 2-

oxygen in NO and NO, and of carbon and oxygen in CO, . 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 o /o » ! , for
s p

the oxyanions in question orbitals with components of s-like symnetry 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 HO-

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 Kamburg. A 2 m concave grating spectrometer was used to disperse the

radiation (2), and an open parallel plate multiplier served äs detector (3).

The instrument was calibrated with the help of the 0 K-spectrum of SiO. (4),

the dispersion curve of the instrument being known. The spectral resolution

was about 0.6 eV, except for the obeervation of the very weak low-energy part

of the oxygen K-apectrum where it was reduced to 2 eV,

The samples were prepared hy rubbing powdered NaNO., LiNO,, and Li.CO- 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



Tht> pressure i r. t he sample ehamber was Less t h a n 10 t o r r . Test mea^üreü ie i i i . H

were made to make su re that t'ue spec t ra were mi t r i isturbed hy e . ; > n t a m i n a t i o n of

the .samplcs. A l l conspounds proved to he s tabie du r ine the t ime of several runs .

The t ime for o:ie run var ied he tween O . i and 2 h t m r s .

The x-ray spectra of oxygen a Lid the central atoms of the three oxyar.ions

extend ovcr an er.ergy ränge of about '30 cV. The main i n t e - n s i t y is conccil ra tcd

in a region of about 10 eV in the liigh energy part of the spec t rum. The

s t ruc tu re_> ; in the lov energy par t ;;re very weak e spec i a l ly in the 0 K-sper t mm.

In order t o de te rmine the pns i t ions and the inteiisit ies more p rec i se ly , the

observed x-ray spectra were separati?J g r a p h i c a l l v in L o symrneLrica l componenLs ,

AS fa r äs t h i s was possi b l e .

Sotne O r b i t a l s sliow up äs f ea tu res in Lhe spi ' . i :Lrum i;f h o L h Lhe t i tm t r a l atom and

the oxygen atom. Hence it is possible - by means of the spacing of these

structural f ea tu res - L« a l i g n t.hc t wo spectra so th^it t e a tu r c s corrosponr i i ns j

tu a t e r L a i T i o rb i ta l appear below each other. The spectra Lhus a l igned are

shown for the three ions in Figs. 1-3. As i-.an be KP.er, near l y n M f eaLur t in in

the uxygtiii s p i ^ c L r u m corrcspond to a f ea tu re in the nitrogen or carbon spectrum,

respect ively. - The XP-specLrum f.an be al i^ned Lo the x-ray s p ü f t r a in Lhc. s am«;

manner.

Tht- p c i s i L i o n s «f the occupied valence Orbi ta l s äs determined by this al igrtraent

of the x-ray and pho toe lec t run spcct ra are unambiguous ; they are i n d i c a t e d in

the t i g u r e s by ve r t i c a l l ines . - U s i n g the pos i t ion uf the vai:uum level f ixed

by the XPS-measuremenLs onc obtains valu^s of Lhe b i n d i n g energies

o£ the orbitals which are more prec. i so i.han th«se drrived n n l y f rom XPS-curvt>.s .

The o rb i ta l s foimd spect roscooically are then compared witli the r e s u l t s of

HO-calculations of the i im in question (inserted in the upper part of the

f igures) . The assi^.nment of the o r b i t a l s was c-.arried t iut wit l i the help of the

calf-ula ted orbital energies and the population data . To correlate the energy

scaLe of the ca lcu la t ed and t hat of Lhe spct-.Lrosf.opi i:,i l l y tou:id orbi t;i\ L h n

f i r s t one was sh i f t ed tn adap t the o rb i ta l s w i th a high 0 Zp-component to the

The i i i t e h h i t y d i s Lr i i iu t i 0:1 :>i t h i - x-rav K p o c i r / i p r u v i d e s i n fo rnaL iiirs ; i hou l t h e

rcla t ive pupu la t iors o t" the mol e r u i e r orbi ta l s . S i iu'e the n u m h t - r öl t rni i ' it iont

is a p p r d K i ~at e ly pr i 'por L i i;na l t u L tu> p i i p u l .11. i :n i i t ~ an orbi ta l w i t n Ip-i'oiiip:)-

uen t s ( 5 ) , t h e r e l a t i v e in tens i ty d i s t r i b u t i c n s in the K.-sper t ra c o r r f s p u n d

appr(ixi;:;;il .o l y L ü t nc.1 r o l a l ive p n p u i a t ions of the atoraic p-compoiii--: l K c f t b i -

o rb i ta l s ,

It should be s ta ted l iere, that the hole In t l ie K- ; ;Ke l l of an nxy^en a t o m has

no measureab le e f f e c t on the e l e c t r o n i c s t r uc tu r e of the oxyan ion ( b ) . Mtir t ; -

over the oxygen K-spectra of an oxyanion f r u m d i f f t ' r c - i i L s a l t s do not show an

i n f l u e n c e of the ca t ion wi th in the accuracy of t'.ic measurem^nt s ( l ) .

The NO-,- Ion

The x-ray emission spectra of nitrogen and oxygen of the oxyaniou NO ha v t- büi-n

meaHiircid für Lhr. t i r s l r iir.e - Two XPS-measureraent s have been reported (7) (8).

The x-ray spectra obtained witli a sample of NaNO,, tugeLh^r wiLh i_hi>. nt'.wcHt

XPS-curve in LiNO, of Calabrese and Hfiyes (7) are shown in Fig. I.

The. vnrious MO-calcn i a t ions of MO-, (C^ -symmetry) do not show significant

dif ferences (9-13), the newest on«,s h(> ing prac Li t:a l l y i den t i cal . The r PH u l t s

of the calculation of Pfeiffer and Allen (12) were used for a comparison with

the spec t roscopic data. In the upper par t of Fig. l are inborted the r.a l c.ulatcd

pusitions nf the orbitals and the partial gross population (in electrons) of

S 2s, H 2p, 0 2s and 0 2p. - As can he seen, a l l statcs found KpecLrosfupic;j lly

- with the exception of the low maximura at 381.7 eV in the S K-spectrum -

correspOTid Lo orbi ta i s ob L a inod in l he calr.ulations .

Tiie energy val u PH of the s L-nie t nral teatures of the t wo x-ray spe.f tra ard the

values of the binding eaergii;s of t he n rb i La l s are p r es en Lud in Tab l e l . Ob-

viously the x-ray spectra contribute considerably to a better determination of

the hinding energies for t.'ie d i 11 erent Orbitals. It i s true , Lhc b ind ing ener-

gies of the inner three valence orbitals are well dcfim'.d hy the XP-spectrum,

bul. a more prc.cise determination of the binding energies of the outer Orbitals

is only possible with the x-ray spectroscopic data.



The. coordination of the XP- and K~spee t ra also a l lows one to dt ' te rmine Lhe

bindin^ energies of the K-electrotis of. l.hc. L wo ai.onis. Us ing the zero-point of

t h i ^ XP-spec t rum, one f indy f nr the oxygen 1s e lec t rons a h ind ing ener^y of

-531.1 t1 V and for the ni trogen 1s e l c - c t r o n t he va lue -'(02.8 eV. The l a t t e r

bindi : i£ encrgy has a l sn been measured by W y a t t et al . ( 1 3 ) for K N O . , ; t tu1 st

authors obtained a value of -403.3 cV. The good agreemer.t of t hu two v a l u e s

conf inr iH the coordinat ion of the XP- ;:nd K" K-speot rum.

The integral inte: is i t ie .s , uf Lhe x-ray r e a t u r e s of bot V, spectra in T a h l c l

are given in per cents of the total inLe.n.s i L y of t he spüc t rum. Tb e v a ! u e s i n

th« nc .xL column g ive the c a l c u l a t y d d i s t r i b u t i o n ot the 0 2p and K 2p corr.po-

nents in percents of all 0 2p and N 2p e u m p u : i « n t K . A rompar i so-i of t h i - s - v.-i lucs

with t he spt'ct ral intensi t y values »Viows t ha t in a Eew cases there are c n n s i d e r -

a b l e d i f f e r e n c e s . SORIH of Lhese a f i ' such t h ; i t t h c y c a n n o t bc L-xp la inc d by the

inaccuraey of the graphical Separation of the spec t ra in componen t s . In t L«

c;ise n r oxygen, the r a t i i : öl the c a l cu l a t ed 0 2p coraponents of the o r b i L a l

and of the orbi ta l group (3b,., I b . ) - cor responding t o ehe lower m a s ITT.URI - i?

2 ,5 : l , w h i 1t t hc1 nu^isured i n Lon y i t.y rat i o i s 7 . 5 : l . A y Im i l<ir d iscrepancy

is found for ni t rogen. The mal n ir.aximuc; of the n i t rogen s p e c t r u m cau be separa t -

ed into two components with the ir.tensity r a t i o of about 1.7 : l , vhüc '.he

rat io uf thfc r.alcul a t f id N 2p components of tht j K o r r e s p t i n d m g orh 1 1 al K '^:i- and

(3b? , I b j ) is 0.5 : l .

The N0~-Toa

Tbi- x-r;iy s p e c t r u m ot r.itroger, in NO. has nct been m e s ^ u r e d so f a r . The x-ray

K-spec t rum of oxygen in t h i s L o n was observed by tvo aati-.ors ( 1 4 ) ( I J ) . Howcver ,

I L seer.ed desirable to remeasure th r 0 K-spcci run u-^der b c t t c r exper imenta l

f t a l . ( 1 3 ) , and by Uol in e t a l . | !7) w i l h d i f f o r t ' n t mc thnc i s . The somewhat

d H ' t c r e n t r e su l t s a re inser ted in the upper par t c f r i g . 2 , i n c l i i ^ i n g t r ; L - p rp- . i ; -

a t i o s i values c a i c u l a t e d by Lhe l a t t e r a u t h c i r s . A l l c a l c u l a t e d O r b i t a l s are r e -

f l e c t e d in the spectra . However, r h e r r arc ( < - a t u r e s in a \ s p e r t r n ;n t i- .e

l . j g h cnergy end wh i i-h canno t be co r re l a t ed « i i h c.j l i - u l a t ed o r b i t a l s . Ar.ot ' . iür

l he fcequeiu'e 01 L:ii! e rb i t a l s äs dcr ived f rom the spec t roscopic da t a i s shown

in Tab le 2. There is a d i sc repa- icy berween the theore t ic;il r c s u l t s of U y a t t et

al. ( 1 3 ) an r. Lhust1 of I > c l i n et a^ , ( 1 7 ) concernir.g the o r b i t a l s 3e' and !a" .

llie XPS-Ja ta se.tm to u o n f i r " . t h f yi 'quen';e f o u n d by W y a t t et a l . , s ince only the

'Je' o rb i t a l has a compoiienl of B-syiiaiit t ry which mav be ref lee ted by the maxinura

a L a I; i rd ins ; ( •H IT^,V o r" a b o u t - ! l . B t -V . - The ,)rbi tal s l e" ar.d l ;\'r/ have a se-

parat i o;-, of 0. !3 i V accordi ng to the l i r K ! a u t h o r s and i .i rV a c r o r d i n g t o the

second au thors . TM- i n t c j n ; - i L v ai-d = ihape ot t h t- r n i n maximur; cl I h r 0 K-ypcc .L rum

seera t o be coapüt ib le onl> ^ i t h th t - ; mal I t r v;: l im.

b et l er de f ined :;y t l i t x-ray .npoc i < a , whercas t hose of the three inner va lence-

t;rb i t..1] .s. ;;re be 11 er de te rmined by the XP-£.pec t r a . - The h i :iti i 11 g o n c r g i i - ^ of

Che K-e lec t ronf äs <>:i LÜI ned f rom L h c - x-r;iy spec tra are -532.5 eV for oxygen and

- •'* O/ - '•' r V ior n i t r o g e n , rel a':ive t o t;;e ae ro -po in t öl t h e XP-^p^c l r um. These

values are i r. good j j ^ r e c m e n t w i th tr.e raean va lues -533.0:0.2 eV f o r oxygen a:-d

- 4 0 7 . 5 ~ 0 . H eV for n i t rogen , c a l c u i a t i ' < l by N c i c d c v et al . ( I S ) from the resu l t s

n f ;,n.'er;il -r.t 'os t i f.s t iir.s et KNO, . Tl i is agreemer.t eo::f i rr:.s thai . t h i r. l i r;.'in t n t

n f the t h r f e spectra i s p r u p f r .

Tb-: c a l c u l a t e d oxy i',<*-" 2p ( vriponer t s of the o r b i t a l s a r e r er l tc ted I:i t h t -

j f r u c t u r a l f e a t u r e s cf the x-ray spec t rum w i t h s;j t i s: a L' t ory r.greement (Table 2)

Howeve r , in the ca.se of n i t r o g e n , thr i n t e n ä i f v r a t i o of main maximun tu iower

raaximur ' i s i i - i i u t i O : S , w h e r e a s the r a t io of t l ie cor respondi i i f . - 2p i-c-r.jxnents oi

orb: t a l group (3e ' , l a" , = + a ! ):i:iü o rb i ' . 'il ie ' i s near 4 : 1 .



in F ig .3 are c . ih -u l a tod by Cotinor et a l , ( 1 9 ) . The d i s t a n r e s o: l _ : - , i > orh i i a l s

ca lcu la ted by Tossei (2(1) are a l so shown in F i g . 3 , becacse they apree ve ry w i j l l

- except for thc- somewhat too l arge .sp.ir ing he t wo er: l r" and \s\

with these found i-xperi :nenl n l ly. Accord ing to hoth ca l i - u l a t ior.s t h t - u r h i u i l s

l a" and 3e' are very dose t o t a rn o i h ö r , in Agreement w i t h shapo and ha l f-

width of the rnain m a x i n u i m of tne (' K-speetr i im. Thc- sequem'e of thc L wo o r b i t n l a

cainiot he d e t e r m i n e d frotn Uu- spcc t roscopie d a t a - A l l c a l c u l a t t - d orbit.il s

are r e f l e c t e d in Ehe spi 'ctra, bu t t her? if, s L rur tur i 1 in h n l" h spc-c t r;i ;it t he

higli ene r ̂ y rnd which canniH he correl a t. ed w i t h a c a l c u l a t e d o r b i t a l .

The energy va lncs for ehe a t r u c t u r a l de ta i l s of t iie x-r;iy spi'c tr;j and t he

va lues for t I I P h i n d i n p , rnc rg ics ;irr pre^ented i n Table 3. The h i n d i r i£ en t - r^ iüs

are wel l d c f i n e d , wi th the excep t ion of thosc for th*1 o r h i f ü l s 3;i! and Z e ' ,

which are r e f l e c t e d J T I ; i l l L h r c r spectra by broad o v e r l a p p i n g max i üi.i.

The b i n d ing energy of t he 0 1s elec t rons rcl a t i vo t o t he f.ero-point of t he XI1-

spectrum is fuund to be -531.2 eV, Hefedov eL al. (16) mo;iKiircd -537.5 = V ,

u.sin^ Li CO.. This v a l u c I K p r o b a h l y too high by about 5 eV, h e L . i u s e the.se

authors1 va luos for the b i n d i n g energies uf l tu- v.ilence o r b i t a l s are a l ^ o by

atnmL the same araount h igher Lhan thcse of the o ther au thors (7, 1 9 ) . - For

C 1s the observed va lue is-288.8 eV.

For the intens it ies of the maxima of the oxyge.n K-spcTtrnm and the 2p compo-

nents of the c.nrresponding o r b i t a l s ( l a ' l ü " ) , A e ' n n d ( 3 e ' , l a ' J s ia i i l a r dis-

crepancies are found äs in the case of HO... - The correspDndeiice uf Liu; i nLe t i -

E i t i K S of Lbe raain feature in the carhon aper i. rum and of the 2p components

of the orb i ta ls (3e* , la'');ir.d 2e ' is good.

It may be mentioned tha t , according to the selection r u l e s , t r a n s i L i o n s f rom

orbi ta ls l a ^ , l e", and /ia! to the K-lc.vel are forbidden, and in the MO-calcul-

ations the C 2p componeiit of these n r b i t a l s is zero. i luwever , in I h r C K-spee-

t rum LhiTe is weak but d i s t i nc t s t ructure in pos i t i jns corresponding to tran-

sitions f rom these o rb i t a l s . Such t r ans i t ions ind i t - . a t t p o s s i b l y that the D, -

sycimeLry of the cation is d i s tu rbed .

Summar iz ing it may be s t a t ed that all esseutial f e a t u r e s of t l i t : qpec t r i CST; be

correlated with the colculated (irbi t als. Thc sequeni'p of the er u i t.:i l H ;is tic-

Ler". i -u;d f roi.i L he x-ray s per. t ra i s t he same äs t h a t t>f t he o.al , u la ted ones .

In isany cäses the d i s t a n c e s öl t ho r a l c u l a t e d orbi t sl s are L o o l i i rp r . - f ' i ' no -

r a l l y thi! i c i t uns i Ly dis t r i h u t ion of Lhi 1 ü -Kpen.Lra rel lec Ls l.bf p o p u l a t i ^ n of

the a tomic 2p cninpnr.ent s s a t i s i a c t o r i l y ; in sone r a s e s , hnwever , i h.-rc ,iri;

c.oiia i dc r ab l c d i y r rep i i ru - i t;s . FD r a -/ire- qu.inr i I ,'ii l v o comp.-iri son calcul ;it ions

of the i n t e n s i t v J i s t r i h u t i o n of the x-rav E o e c t r a shou ld be avai i a b J o .

Ac k n o w l_gd_8_eme_nt_s

This work was suppcr ted by the Deutsches E lek t ronen-Synchro t ron DESY.

F i n a n i - . i a l support by tht1 Bundesmin i s te r ium für Forschung und Techno log ie is

g ra t e fu l l y acknowledged.



Literature

(1) N. Kosuch, E. Tegeler, G. Wiech and A. Faessler,
Chem.phys.Lett., 47 (1977) 96.

(2) N. Kosuch, E. Tegeler, G. Wiech and A. Faessler,
Nucl.Instr. and Meth., to be published.

(3) W. Schnell and G. Wiech, Hikrochim. Acta, Suppl. 7 (1977) 323.

(4) G. Klein and H.-U. Chim, phys.stat.sol,, 49b (1972) 167.

(5) G. Karlsson and R. Hanne, Physica Scripta, 4 (1971) 119.

(6) R. Prins, J.Chem.Phys. 6l (1974) 2580.

(7) A. Calabrese and R.G. Hayes, J. Electron Spectrosc.Relat.Phenom.,6(1975)l

(8) H. Barber, J.A. Connor, I.H. Hillier and V.R. Saunders, in D.A. Shirley
(Ed.), Electron Spectroscopy, North-Holland, Amsterdam, 1972, p. 379.

(9) C. Petrongola, E. Scrocco and J. Tomasi, J. Chem, Phys., 48 (1968) 407.

(10) R. Bonaccorsi, C. Petrongolo, E. Scrocco and J. Tomasi, J. Chem.Phys.,
48 (1968) 1497.

(11) H. Betsuyaku, J. Chem.Phys. 50 (1969) 3118.

(12) G.V. Pfeiffer and L.C. Allen, J. Chem.Phys., 51 (1969) 190.

(13) J.F. Wyatt, I.H. Hillier, V.R. Saunders, J.A. Connor and M. Barber,
J. Chem.Phys. 54 (1971) 5311.

(14) A.S. Koster, J. Phys.Chem.Sol., 32 (1971) 2685.

(15) I.B. Borovskii, V.l. Matiskin and V.l. Nefedov, Journal de Physique,
32 (1971) CA-207.

(16) V.l. Nefedov, N.P. Sergushin, I.H. Band und M.B. Trzhaskorskaya,
J. Electron Spectrosc.Relat.Phenom., 2 (1973) 383.

(17) S.P. Dolin and M.E. Dyatkina, J. Struut.Chem., 13 (1972) 906.

(18) v.l. Nefedov, Ya.V. Salyn, G. Leonhardt and R. Scheibe, J. Electron
Spectrosc.Relat.Phenom., 10 (1977) 121.

(19) J.A. Connor, I.H. Hillier, V.R. Saunders and M. Barber, Mol.Phys.,
23 (1972) 81.

(20) J.A. Tossei, J. Phys.Chem.Sol., 37 (1976) 1043.

Tab. l NO.: molecular orbitals (HO), 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 (I )

and calculated relative atoroic 2p-compOnents (Theory)

M 0

6a,

"2

«2

3b2

53 l

ia,

2b2

3a,

B E

-3,2*0,2

-4,6+0,1

-5,6+0,2

-8,5*.0,3

-10.0+0,3

-13,6+0,2

-25,311

-30,5Ü

Oxygen

Features

528 .2+0 .3

526.7+0.1

524.8±0.2

5 2 2 - 7 + 0 . 3

52,.„0.:

5 1 8 . 5 + 1

506.5+1

501 »1

I
exr

"

75

10

7

4

3

1

Theory

'

• 58,5

23,1

1 1 , 1

4,8

0,5

2,0

Nitrosen

Features

399.8+0.2

-

397.4±0.3

394.5±0.3

392.9*0.3

-

377.6±0.6

372.4+0.5
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Tab. 2 NO : molecular orbitals ( M O ) , observed b inding energies in eV ( E E ) ,
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Figur« C;ipt ions

electron spectrutn ( 7 ) , and c a l c u l a t e d e l ec t ron i c s C r u c t u r e f ] 3 ) ( ! 7 )

i'ig. 3 : O K - and C K-emission spöi-.tmm of CO toge t l ie r w i c h X-ray photo-

elect ron spec t rum ( 7 ) , a n d ca l cu la t ed e l ec t ron i c s C r u c t u r e ( 1 9 ) ( 2 0 )
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