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Abstract

The C K-emission ßpectra of solid benzene, monofluoro- and

jnynochlorobenzene uere meaewed, These epeatra together uith

photoeleatron spectra and additional X-ray spectra enabled

detailed Information on the oornposition of molecular orbitals

in terms of their atomio oomponents to be obtained. The

C K-apectnm of benzene is interpreted on the basis of MO-

calculationa for the free molecule, and the intensity distri-

bution is compared with a theoretiaal line speotrum repreaen-

tation of the X-ray emiesion.
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I . Introduction

Since benzene and its derivatives are of fundamental importance

in organic chemistry, the electronic structure of these compounds

has been f requent ly the subject of experimental and theoretical

invescigations. On the experimental side especially photo-electron

spectroscopy has considerably contributed to ehe elucidation of

the electronic structure. By this method the b ind ing energies of

the individual orbitals can be determined accurately, but the com-

position of valence orbitaLs in terms of their atomic components is

indicated only in an indirect way. One of the few methods which yield

direct information on orbital composition is X-ray emission spectro-

scopy. As a consequence of the dipole selection rules only the elec-

trons w i th p-like symmetry of the atom under consideration contribute

to the K-emission specEra.

UnfortunaCely, in the region of ultrasoft X-rays (X > 20 A) the appli-

cation of X-ray emission spectroscopy to organic compounds has not

provtded very sa t is factory results up to now. Using primary excitation

organic materials generally are decomposed very quickly. This d i f f i cu l ty

can be overcome to a large extent by using Synchrotron radiation for

excitation. With this kind of excitation the X-ray K-emission spectra

of carbon in solid benzene, monofluorobenzene C,HCF and monochloro-
b j

benzene C H Cl were obtained. The spectra are discussed together with

available photoelectron spectra, and in the particular case of benzene

quantitative information on the C 2p components of the individual

orbitals is obtained.



2. Experiment

The X-ray spectra were excited in f]uorescence us ing the Synchrotron

radiat ion ai the storage ring DORIS at Hamburg. Deta i l s of the expcri-

tnental set-up are de.scribed elsewhere .

The samples were prepared in situ äs thin f i l m a by condcnsing the

gaseuus substance un tlie sample holder cooled with liquid aitrogen.

During the measurements the pressure in the sample chamber was about
—R

10 mbar . For the m.iin pari s of the spectra of benzene and ior the

halogeno benzenes tlio resolut iün was 0. b eV and 0.7 eV, respect ively.

The resolution was only abouL 2 eV in tiie low energy region o f " the

spectra (< 270 eV) due to low intertsities.

1t was observed that the samples decomposed s lowly even though

Synchrotron radiat ion was used for exe: i tat i o n. The process of decom-

pusi t ian can be obaervcd by watchin^ the ciian^t? öl L t i e vis ible

tluorusccncu l ight . Af t e r ahout 20 minutcs cxposurc to the Synchrotron

radiat ion the f i r s t changes in tiie intensity d i s t r ibu t ion of thü X-ray

spt'ctruia became appareiit. To get spectra una f fec t ed by products of de-

compositloLi, the samples were chatiged every fivt; minutes . The f inal

spectrum is bu i l l up f r u m many (;ibout 50) such ahorL-Lime seetions

öl" Lt ie specLrura.

_3_._Kesults

The C K-emission spei:tra o£ benzene, monofluoro- and mouuchloro-

benzene arc ühown in f ig . 1. As can be seen the main characte-

ristics of the benzene spectruTn ure also present in thü spectra

of the lialogenated benzenes: bötween 274 eV and 2 8 1 eV the spectra

exhibit three in tense peaks (A - C); towards lower energies four

more f ea tu res fo l low (D - C). but F and C are very weak. Tu general ,

the raiuima are less pronounccd in the spectra of the halogcnated

benzenes. In the spec t rum of nioncif luorobenzenc the Tnaximum C has

clear ly s h i f t e d towards higher energies; at tlu1 hi gh cnorgy l i mit

of the specLrum an additional teature A' shows up which will bc

discussed fü r ther down.

Thü C K-etnission Spectra of the ha logcna tcd benzents are reported

here Tor ulie f i rs t time. The C K-emission band of benzene has al-
2-i

rendy been meaüiired by several authors , but our spectrum was

measured w i t h cons iderab]y imprnved resolut iun. Some of the earlier

measurements show features not preseint in our specLrum, which we

suppose to be connected wich decomposition products , äs these spectra

wiire raeasured primary excitation. In f i g . 3 a plot of the o r ig ina l l y

ob ta ined d a L a lor benzene is shown. Af te r we had finished the measure-

ments , our result was conl i rmyd by Gilberg et al. who measured the

spectrum also in fluorescence using the radiation nf a roLatiug

anöde high power X-ray tube,

A - The e lectrunic s t ructure of benzene

1.1. In terpre ta t inn ot the X-r.iy and photoelectron measurctncnj: s

Tn f ig . 2 the C K-emission band of benzene is shown Loge the r with
7-9

available photoelectron spectra . The X-ray spectrum and the photo-

electron spectra are aligned by the binding enürgy of the C Is- level
9

deLerrained in the XPS-measurenient .



Tue eiuTgies of the uppcr valeuce o rb i t a l s and tho. ir i den t i f ie.'it ion

an; kuown very a c n u r a L e l y par t - i i - .u lar ly f rom UPS-measurements of

gasi-ous benzene, A comparison w i t h UPS-measureinenLs for sol id benzene

:;howö t ha L in tlie su l id b l a L e all orbi t . i l s aro sh i f i ed to smaller

bindiii). ' u n o r g i e s by 1 . 1 5 + ü. l eV , Suite all u r b i L a l s are s h L f t e d

by Lhu same amounL , tue ulectruuic s t rue tu re öl" LEU- henzene muleeu le

reaains, o n t l u - wlu i le , unclianp,ed by sol i dif LIML I O E I , L he muleculc

bt in^ l iound by wuak van der Waals furut -s .

H is r tn i J rkab lo t l i a t . t h e L'P-bpecLrui;; of sol id benzene (resolution

0.1 t V) does not show sharper or add i l i o n n J J > L r i n -Lurd l fea tures äs

comp.-iri'd w i th tlit C K-t u'.i =sion spcct runi ( r c a o l u t i o n O . b u V ) . Taking

into JH.-.ÜULII Lht: f x p i j r i m i ' i i i . j l r u s u l u L i o n , £roni buth spt 'ctra t l if samo

nuLnra l w id tn of tiiü I c a L u r c s of 1.1 r V L u 1.2 t1. V is ub ta ined . it

then.'1'ore m.iy be ant i i ; ip jLtd that evcn if tht'rc wi-re c o n s i d e r a b l L -

impiuvt i i ic r iLs in Chc i ns t rumüiLa l r e s o J u L i o n tht sliapt of CIIL-

C K - s p ü L ' L r u m would scarccly bo chanj^-d.

As f i g . 2 showa the cner^etic positions of tho s t ruc tura l f ö n t u r c s

in l he var iüus spect ru agreu l a i r l y w ü l l , and L h e r e i o r u permit the

detcrminal ion öl" L he o rb i ta l binding cnorg i t s in ;m unambiguous way.

Thus front X-ray and phoLool i icLron spcctra a cons i s ten t picture of the

electronic s t ructur t ; is ou ia ined . Tue orb i ta l cncrgkss öl Lhe iti\\d valeucc orbitals in 1'ij;. 2 arü marked by vert ical l i uus . For

clo.sely adjat:cnL orbi ta ls the dcto-rraiiiation of tue orbital encrgitis is

bascd ÜH t ho U P - s p t i C L r u m of gaseous boii^ens:.

Tue Jlüs o l" bcn^ene have becn c a l c u l a L e d by nuracrous a u t h o r s ( 9 - l l and

references in l l ). In the top part oi f i g . 2 the theorct ical ro-suHa uf

Kiesser, et al. " are indicated by vo rL ica l bars; the posi t ions r o f o r tu

the u-nergy scale of j;aseoua hei iKene. The ca l cu l aL ions of these authors

arc based 011 an ab initio raany-body approach and inc lude the e f f e c t s of

electron corre la t iun and reorganization beyond the one p a r t i c l e approxi-

m a L J o n ; such detailed calculat ions WCTÜ not t -a r r ied out for the two

lowet.t orb i ta ls , 2a and 2ü . The theu reLJca l results concerning

energy p o s i L i o n and assignmenL öl" the s tructural f e a t u r e s are c.onfirmcd

by our meadurcraents . In d i i ^ ; conncction it should he emphasizcd, that

pi iotoemiss ion and X-rny emissio:i r e s u L L in the same energy position of

tiie H i r u c r t u r a l f c a t u r e s , Lhuugl i t he physical proi-.es.s l e a d i t i g to this

i c a t u r e s i s d i f i e r e n t .

AL Lhe Lop uf ii^. l is shown the atomii: coiaposition öl the orbi ta ls

according tu Stevens et n l , , In this paper Lhe raolecular orbi ta ls

are r e u r e s e n i e d äs a linear cumbinat ion oi the a tuni ic o rb i t a l s ,

and the. numbers in Lhe Lable re fer to the sum of Lhe .squared

eoef i c «l Lhe atoraic cont ribuLions w i L h II 1s, C 2s, and

C. _ 'p c lmrac t e r . S imi la r t e s u i t ^ ; for Lhe coaiposition of Lhe o rb i t a l s

The compo;;]'tion of the O r b i t a l s IK rcf loctcd by tue; i n L e n s J t y

d i s t r ibu t ion of Lhu v a r i u i i K spectra. The Xl'-spüetrum of beneene

is dominaLtid by C 2s cha rac te r . Aci^ordiiigly in. this spectrura Lhti

niore u i g h L l y bouiid orbi ta ls are the . most intense. By contrast in the

Ul'S-measurements the t - rnss section for phoLoeraission is largesL f u r

C 2p-electrons. Thorefore this specLrura resembles mucli «ture closcly

the X-r.-iy C K-emission spei- .Lrum which reflects pure C 2p character .

For a more quant i ta t ive cumpar i sun , however, the energy dependenL

transmission of Lhe energy analyser used f o r the UP-spectrura m u K t be

taken i n to accimnt . It should be pointed out tliat, even a f t e r these

cor recLions have been made, it would appear that Lhe low lying o r b i t a l s

of Lhe l iP - spec t rum are s t i l l rather more intense Lhan in the C K X-ray

-spectruni, This po inL needs further consideration.



4 .2 . inte u s i ty d is t r i hu t ioo _oi thc C KJ-OTIM^S^IIU^S puc t r um

In MOtheury tht uioleeular orbitals ,. . cjn be represcnted by a

linear combina t iu i i of thy a tomic O r b i t a l s r , . :

The contr ibul ion of tlie molecular orbi tals \u. to Lhe C K-emission
L

spectrum of benacnc ia then giuen by the Sum of the aquares oC

the cuef f i c ien t s of Lht1 C 2p atomic o rb i ta l s <t,, .,.. of thc

carbon atomS :

The C R-iimisaiun s p u c t r u m thou f ro

For SL quan t i t a t ive cornparison with the theoret iual results t ho C K-

ümissiun was plotlfd äs I(E)/1" vs. K, and then ducomposed into

LorcMiLziü i i s , pusi t ioncd a t thc orbi tal energiea dote rmined in f i g. 2 ,

This decomposition is uhown in £ ig , 3 where the vertical l ines indicate

energy position and height of the Lorentzians and the solid lin;' is the

sum of all Lorentzian:;; i_he duts represent the measured data. For the

upper eight orbitals tht I .nrentzians have a haLfwi . t l t h (FWliM) of 1.3 üV.

For the two lowest orbitals thc halt'width is 2.5 cV. The broadening of

the lower orbi ta ls is caused by lowur exp«r imenta l resolution (cmly 2.0

eV) and Augcr broadening which iucreases w i t h inc.reasing ionizat ion energy,

Table l shows the compar ison o! the integral intensi t ies of the

Lorentzians with tuo theoretical resu l ty

Thfi calculatetl and the experimcntal ly deicrmined in t«ns i t i e s are

normal i / .ud so t hat thc sum of the contr ibut ions of all orbitals

is 100. Guiiürülly there is agreement betwten the Llicorctical and

the exper imental resul ts ; buC for tbe two lowest o r h i L n l a , 2a,
fi

and 2e , bmaller intcnüiLies are predtcLed by theory tlian art

jbserved. For these two Orbitals Eurther inveatgations are required

t o det-ermine the. impor tan^L 1 of conf igurat ion intur. 'iction ef Eects

which raij;hL produce r a t i i u r more intcnye peaks in thc C K-emis.sion

spectrum tlian those ant ic ipated from thu C 2p components alonc.

At ratiier sraaller binding energies it should bc notited that the

orb i ta l l e is contribut ing much leas t o the X-ray eraission spei: t r um

tlian predicted by theory. This disi;repancy süemü the more remarkable

because tlie agreemont between theory and experiment ia mui:h better for the

la orb iLa l . B o t h a r e n-urbitals w h i c h for symmetry reasoiis can
2u

ouly coritain C 2p components, the le orbitul beitig occupied
z l g

wiüi four r-clucLrons, and thti la orbital w l t b LWO . The predictions

of tlie relative inLeiisities of the. X-ray peaks for the two o r h i t a l s

is about 2.6 : l, but experimentally a value of only (1 .8+0 .4 ) : l

is observed. This d i f f e r e n c e is probably due to the neglect of cros.s

terms of the type

where A and B art; adjacent atoms. Wiien wave f u n c t i o n y with inclusion

of overlap are u.sed, the contributions of svich terms to the overaLl
14

i:alculated in tens i ty will not be, äs was assumed by Manne , negligible.

It is remarkable Uiat the experimental result is easily ucderstood in

terms uf simple electron counting, i.e. et :

electroiis.

: 4 C 2p. - and a : 2 C 2p -



5. The elecLrimic s t ruc ture of monochloro- and monof Uiorohen^ne

II in benzene one liydrogen a tom is replaced by ;i haltigen atom,

the symmetry of ehe molecule is reduced f rom D . to C^ , which

re.sults i" l i f t i n g of dcgeneracy ot some o r b i L a l s . T l i i s , Logether

wich L l i e increased number of electrons, causcs ehe number of indt—

pendent Cinergy levels Lu he inr.reased Trum l U t o 18. 1'art icularly

fo r those orbitals in which the contr ibut ion of thc hydrogen aton.s

par t ia l ly is replaced by tbat oL L he halogen atom, an increase of

t_he binding energy is to be expectud. Most u[ Lhe halogeu p-elec-

Lrons are concentratcd äs lone p a i r s , the enei-gy pus i t i o iL of which

depünds upon the particular halogen.

in the monohalogeno de r iva t ives a i büi izene Li ie re are d i f f e r e n L l y

buuiid carbon atoms and this may, to some extcnt , cause thü m i n i m ; i

in thc haLogenated benzeues to be less prououn.ced than in those

of benzene (see f ig . 1). The C !s- level^ of Lhe cacbon atoms which

are bound to the halogen atom arc s h i f t c d tu h ighe r h i n d i n j - , ener^ies

compared t<» the C Is-Levels of the other carbon atoms.

As is known from XPS-Tnt'asurementt; Uiis chemiual s l i i f t is also

Lransmit-ted to the carbon. atoms bound to t im hydrogeti aLoms, and

causes a Variat ion uf Lhe C 1s binding energy of some tcnths of

an electron volt ' . The C Is - leve l of the carbon atom bound to

the halogen atom, compared to the other carbon aLoms, is shif ted to

higher b ind ing cnurgies by about 1.4 eV for Cj-H^l and about 2,b cV

for C ,H , -F , on the average. Therefore transit ions from thc1 Käme valence

orbital to a C 1s vacancy in tlie X-ray spectrum can appear wi th

photon energies which d i f f e r by these energies. Since maximum A' on

the high energy side of Lhe C K-specLrum 01 C . H - F is sep.irated by

about 2.6 eV from maximum A, it therefore may be interpreted äs a

t ransi t ion from the same valence orbi ta l to the most t ight ly bound

C Is-level. In the case of chLorobenzene uue observes a less sLeep

decrease in intensity to Lhe high energy end uf Lhe speclrum Lhan

for becizene. Since, however, Lhe energy d i f t e r e n c c is only 1.4 eV

no additional feature in the spectrura is observed.

l Monochlorobenzene

In f ig . '* are shown Lhe C K-emission spectrum of solid monochloro-

beiL^ene Logethcr with thc Cl K:-;-emission spectrum measured by Ci lbe rg
l W

and an UP-spectrum measured by Murreil ;ind Suffolk . The two latter

measucemeLiLs reter to gaseous samples.

17

As can be seen the C K- and Ehe Cl K-specLrum are quite d i f f e r e n t in

Lheir shapes. This b L r i k i n g l y i lLust ra tes that X-ray specLra are

sLrongly governed by seiection rules , and äs t l iey probe the rcgion of

tiie l s atomic sLatc of the atom ander consideration they are closely

related to the local p a r L i a l d e n y i L y of states; consequently distinc-

Live HLaLeraents about valence orbital composiLion can be made. The

alignment of the two X-ray spectra LO a cummon energy scalc can be

achieved unambiguously w i t h Lhe help of the C 1s and Cl 2p , ,
i £ l r *- t J / ^

entrgies whicli are a v a i l a b l c from XPS-iaeasureuients and the Cl Ka
19 '

doublet . The alignment of the X-ray spectra and the UP-specLrura

was performed using Lhe posi t ions of the structural features .

Part of the abundant structural deLail in the photoemission spectrum

is also present in the X-ray spuctra; the vertical lines in f l g . 4

indicaLe correyponding energies. The spike-shaped maximum in the LTP-

ypec t rum at a binding energy of - l l . b eV has no analogy in the spectrum

of benzene and since it corrcsponds with the main maximum of the Cl K@-

spectrum, it musL be a t t r ibu ted to the Cl 3p electron.s. The C K-spectrum

of benzene is not greaLly altered by Lhe introduction of a chlorine

atom üven in the region of the main peak B. This shows that the intense

Cl 3p components hardly m o d i f y Lhe d i s t r ibu t ion of carbon 2p character

at all. One therefore may assume that the main maximum of the Cl KB -

spectrum haa its origin in lone pair valence electrons of chlorine.



5_._2_ Monofluürubenzem^

For solid raonofluorobensene both the C K- and the F K-spectrim>

have been measured. Siuce the resoluLion in tlie F K-spectrum is

only 1.3 eV, s t ructural £eature& are not resolved which possibly

are present on both sides of the main peak. The two X-ray spectra
20

together with an UPS-measurcment of gaseous monofluorobenzcnc
l Ä ? l

are shown. in fig. 5. Other available L'P-spectra ' were measured

also with gaseous samples, and are quite similar with the one shown

in fig. 5. An alignment of all specLra is accomplished by meaiis of

the C l s (of carbon not bound to fluorine) and F 1s energies,

obLained Lrom XFS-raeasurements

By comparing f i g s . 4 and 5 it is obvious that, w i th reierence to

the energy scale of the carbon spectra, the maximum of the T K-

spectrum is positioned at smaller energies (i.e. at higher ioni-

zaiiuii energies) than the maxiTnutn of the chlorine spectrum. Ihe

same is also t tue for the most intense peak.s uf the UP-spectra which

represenL the halogen p-components. This is because the lone pair

electrons in Huoriue are müire cightly bound than in ch lu r iue .

For monochlorobenzene a numb<;r of MO-calculations is available

but the results refer only to the n r b i t a l energies and not LII r l ieir

compositions. Since for an experimcntal dot.erninaLion of the orbi tal

energies Lhe available UPS-results are most su i tablü , Lhe experimenta.1

and theoretical results will not be compared heru.

- 12 -

6. Conclusions

The present werk shows that it is possible to obtain emission

spectra of organic compouiids even in the ultrasoft X-ray region.

In particular for larget molecules wi th d i f fe ren t kinds of atoms

X-ray spectroscopy ia a powerful method to provide informatiDU

concerning the atomic origin o£ the individual molecular orbitals,

which cannot be obtained. by other spectroscopic methods.

Tims for C ,H C F and C.H.Cl the lone pair halogen p-orbitals clearly
O J Ü J

were identified. In the case uf benzene not only the Identification

of Lhe valence orbitals was conf i rmed, but also the C 2p-compunents

o£ tht- Orbi ta ls were determined and compared quantitatively with

theoretical reauLts . Diacrepencies between experimental and theore-

tical results for these C 2p-components lead tu the assumption that

for a be t ter Interpretation of the C K-emission spectrum of benzene

also configuration interaction and cross transition effects should

be taken into account.
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lablc l :

Expcrimentally detcrmincd and calculaLed contributions of ehe

individual muleeular Orbitals to Chü C K-emission spectrum of

beuzeue.

Orbital
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2 1 . 6 + 1 . 2
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Figure Caplions:

C K-eir.issiun apottra of s o l i d henzene, monocl i lorobenaene,

C K-ümisKion :;pec-L rum of solid benzcne Lo^ether with UPS-
~l R

measurtmeiits of solid and gascous benzeni?,
5

nn Xl'S-nieasur eiatnt o i solid honxüiie , theoretical

orbital
.

and i^alculated o r b i t a l composition

Fig. 3 Dt'.compu s i i_icm of the C K~cmi s - s i o n a p c c t r u m of solid benzüni^

i n t o Lurui i tz ians posit ioned at the experimiint;iL l y determined

MO-energies; vcr t ical lu ies : pusi t ion and hcight of

Lorc 'nL^ians; lul l l ine : sum o i LrireuLziaLis;

dotted curve : experimental daLd.

Fig. 4 C K-eiuission spiiccrum oi solid monochlorobenzene C H Cl
1 7 18

togeLlier with Cl Kfc.-spücLmm and UP-spectrum ot"

gaseoua monoi-.hlurbenzene.

Fig. 5 C K- and F K-emission spectrura of solid moiiofluorbenaene
i ^0Logethcr w i t l i an UP-spectrum n t a ^aseous sample
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