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: , 5 ' ABSTRACT
hu;ﬁA?fheofeticalhandiexperimental sﬁudy-was made of the shift in aﬁomier:VIJf‘“;
v.?jcdfefeleetren‘hindiné‘enehéies caused by the chemical enviromment. | |
'Two_models are presented to account for these "chemical'shifts;"h The E
av_firsévnses en‘energy cycle to break the core-elechron binding energies.into{a:y'ff
."I’tfree-ien_contribufion and a“classical'Madelung energy contribution. The Made-iif‘ff;” o
':1ung energy‘contributes‘a significant part of the binding energy shift. It can £
.} in prineiple be evaluated rigorousiy, although-there is some ambiguity as to a i
i'.snffaee;cerrection. The reference‘levei'for binding energies must also be con-»_i[;»s o
fsidered in;conparing theory with experiment (or In cOmparing.experimentgl shifﬁs :
“‘hwith}one anothef)rb ElectronIc relaxation could also introduce errors of ~1 eV_inh:
"ﬂ?fjtshift'measurements, The second, mofe:approkimate, model consists'of e "charged- ;,5"
y.ig';tslshellﬁ_approximatien'for bonding eleetrons in atomic conplexesa It gives semi- |
RQuantitative‘estimates of‘shifts and demcnstrates thekrelationship between bond“}!;'
if,fFfpolarity and core- electron Dinding energy shifts.

These models indicate that several features of the free- ion state will be i

g “-_reflected also,in‘chemical shifts. Free-ion Hartree-Fock calculations‘were made;j':;“
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.onF, Ci, Br,.I,'and'Eu-in:eeveral'OXidetion statesrl These indicate that the removal—'
: _ | R, ' W
"vof e valeénce electron shifts the'binding energiesvof.ali core leveisvby nearly equal

%ur’amounts (iO—QO'eV). This.shift'decreases with increésing afomic number in a given = &

chemical family. The remomal of an innerf"valence" electron (e.g., 4 in europium)?

gives rise to relatively large Shifte (~20'eV). These features were also found in the’

v experimental’ chemical shifts | |

Chemical shifts were, measured for iodine in Ki, 1odobenzoic acid, KIO .

“,v_and KIOh and - for europium in EuAl and Eu, 03, using the technique of photoelectron

rﬂ'spectroscopy. Blndlng energles in iodine were found to increase by ~0. 8 eV per

:”Lvunit'increese in oxidation number.r A Madelung energy calculatlon 1ndlcates that

' igithis corresponds to.a loss of ~0.5 electronic charges from the valence shell per’_, N

funiﬂ'increase in'oxidaﬁion<state;‘end this value agrees‘approximately,with previOue »
‘;results obtalned_frmanssbauer measurements. A.shift of 10 eV was found between'

-l,Eu+? and Eu > ThlS very large shlft is due largely to the loss of a full uf elec-

_;tron 1n thls change of ox1dation state.:

With some refinements,_the above technique could produce very usefui informa-y
i;%ioncabout bbﬁding;in3ion1c solids,fin particular.allowing the‘determinationfof>fhe

‘ '_1charge on each-atom.. Thelr application to such problems as a. determlnation -of the :f

.ox1datlon states of metals in blologlcal molecules seems. even more promising.,

"m
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I. INTRODUCTION
There_are two'main teehniqueé.fof éfudjing fhe bindingjenergies:of atomic

‘core.eieetrone. -Traditionaiiy,-x—ray_emiseion and absorption spectroscopy have -
| been used in this type of'inﬁestigation; .Howevef, during the last ten years a'}_
-'photoeleetrona spectroscopic method has been develooed‘to sﬁfficient precisioo.e
andvaccuracy'thaf it now surpasses fhe x~ray techniques in many respects. A
;‘detalled descrlptlon of the technlque has prev1ously been. publlshed 1 The metood
is simple and direct. Photoelectrons from inner shells are exoelled by x- radlatlon
of known energy. ‘The kinetic energy of these_photoelectronsvis measured in a high
»resolutioh electron.spectrometer. From thevphoton energy end the kinetic energy
fhevbindiﬁgveoergy of a oarficuler subshell is readily obtained.: |

| Chemicel effecfs on core-electron binding_energies.have been observed
';”.since abouf 1920 in x-ray emission end more often in x-?ay‘absorption speetfa.g
However, experimehtal difficulfies as well as amblguities in the inter?retation
,:>Of Spectra ha&e inhibited tﬁe usefulnese'of convehtional xfrey techoiques for
.studying chemical effects. The photoelectron spectroscoplc technique however,
v:shoﬁs much promise in this aree. For example, applieation oghgggctron'spectros_
copy to sodium thiosulfate very.directly indicates tﬁaﬁ there are two'distihcf
types of~sulfur’atoms-present.5 That is;“the'photoelectron spectrum due to the
'edlfu£ 15 /2 shell is'split into two well—resolved peaks approximetely 6 gv.
apart,the two peaks being due to sulfur atoms in the -2 and +6 formal oxidation
states. Furthermore, measurements on a series of sulfur compounds reveal a
monooohic relationship betweeo binding ehergy and formal oxidatioh state.h' Sub-

5 5

seQuent studies have also been made on the elements carbon,” oxygen,” nitrogen,

T

and chlorine.
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.1Iﬁ fhis Pabef We-réPOftfuf photoelectron spectroscoplc measurements on . _
’ | primarily-
compounds of 1odine (Z 53) and europium (Z—63prAspreVious work has been donern

~1light elements IRERN A was of 1nterest to measure chemical shifts for heav1er'r
- atoms. ~Iodine vas chosenzbecause it forms stable_compounds over a wide range

‘e: .. of oxidation states and also because its bonding has been studied with the

;iMBssbauer effect.g vWe havefstudied the ‘chemical shifts for the iodine core
;w”fvfblevels,Es /é'to hdzyéfin compounds with formal oxidation’states ranging from -1

vto‘+7 Europium was chosen because the hf configurations are known to be hf

5+ lO

for Eu2 9 and hf6 for Eu . We therefore expected a large shift between

= ‘T2 and +5 compounds due to the completely 1onic *nature of the Lr transfer
i"tsinvolved,_ We have studied europium in “the +2 state (as EuAlevand to a lesser

" The measured shifts for europ?

RS extent EuS.and nuO)'and'the 3 state (as Eu, 5)

':h”ium are“large being about 9 6 eV for this unit change in ox1dation state compared

1o 0. 8 &V for iodine.

.We - have also made a theoretical analysis of chemical shifts in core elec-»

ﬂtronnbinding energies.- A model was’ developed which makes use of the class10al
L : a core

ﬂ"imodel'for ionic crystals.; To a good approx1mation, the binding energy of electron" o
, An a. solid | is composed. Of two partS° a free-ion contribution and & lattice- L
jpotentlaltcorrection Free ion calculations were made us1ng a self- consistent

rffieldfHartreefFockecomputer program written by Roothaan and Bagus.ll The lattice

[potentialgcorrection'can-be.related to the Madelung energy of the crystal and‘:c"“ -

charge to the iodine atom in each compound or, less directly,to a determination ;,f”?'

“of the‘"fractional ‘ionic- character of ‘the iodine bonds.
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The 1nstrumentatlon and experimental techniques are descrlbed in Sec.

I

II. In Sec. III we dlscuss briefly the system of data analys1s. The experimen- .-

tal results are presented in Sec. IV Sectlon.V contalns a general discussibn .
~of the theoretlcallevaluatlon of* such .chemical shifts, pointing out several o

- corrections. We also present here the results of ‘specific calculations on

europium and ‘iodine. In Sec. VI we discuss the experimental results in the

- Iight of our theoretical'valaes; and also make suggestions for applying this

technique to biological<pfoblems,_ Conclusions are given in Sec. VII.
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g ‘ : b‘.v II. INSTRUMENTATION AND EXPERIMENTAL TECHNIQUE

PhotoemiSSion from a solid may be considered as a three step process.

\

'ivElectrons are exc1ted to higher energy levels by absorptlon of 8 photon The

'5._exc1ted electrons move through the crystal lattice and some of them reach the_I:

‘"'surface. If their momenta perpendicular to the surface are.large enough they
.Nescape into the vacuum and their kinetic energies can be measured. On their

‘vfway out to the surface the photoelectrons may lose energy by various kinds of
;-1nelastic collisionsr In this work we are interested primarily in those electrons

B thatihave'not suffered any large discrete energy losses of the order.of

and interband

several eV the most common of which are those due to plasmon creationAtran51tions.

When studying the inner atomic energy levels we use photon energies

owell above the photoeleetric thresholds for these levels. -The kinetic energies

fdffof the photoelectrons of interest:are-typically in the range 1-5 keV. AIn orderf
'NJtoTseparate out the elastically scattered electrons from those that.are inelasf.
AItically:scatteredv:high—resolutionlelectron spectroscopy is*necessary. An.ironé.
~free, double~ focus1ng magnetic spectrometer was used in this work. 12 Bergkvistl3:
.Ihas doubled the transmis51on of this spectrometer for a given resolution by means -
;;of externaI_Correction-coils. .The.apparatus is schematiCally illustrated in Fig. l%i.
.The momentum resolution was set to,OﬁQ5% (full width_at.half ma.ximum inten-_i
;‘sity).‘ This gives‘a line width invenergy ranging from 0.6 eV-for 1 keV electrons
ifto 3 eV for 5 keV'electrons..vIt is advantageous to work at low photoelectrOn
rienergies to achieve both the best absolute resolution and the highest photo-
Lrelectric yield.
' The detector was a Geiger counter with a- thin 50 -75 ug/cvn2 formvar window.

'-“tThe'window had a cut—off.energy'of 5-h keV. ' To reduce the effective cut off



“The spectrometer'current stability was 2-3 parts in 107.
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i

: energy a post—acceleratiné’device>was fitted between the exit slit of. the spec- —
' trometer and the counter window.f'The electrons could thus be given an extra
“: energy of up to h keV- before entering the counter The effective cut-off With

__‘the post acceleration detector system was about 1 keV

‘The data were taken by stepping the spectrometer current usually in

. increments of 0.2 mA and counting for a preset time at each point, usually 12 e,XF.

or 30 sec. The counts were_stored in a multichannel analyzer used in the multi-

. ’ S . ' ; . - Were i
scalar mode. - Fach spectrum was -scanned several times and the scansaadded to-

;'gether in order to_eliminate the effect of fluctuations in the x-ray intensity.

5

The'sourCe of radiation was-a specially-made non-magnetic' x-ray tube

with a demountable anode. The x-ray tube was féd from a doubly  rectified high
l—voltage generator. .Theiexcitation'voltages used werelikaV-for CrXx, and 35 kV.

Tor CuKX.

The only filter between'x-ray anode and source was a -piece of 25 micron Al"

foil. Therefore, the incident radiation was by no means monochromatic and the,

A SN

photoelectron spectrum reflected the eray spectrum. The strong al'and Qé x—rayS'

give rise to easily resolvable photoelectron peaks,however ‘The Al filter is

:useful:infreduCing background_x-xfwwfi by attenuating the ‘soft x-ray portion of
qﬁ‘the’Spectrum and also by preventing electrons from scatteringvoff the anode and
i'entering the spectrometer. It would, -of course, be desirable to decrease back-

'ground radiation and approach'more closely a monochromatic source. - For'example;"

.

a bent crystal monochromator has been used to discriminate against all but Ol

hoto

o ) L
”fradiation in some rece&t«electron spectroscopic work 1 The difficulty with



'557 f': S o | UCRL-17005

most monochromatisationhtechniques-however,1is that-theiintensity of the deSired_
»vradiation is severely reduced. Recently, the use of low.-Z materials such as
‘.pAl for”an anode has proven to be very satisfactorw -6 The lighter elements do
not have a s1gnif1cant splltting between the closely spaced le and Kaé X- rays

.{*so a strong monochromatic Ka line occurs.

,AThe~sample arrangement is s1mllar to'one'described previously. 12 An.
,iextended source (lO X 15 mm ) was’ placed immediately in front of the x- ray tube
.window. The- distance between the. focal spot of the x-ray tube and the center
of the source was-about‘BQ mm,' About'5 mm in front ofﬂthe_sample was & 0.5 mm
‘lyby lO.mm entrance slitvinto the spectrometer chamber. _This slit.acted as the

© effective electron.source for the Spectrometer.d With this arrangement the

actual alignment'Of'the sample was not :u~ﬁ*i-critical.l The highest counting

- .rates were obtained when - the angle between sample plane and slit plane was. about

- ho°,
Samples were, usually prepared by grindlng a compound to a fine powder
and dusting this powder onto & two sided tape backing which was firmly pressed

-~ onto one flat face of an aluminum block This block acted as a heat sink ahd

/-”ha'f-electron source to replace electrons lost in photoemiss1on. ,The face of

r'the block was mounted at the optlmal source angle.v Chemical shifts between

o different samples could be measured directly by mOV1ng the source block up or

- _down from one of three sample positions to the next v1a a vacuum- tight mechanical

L .coupling e

‘-‘ﬁ/
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llt is’neturalvto“défine'the'binding‘energy'of an‘electrOn in a free atom.

as the energy necessary to remove the electron from its shell to infinity. In a

:SOlld the outer electronlc levels are broadened into bands, and a potentlal

barrler exists at the surface; ‘it. is therefore more convenlent to refer the

1'b1nd1ng energles to the Ferml level (electronlc chemlcal potentlal) It would

-seem that the work functlon of the sample would then enter into the photoem1551on

equation. However, 1t is actually not the work functlon of the source but rather

i:vthat.ofvthe entrance slit and-vacuum.tank:of the spectrometer that enters. The
_reeson for thiS'isgillustreted in Fig, 2,vwnich.snoWS_energy zgldistence near
“.rphé sample.‘ If.the sampleils electrically connectetho-the vacuum tank their
'.iVFermi levels will.coinciae at eQuilibrium. When the'electrons pass through
.:‘l”j_thelslit (butlbefore energyuanalysis) they'wlll therefore‘have acquired the
' uvecuum potential of‘the entrance5Slit material.“lThe vacuum tank and tne entrance
i{slit”arevboth mede~of'aluminum 1vThe wOrk.function'ofvthis spectrometer (¢ép) has
»fbeen reported as 3.7TtO0. 5 eV 16 and has been found to be stable with time. This
lr;value vas. used in our investigatlon in determining absolute blndlng energies |
VlQSince this‘correction_iS'a spectrometer constant it will.not enter into chemical

-'shift measurements in any way.

- The photoem1531on equation for the ith core level of .an atom A in come

l":pound X will thus be

Eb(A i, X> + Ekin sP - i - (1)
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- where the binding energy Eb(A i,,X) is referred to the Fermi level of the source. f
' -The notation Eb will be used 1ater when referring a binding energy to the vacuum

' final
level of the sample The measured kinetic energy of the photoelectrons is

.q:e‘vnoted‘ Ekin" .. - o e R - - e
-Absolute-binding'energies can thusfbe'determined'if}hv and Ek n &

pknown The energies for CuKQi and CrKa have been taken from the recent tabula—

”ffftion of X~ ray wavelengths by Bearden17 and are 80&7 78 eV and 541& 72 eV, respec--

T>nt1vely ' The spectrometer was calibrated for each new sample by means  of a

'-f-magnesium ox1de sample giVing rise to the Mg 1sl/2(cumu ) and Mg 181/2(Crma )

: “'photoelectron lines The magnetic rigidities of these lines are 277. 719 G-cm

.and 216 Lo5. G—cm, respectively 19 All data are based on the 1965 set’ of funda-' -

i

“._imental constants.__‘T'

o

Equation l. is exact for a metallic sample - For a semiconductor

| ;,or an insulator the Situation is more complicated and a certain ambiguity exists

:fin thelreference level For'suchvmaterialslthe Fermi level is located somewhere"__
ci'between the valence and conduction bands as’ shown in Fig. 2 i'e., in a forbidden"
‘energy gap.‘ Therefore it does not have the simple phys1cal meaning of the highestéf
:occupied level as in a metal Since the portion of the sample effective in pro= -
i;‘ducing\inelastically scattered photoelectrons'is a thinjlayer'near the surface{ :

.-Titheisituation mey be further'complicated by surface band-bending effects for -

*.;these materials., At the. moment there is not sufficient experimental evidence.

1fto solve unambiguously the question of the reference. level for such materials.. -
'uﬁffFrom the reproduCibility of our experimental data, however we conclude that for "'

g ~these materials the reference level remains fixed within l eV and tentatively we -

&



effect is probably less than l eV

. The notatlon I2p
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~ assume. that also'for'semicohductors and insdlatorsIthe.Fermi'level serves as the

- reference level. We discuss this problem further in Sec. V.

- Also one might expect that:the use of insulatingfsamples’would’be impos-

sible due to,ihevitable chérging-up effects These have been observed, e. g , in

high as '
beta -ray spectroscopy, where shlftsaséyseveral.kev have been reported - A slight

charglng up effect in our work cannot at the moment be excluded. However, the

'

Flgure 35 shows some typlcal photoelectron llnes from iodine compounds.

- KI(dex ) denotes a peak due to electrons expelled by Cuma

3/2 1

radlatlon from the 1od1ne cp5/2 level 1n a potass1um iodlne sample Although all

of the samples were thicker than the mean free path for:inelastiC'collisions of

the excited electrons, the photoelectron lines are well?separated from the dis-

' .crete energy loss spectrum. The first energy  loss peak-falls 5—20 eV from the

'}elastic peak and can thus be eaSily~distinguished. In the casevof CrKO excita~

tlon radiation the»proximlty of CrKal and Crma (9 21 eV) influences the low

ehergy_s1de of the photoelectron line from Crmal. However, resolution was still

'1vgood enough to locate the»CrKDi‘photoelectron peak accurately.

The linewidth of a photoelectron lire is.typically 5 eV. Part of this

" is due to spectrometer broadening and pert to lifetime broadening from both the
"sample energy level and the ekciting radiation. The width contributed by the

e L ' ‘ ' 18
. radiation igs 2.26 eV for CuKo, and 1.95 eV for CrKc, . Peak locations were :

1 : : 1

»”'jdetermined in two'ways:> by ‘hand as.the‘intersection of the locus of‘midpoints
' :bf horizontal chords and the photoeléctron line or by a least squares computer

' fit of Caussian funétions to the data.
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. fiv.; CHEMECAL SHIFT MEASUREMENTS on’ IODINE AND. EUROPIUM COMPOUNDS

*ffL;?Af' Todine Compounds_,:

- '?'Binding energy shiits were measured for eight iodine levels from

’ﬁ”',»esl/Q(Eb = 5191 6'ev) t° hd5/2 Eb = Ok eV) in compounds or - 9% P,

o ranging,from -1 to +7 in nominal oxidation state. Table I lists the levels,

~compounds, numberﬂOffmeasurements; and'shifts'relative to KI. The scatter of =

',f_individual_measurements'is‘somewhat-larger than that obtained previously on

metal samples.i_This couldiariselfrom a Charging-up.effect-or from_changes in.

"ﬁf3_the.reference-level fromisampleﬁto’sample, as»the Fermi level of a surface layer

' of semiconductor or=insulator'could be:very'sensitive to both. bulk impurities

-li{and surface conditions Such fluctuations are of the order  of 1 eV or less, -

vvhowever, and would not obscure the larger chemical shifts in KIO5 and KIOu

AhllThe standard deViation of these shifts due to scatter of individual measure-

1ments is quoted as an error figure The shift%is essentially the same for all”

B : potassium p-iodo benzoate
of each compound For the three compounds these were: (KIB@ 0.0 # O.6-eV,

5

"ﬁ;flines fromvtwo:iodine compounds areishQWn in Fig. 3. The shift in energy: is

"“‘obv1ous

uAII- The work function correction has been applied and the binding energies
+;therefore all refer to the Fermi level of the sample.

o As the iodine compounds under investigation all contained pOtaSSlum,‘lt

yﬁwas of interest to measure the shift of potassium core levels also This was

o thevmeasured levels. Weighted average ‘shifts were calculated for the core levels

5 3 0. 6 eV, and KIOu 6 5 0.6 eV relative to KI.* Typical photoelectron =

Absolute binding energies obtained from KI sanples are listed inm Table
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'-~metal:can~oe followed~from Fu0 to Eu 0
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" done for the lsl/2 level in the three inorganlc eompounds and the shifts

: obtalned from 5 measurements on each compound are: XI0: -'-l 3% 0.2 eV

3 .

“';,and KIOM - -l 5 O 2. eV agaln relatlve to KI.

B; Europium Compounds

Blndlng energy shlfts were measured Tor the 3d5/2 level and to a. lesser

eextent the 3d5/ and prj/2 levels of europlum in the +2 and +3 oxidatlon states.

¥ Low 1ntens1t1es prevented measurements on more levels Most of the measure-

ments on the 42 state were made on,EuAlé, although prellminary data on EuS and

EuO:Show similar_shifts}f The +3 state was represented hy thelcompound Eu203.

vaResults are presented in,Table.IIl;' The weighted average shift.for these
l measurements is 9'6.i 0.6;eV. | “

”Figure L oompares photoelectron peahs rrom different,europium compoundsr
Spectra B and:@ were obtained'from.a plece of europium metal which was polished .
- in air to give a shiny_surface.' Spectrum B vas;obtained as quickly as possible

‘after'insertion into the spectrometer Vacuum. ‘Spectrum C-was obtained after

203 by the dlsappearance of the 3d5/2

" the Nd photoelectron lines and perhaps discrete energy loss peaks but the

' ‘surface of‘EuAlz-to the +3 state. This is further verified by the fact that the

:s:_+2_peak'was much weaker in older.EuAlz_samples, particularly those which were

exposed to air.

' jseveral days exposure of "the same. sample to air. . The rapid oxidation'of europium.
: «photoelectron peak associated with Eu 2. The spectrum observed is complicated by ‘

bilinterpretation is straightforward. There also appears to be some oxidation of theb‘
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' V.  THEORETTCAL . . . . o

.“'“QrfﬂéhT;General Procedure_hb7f'f _dfd:’

'u”fin sfaégttsfééi&ﬁi&téﬁeiectfoh;Binding eneréiesfin\ajsolidvcompound,iwe . ly
p'nustvfirst.selectta"referencellevel for:energy; As discussedbin'Sec. ITI the |
-"Fermi.level is suggested by our- experimental method. AHoWevery for non-metalsA

the Fermi level cannot be eaSily obtained theoretically, as & knowledge of the )

:denSity of states of the electronic bands lS required .This in turn requires

e detailed quantum mechanical treatment of every solid under study which is

.not fea51ble at the present time We therefore select as'our reference the

iﬁ;;vacuum levelvand'define it;asfthe:energy at'which an electronocanvescape from '

1:.the Surface of.the:SOlid'andfarrive'at»infinity} -Our simple theory has this
.;vreference level buiLt 1n,'because 1t uses free ion Hartree Fock calculations.

:ﬁp;plepto;:suggest: a method for measuring these

';vacuum-referenced’binding energies directly} 'From Fig. 2 'we-note that.all photo- -
'.?electrons leaving the sample are. accelerated or retarded by the difference in
”uf’vacuum levels betweensample and spectrometer before their kinetic energies are

jmeasured This difference is the contact potential ¢ its measurement would

' 'fgive a direct determination of the vacuum- referenced ‘binding energy of an arbi- |

,“7;vtrary.i?P inner level of atom A in a solid compound X from _
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A chemical shift of the_levell.j- between compoundsv X_»and’ Y vthen becomes

_- AEZ(AQ.?'L;X;Y.)v.;Aﬁg(A,i‘,X'—Y).j—.,Acpc_ 3

since _¢Sp‘is'constantf Assuming that AEX(A,i,X-Y) ~ AES(A,i;X-Y) is thus

equivalent to»aséuming ¢cisg'¢cy' ~No contact potential measurements have been

' made in conjunction wiﬁhﬂphotoelectron spectrOSCopy.. However, it has been shown

5-7

in prev1ous work and in our own measurements that the chemical- state of the

atom is far more important than Ly effects of this type. As an example, -
we have'found-iodine binding energies'to agree,very well (x0.L eV) between KIOB’

‘and I 05, all compounds in which 1od1ne has a nominal OXidation number of

-

‘ .+5, but where contact potential differences might be expected., "niylll There-
fore, we tentatively neglect A¢ ‘and directly compare AEb (tneoretical) to

.AEb (experimental) in Sec.l‘ .

. Let us - conSider one procedure for calculating vacuum- referenced core

- electron binding energies and’ chemical shifts in solid compounds W1th partial

20
1onic character and long-range,order. ThlS procedure is .a generalized and

“slightly modified version of one used preViously for determining valence band
locations in the elkali_halides.gl With.the aid of the energy cyclé shown in

j Fig-. 5, the'problem can be broken up into parte amenable to solution by relatively

simple techniques; The cycle is as follows: suppose we are interested in the

S . tn . A .
binding energy of a core electron in the i level of atom (or ion) A in some

' solid compound X. All atoms in the lattice are assigned charges, subject to

the restriction of overall electroneutrality. For strictly ionic compounds,
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these charges w:.ll have integral values . whereas for other compounds their _
) values can be’ empirically ass1gned as we demonstrate below We first remove
.A from the SOlld lattice With whatever charge it has in the lattice (Z) All
nuclei remaining in the lattice are held fixed in their equilibrium pOSitions
:“'-.during the entire cycle; but the electrons can be allowed to relax about all
R nuclei 1ncluding the one removed E is the energy required for the first
Fl“trd;step Next we remove a core electron from the- i - level of A to form_AZ l, lf
_The energy required 1s'the binding energy of the 1th_level of thevfree ionAv
t“:t-;;Wlth charge Z and Is denoted by Eb A i Z) ,Finally;-AZ+}‘is inserted,back 1ntd:f
‘the lattice The energy required lS E2 Iffnuclear‘and electronic relaxation
”;:have been. treated properly, the net -effect of the cycle is to remove an electron

e from a core level Eb(A,i,X):is_thus the‘binding energy in the solid referredv

“to the_vacuum level,-and is given by

LB (A1) ';_ﬁzz(A.,i,Z?;f;l__, £ 45, g ‘_7 SR

5ﬂIf we now cons1der A 1n the compounds X and Y (possessing charges Z and Z'

ffjrespectively) the chemical shift of the i level of A is

'T:i.;A;ﬁX'(A,_i;x-g>"=_,‘EZ<_A,i.,_gé;_)l}e.f('s'lg,; - (5, -'E;’u,i;f»z’*)_ @1?9' 5, )

V o V

ey S s,z s A 6
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Our signiCohvention requires that3a poSitivé AEg(A,i,X—Y)'corresponds'td tighter

. ' th - C ' .
binding of the i - electron in compound X than in compound Y.

~The assumptions concerning nuclear and electronic relaxation deserve

- further discussion. Since the photoelectric process is believed to occur in a

: - -18 22 - : ' :
time interval of the order- of 10 sec, = whereas nuclear relaxation times are

of the order of 10-13 sec{.it,isfprobably quite valid to hold the nucleil fixed.

The question of how much the electrons relax cannot be answered unambiguously,

however. The holé created.in the core will have a lifetime of approximately

16 0 22

.10 sec. If the.éfféctive'distance for generation of unscattered electrons

extendsfé few hundred Angstroms in from the surface as experimental results on
Al’and Be ihdicate,Q5 an electron of typical kinetic-energy for our experiments

(5 kéV).will_fequire up to'lO_l6 sec to escape -from. the surface. The time

. required to polarize electron clouds with no discrete changes of state is of

- the same brdervof’magnitude. ‘Therefore, even 1f we neglect the movement of the

hole (sincé it would produce a lafge discrete shift in the photoelectron energy),

electronic polarization will Still occur around this hole to some unknown degree.
*Such polarizatibns'wéuld alter'all three energies in our'cycle. The pétential

magnitude of these corrections will be discussed below. -we:how consider each

of the terms in Eq. (L) in detail.
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Free Ton Calculations

Eb(A i Z) can be calculated With ex1sting computer programs for integral

Z; As a first approx1mation the values of binding energy changes predicted’ by
t""_1-.such calculations can be compared directly to experimental snifts A previous s
‘theoretical analySis of chemical shifts has been done in this fashion. 2k In

vthlS work Lindgren used a modified Hartree Fock Slater program to obtain blnd~‘

"’,ing energies for different ionic states of sulfur in the range -2 to +6.- Then,‘

”3by draWing a smooth curve through the AEb(A i,7) pOints at integral charge values, o

: i‘f’.'n‘the experimental AE%(A i X-pure sulfur) values could be made to correspond to an

'ﬂTreffective non integral charge C. It.was found that C-is related to the oxidation

Sstate (v) of. the sulfur atom by o

Ydtf”d:USing this relationship shifts could be predicted reasonably well. (¥1.0 eV out» T
P"rvof about 5 O eV) for the 151/2’ 251/2’ ‘and 2pl/2 levels of sulfur .in three com-s
’~“n”pounds from —2 to-+6 ‘in v However the neglect of A(E ) impliCit in such.a.,;uﬁ

7._Itreatment makes its quantitative applicability doubtful. Also, the empirlcal

B ~nature of C,gives little detailed 1nformation about chemical bonding in the . :f};7;

”Hftifsolid. We,show_below that C is notpthe fractiOnal ionic character of ‘the bond.

Our free ion calculations were made using a computer program developed”
fby Roothaan and Bagus.ll’°”his program has been used extenSively in prev1ousfiddd e

.atomic computations and ClementiQS has published-a thorough’tabulation ofvvery ff~"'
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accurate wavefunctions cqlcui&téd.with it. ' These functions rﬁn ogly'up.to

Z = 36 however, so thatvboth iodine (Z = 53) and europium (Z = 63) had to be

- done for our work. The computationalAprocedure:is described in detail else-
wherell; Qé‘give onl&'its-sélient features here aloﬁg.wiﬁh the specifics of

our calculation; Each atomic orbital is expanded in terms of Siater-type
fﬁnctions with variable ofbital exponents. Hartree-Fock eq@ations are then
solved for the set of'orbitalé until a self#consistent field is obtained. The
orbital exponents are then varied in a'syStematic vay to mihimize total energy;
No approximation is used for the exchange intefaction. One open shell of eacn
symmetry (s, p, d, f) is allowed. No relativistic corrections are made. The
calculations to date were all made using a basis sét with one functioh for

each symmétry ls, 2s, etc., the only exception being the 4f shell which requires
at least 2 basis'functions for reasonable representation. Although additiod of |
more functions would undodbtedly improve total ehergies and wavefunctions, the
bindiné energies for the inner levels should be accurate enough to give quite
good estimates of‘chahges from one ionic state to another. In fact, comparison
of some minimal bg§}§uset calculations on fluorine, chloriﬁe, and bromine with
ﬁhe accurate values of Clementi showed errors of only about 5% in corresponding
values for shifts in binding energy upon going from one ionic state to another.
A1l calculations were run at least twice) once to get.first estimates of orbital
expohents and eiéenvedtorS'and again with theée estimates as initiai guesses to .
insure optimization. Of minor importaﬁce isvthe open shell‘coupling, which we
always selected to be consigtent wéth Hund's Rules.

The binding eneﬁgies reported here are the Hartree-Fock eigenvalues

' 26
and are therefore accurate by Koopmans' Theorem  provided that electronic
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relakation about thevﬁositiVe'hole-is:not appreciable;'»Lindgrene7 has discussed

this recently and finds changes of a few eV 1n the binding energies in copper

;‘when the calculations are made by taking the difference of total energiles for

/=

’

the atom and ion. We have made calculations of this type for some levels in

w".f= the fluoride and iodide 1ons,, These are-summarized in Table IV.. It can be

.dinseen that core - level binding energies are lover hy about h% in fluorine and
“lhonly l% 1n 1od1ne when calculated by the more correct difference metHod. Since l
'htwe are primarily interested inSEb(A i,z-7! ) which is a difference of two free
"'von binding energies and 1s of the order of 10'eV, a l% correction of both bind;

ing energies in the same direction-introduces only:an’error of 0. l eV. Relativ-

;r;"ﬂilstlc corrections Wlll also cancel to a very good approx1mation in AE%(A i,z2-72" ),7.‘

” lnot because they are necessarily small for all core levels but because they will
“be nearly the same for hoth E%(A 1,2) and Eb(A i, Z ) and will tend to,cancel"nif.
rdin the difference., : o ' o
| VCalculations were made for various integral charge states of fluorine,f*
tchlorine, bromine;'iodine;.and europium | Fluorine_and chlorlne were done er ,-;Ti"

‘ comparison to the results of Clementl.,gBr+ was done to complete the halogens™ .- - .-

lﬁs1nce (Clementi’ treats only Bn\l _Bro, and,Br-l.illn TableflI,_ve'ﬁreSent totalfesff”{vs’”

Hlbinding;energiesrcalculated for-neutral iodine'with~the 5325p5 outer configuraeﬁj?a'
iﬁfztion. The changes in_binding energy as valence B electrons are removed from' ,lgi'fujffgl
:.Zthe various halogens ‘are shown in Figs. 6 7,'8 9, and 10. .The.changes as ani' : N
i;f electron is removed from eurOpium are showniin Fig. ll.‘ Clementi's values"ﬁ{fff~’

d are’ used for fluorine and chlorine. Bromine is a combination of the two, our

giresults for AE%(Br i 2 l) hav1ng been multiplied by O 975, the factor required

D

CER
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0 miake: ourvvaluéé agree'ﬁith Clemenﬁi'svvalues for AEZ(Br,i;i-O). As abscissa
wé‘use the locations of the radial densityvmaXima,5to indicateyﬁhe relétive
pqsitions.of.various cofé.ievels'ﬁith‘reépect to the &alence shell. Also, for
» qualitative reference we éhoﬁ the shift predicted élaésically if the valence
electron were removed fromva spherical shell at the radius of its density max--
imum.

There are'sevéfal things to be nbted iﬁ.the;e.free-ion calculations.
The shift in binding_energy'inéreases‘with iﬁcréasing degree of ionization. -
- Also, all of the core le#eis are shifted by abproximately the same amount (this
is_easiiy unde?stood classicallj). The faécuracy of this approkimation ié further
emphasized fér_iOdine by the values of Table V. For iodine all core levels shift
by the same émount_to_within il.5%. Therefofe, as lbng és we are concerned only
_‘wiEh core levels, EZ(I%i5Z—Z') need not be calculated for each 1, but only using

average values over the core. . Such averages are presented for iodine in Fig. 10

using the iodide ion as a reference. The points form a smooth curve and graph<

\ -

ical interpolation to nbnrinﬁegfaléztis straightforward.. The figurés also show

vthat the'valénce s binding enbrgiés are shifted less than the valence p.energies

~ for all the halogens.- This further dgmonstrates the very uniform trends in
shifts within this chemical group. Theiclassical shifts are always 1-1/2 to

: 2 time; lgrger than the neutral-atom quaﬁtum @echénical values? the direction

of thié difference:arising'from'bothvthe lack of attractive exchange in the

'i ciéssical model and fhe'incorgéctness of using ‘the radial maximum location as :»
B an effective radiuévfof‘the_vélence.electron.‘ Tﬁélcdrevlevel shifts also “

decrease with incféasing atomid number within thié chemical group. An examina-

. tion of Clementi's tableé'shows that this trend holds true for all groups of



L the perlodlc table.w1th no partlally filled d or f shells vFurthermore, there-
is up to a four- fold 1ncrease in the magnitude of free 1on shlfts from left to
rlght‘along a row. 1n the.perlodlc table, ar1s1ng from the decrease in- the '
:.;average radlus of the valence shell. Thus, for a glven charge transfer 1n.a
fhfree ion the .core shift w1ll lncrease toward the upper rlght corner of the ;

”perlodlc table.

The it conflgurations of europlum are known to be hf7 in EuAlé 9 and

th6 Ain: EuEOB,_O wlth some 1ndef1n1te amount of 6s or 6p character We have.

u'ﬂvcalculated shlfts accompanylnglemoval of a hf electron from both Eu hf76s
' and Eu hf 6s . Here agaln AEb(Eu 1/§Z l) increases with increasing 1onlzatlon,

5. but the core levels are not all shifted the same amount This is reasonable,-

ras. the hf shell, unllke the halogen P shells 1s .not jan. outer shell, -: and

.'27Jthereforerthere are,fllled core levels which have 8’ good deal of den31ty
e outside‘theth_shell ThlS explanatlon is supported s.7 w0 by the fact that:he"

'“;the“removal of the'two Outerw6s electrons shifts all the-other binding ener-. - .

LidgieS‘by;the same amount (12.17 eV) ‘to within il%f"The'résult'indicates a
3potentiality;inithe electrGh spectroscopile technique*of determining which - v

o outer_electrons'have gone into'bonding'from the relative changes of core _

electrOn:binding energies: - The clas51cal approximation is reasonably. good

'xiz'fordthé 6g;shift{> this would be expected since the 6s subshell is very far

’ from the core"shells, thereby minim1z1ng quantum-mechan1cal~correctlons.
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€. - Madelung Energy Corrections

-

The calculétion of Ei +-E2 for ilonic solids is very straightforward. We

need the electrostatic potential energy of the ion in the lattice and the energy

associated with eléctronic relaxation when a positive hole is formed. To a very

good approximation theipotenﬁial<energy can be broken into three partse9: point-

" charge Coulombic interaction of the ions, repulsion and exchange interaction

due to>electron overlap, and attraction arisihglfrom Van der Waals' forces. The
latter : two terms act in opposite directions and we shall neglect them.
_ The third term remaining in the lettiee potential energy is the point-

eharge‘Coulomb_energy'or Madelung energy,x

E (Z) = e .12{——1-‘- = S - - (8)

Here rAkfis the distance between the A,ioh'of inﬁerest and some other ion k. The

- ‘summatlon on k extends over all other ions in the lattice. Note that EM(Z) is

proporticnal to Z T Thus(@he net Madelung contribution to El + E2 will be given by
fEId(z),,+Eb42+1) EM(+1> - E (9)

This is the Madelung potential of the'positive hole formed by the photoelectrie

process. It is 5 -10.eV in magnltude for "the alkali. halides. Neglecting electronic .

polarization effects (whlch we treat below), the binding energy in the solid becomes

2/(a,1,%) = 5 (,1,2) + (1) | (o)



i ahd'the_associated:chenical;shiftibetWeen compounds X and Y 15'_;

N

) AE%(A 1,X- Y)—ziE% A 1,2- z ) ﬁAEM +1) EM(+l) - _5‘ ‘(1i)

75:tgFrom Eq (10) 1t is apparent that 1f EM +l) is negative (as 1t Will be at any
k"tSite in: the lattice whlch 1is normally positive) then the electron binding energy

'gfin the solid decreases relative to the free 10n. The 1nverse oceurs at sites

.which are’ normally negative

If surface effects are neglected the sum in Eq (8) is just one part of

ithe multiple summation for the total Madelung energy of ) unit cell50

2

Vur' e
By =7

i

vy AE e
k L o o

.bfe:f-

“?ik';[,j

L : ' and the prime excludes self energy terms. ‘
i Here Y lS the number of atoms in a unit celln We define the Madelung constant

AiAi in the usual way such that -

Ly r.’f'g R
N = e . .
i SR . Ne AL oo

AT TIT f?-,"fi | ;jtl ;iil“; l"‘j . ,g (13) f;5

_where L is some reference distance (often ‘the smallest interatomic distance)

S v “.of .
and N is the number of molecules per unit cell. Comparison Eqs. (12) and (13)

>

'{fﬂshows that AL is given by -

sy
zf‘i
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can be established between the various terms in the sum.

v-_ per molécule.leince Nn = <y, then

ThésecrElationthavegbeen'usedwtOgetheerith;a cycle’quite similar to.that in

' “Fig. 5 to calculate valence electron band positions in the alkali halides.

© . sites located ﬁi%hihfgévéiﬁi1ﬁundred.K  -oﬁuiﬁee'gdrface,

23 ~ UCRL-17005

From this form it is obVious that previously:calculated-Madelung constants
cénnot be used to prediét individual.EM(Zi) values unless -some rélationship

31

i .

For the case of
the sodium chloride ahd’cesium chloride lattices for example, symmetry con-
siderations reguire‘that-EM(Cafién)=EM(anion). For binary compounds it is also

. : _ - 3o
common to refer to the reduced Madelung constantjz

Qi'= 2AL/ZaZc? | »' - o S (25)

‘where Za is the anion chafge, ZC the cation charge and n is the number of atoms

e
o Lz ve i=l

-applyiﬁg_this relgtion to the sodium chloride and cesium chloride lattices

: yields'fbfthe‘two types of lattice sites

, GQOCL » . | : o
 cat1on:‘ 4'_EM(+1) =- -5 S . (17) A
2. . . : :
. € - : ' '
) 4 : + = + : . C .
anléni “EM( l): T o | . o (18)

21

-; However, in general the sum of Eq. (8) will have to be computed directly.

» Becausen‘thé unscattered photoeleétrons aré‘probably eipelled’from lattice:
e canﬁot ngglect‘i-"



7i'surface effects Evenrif we assume that adsorbed or absorbed gas molecules
' fare uncharged and contribute little to the Madelung energy of a 81te near the :
T surface, the calculation of the energy would not be Simple. It would require '

", accurate.knowledge of the}mean free path for photoelectrons, and then an

: “evaluation of‘the-average'value-of.the sumtintEq‘ (8) between‘the surface and. -

a depth of one mean free path - Neither requirement can be met at this time,
so We can make only a rough estimate of the surface correction Neglecting

"entirely any adsorbedvor absorbed material, sites-at the‘surface will have

f""ffapprox1mately half the Madelung potential of Sites very far from the surface.
e Therefore, our average must be between 0.5 and 1.0- times the bulk Madelung

'”i‘_potential. It Will be ‘quite close to 1.0 if the mean free path K, is. long _.,;f'

compared to some radial distance r. ax above which terms in the sum of Eq. (8)

‘z-ﬂbcontribute negligibly to the Madelung potentlal ' For Simple ionic crystals,.

~the work of Evgen55 shows that_rﬁéx is roughly 5 times the lattice constant or f?ﬂf,

o

'“fathe order»of 20-50 K'» If mean‘free paths are several hundred A, we can thus

use Eq (lO) as lS However, to show that this correction is potentially impor-

' . tant we have also done calculations using 0.75 EM(+l), the value appropriate

Cifr ”~X We might also note here that this surface correction is the closest“

S max
J'Vanalog to band bending near the surface permitted by our. semi claSSical model. -

'{ Of the five compounds of primary interest here (KI ~KIOB, KIOM, EuAl o

':’l‘Eu'O ) the three 1odine compounds readily lend themselves to calculation of

,Ethe_Madelung energyg I has the NaCl structure and S0 Eqs.&zl~ (17) and (18) -

;;cah be‘applied'directly Also, it can be treated as a strictly 1onic solid and

B used'as‘a?reference compound for chemical shifts of the other two. On the basis ?

Ceehe UCRL-17005
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» ofvthe Pauling.eléctfbnégativity differenée,Eufonevﬁouidvprediét the_charge on
iodine 0 Dbe abdu£-0.5 in_KI}_buﬁ Mgssbauer,:NMR;‘aﬁd.dynamié quadrupole cduﬁling
measurements’ all indicate afvélue of 0.96-0.98. 8 " Thus the péint charges_ih the
vMadelﬁng energy calculation can be taken as *¥1 to a very good approximation. We
might ale note here'thatvevén if KT wefe»not combiéfely ioﬁic the change induced
in binding“energigs‘(gnd-thus chemicailshifts relative to KI) is less than a few
. tenths of .an éV and;negligible for our purposes. For example, 1f the XI lattice
is treated as charges of magnitude 0.75 the net chaﬁges in iodine binding ener-

- gles 1s only about 0.1k eV;~1Ihis is due to the fact that lowering the negative‘
' “charge énvthe iodine increases frge—ion binding energies but also make it easiérv.
to form’arpositiVe hole-ét an iodineréite surrounded by several positive ions.
The two effects thusitend‘to cancel, therebjbexplaining the small chahge iﬁ
' binding energy.

The XKI0, lattice is more complicated, but”tractaﬁle,' The unit cell was -

3
fdr‘séme time believed to.befthat of cubic perb;skite (CaTiO5) which contains
one molecule, but fecent.studies indicate that it.is_a larger 8 molecule unit.55'
HOWeQer,_the larger. unit cell does nét permit siﬁple:galcuiation of EM(+1)>and
also represents only a slight distortion of ionic positionslffom the perovskite
éﬁructure, Therefére; we seleét the perovskite sﬁructure for Madelung calcula-

tions, In this structure, each iodine is surrounded by 6 oxygens in a regular

octahedron. A further complication is that we expect considerable covalent .-

. character of the I-O bonds. ' The Pauling electronegativity difference predicts

' :ohly 0.25 fractiénal ionic character, for example{. On the other hand, it is

" fairly certain that potassium exists as K+l in, the lattice. Therefore, we treat
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3Z-l(O-Z) |

‘ the problem by calculating Madelung energies for a lattice of K 5'

~rj. treating Z as a parameter.; By taking advantage of the cubic symmetry of the
| ;perovskite lattice;\the‘p01nt charge potentials at the K, I or O s1tes can be
l“_gcalculated in terms of the known Madelung constants of NaCl CsCl . and Cu20

R and .the charge Z. 56 The calculation of reference(36)was1edone w1th our partic-

'ular chOice of ionic charges The results at the potassium and’ iodine lattice

Q.Sites are:‘ S
g K* : FM(+l) —‘% {z’[Aa(Nacn }"—F'BAa(Cs(v:‘l)‘ c—;;ﬂxa..(cueo_).], .-_.x’»-\-a(‘CsCl»‘)‘}v.b - (19)
TR EM<+1_>,=%"{zwacc:scx;)._,-.-Aa<cugo>1-+>:Aa<csc1>1~. N CO N

:-Here a is the length of the cubic cell edge At.Z = 0, the.oXygens dofnot
'1-ﬁcontribute to the Madelung potential and the energies reduce to those of the
&fi}CsCl structure, as they must from the symmetry of the perovskite structure

With the Jknown values a 1}.’410 A 35 A, (NaCl) = 3, u9512 52 A (csC1) = 2. 05537,3
) ’fng (Cu o)‘=;10;259u9, EM(+1) vas - calculated as a function of Z. Since Eb(I i Z) )

“"*7gccould be interpolated for all values of iodine charge, , ?; . (10). end (ll)

a f.show that I, 1 KIO ) and (I i KIO -KI) could also be calculated as functionsfa?‘
: Eb

vlglof For plotting we choose to use 1nstead of Z the fractional ionic character ‘f

' ‘jf of the' I- O bond. This is defined as’ f = Z/2 such that when f 1 the iodine

ficharge has the same value as its formal oxidation state (+5) We discuss belowv‘ﬂ_*
fthe factor of two difference between this definition and that of" Pauling - The ;:' '

:results of the. calculations for the iodine core levels are shown in Fig 12 for
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both avfull Madelung correction and a three—quartér Madelung correction. The
voints on each curve are the locations at which the iodine hes zero charge.
The Tinite curvature of both plots is due to the curvature in Fig. 10, since.
the Madelung corrections are strictly linear ih f. The minimum in the fully
corrected curve arises since the Madelung correction‘of Eq. (20) steadily
lowers the binding energy as f increaseé, whereaé the conccmitant increase
of the charge on the iodine atom tends to 'raise - the binding energy but at a
different rate. The importance of the amount of Madelung correction used is
also cmphasized here, since the two different'éurves are 3 eV apart by f = 0.25.
This is‘certainly not negligible‘with respect to chemical shifts. |

| For the case of KIOu, the actual crystal structure is.also too compli-
cated to’perﬁit easy calculation of EM(+1). The unit cell is that of scheeslite

37

(Cawoh) and contains four molecules. ~ Each iodine is surrounded tetrahedrally
by four oxygens and the I-0 bonds will agaiﬁ‘be considerably covalent. Potassium
één égain be assumed to exist as K+l, and the lattice can therefore be treated in
first approximation as being composed of K+; andn(Ioa)-l point charges. We can
then consider the .interaction of.each iodine'with_its four nearest neighbor -
oxygen, and assign‘charges of L4z -‘l.to iodine and -Z to the oxygens. This two-
step calculation should give a reasonably good estimate of the actual Madelung
potential seen by an lodine atom. The first portion of the Madelung eﬁergy was
obtained_froﬁ thevreddced Madelung constant of>scheélite. This constant has

been calculated by treating the WO;_{2 lons as pointlcharges.BSI The symmct;y of
this point charge lattice requires:that EM(anion) = EM(cation) S50 tha£ Eas. (17)

end (18) are valid. The reduced Madelung constant is o, = 1.61550 where r = 4.07 &,



o8- 0 UCRL-17005

-fi'the shortest anion cation distance for the K (IOu) point charge lattice. The ,7~.

'evnearest neighbor correction could be made quite easily since the I 0 distance

k“'ls known to be 1. 80 A.57 The chemical shift AEb I, i KIOu—KI) was thus calcu— '

. lated as a function of f and the results appear in Fig 12 The cortrection has -

'much less effect for KIOh This is reasonable since the Madelung energy vas
: calculated treating only the 1od1ne nearest neighbors in detail
Hav1ngxtreated'the.iodinevcore levels in KI, KIO3,,and KIOh, we turn
T‘~briefly to the potass1um levels -Since potassium was assumed to exist as K%l

in all three, -any shifts Will be due to Madelung and p0551bly polarization

.corrections Madelung corrections were calculated for XF, KCl, KBr, KI, KIO5
’ -1

"7l.and KIOA The potass1um halides were treated as K +1 X lattices. For KIO5 a

';Jrough estimate of Z was obtained by directly compar ing the experimental and fully
';corrected theoretical shifts in Fig 12 -This Z value (l 52) was then used in | L

_.Eq. (19) - For KIOM, Z vas’ estimated in the same way. " Then a'calculation

X . similar to that for . 1odine wes made.' The Madelung energy was assumed to be the

;:K (Iou) p01nt charge contribution corrected exactly for the eight nearest’
v3_7neighbor IOM groups The chemical shifts relative to KI are presented in Table

IYVI; On the bas1s of this approximate calculation there are clearly non- negllgible,i-

: {~fshifts of the potassium levels. The-?.shiftsVn; of potass1um levels are further I

‘1?;verified for the potassium halides where our lattice model is. much hetter and the R

"J shift quite large for KF. We mention.this to demonstrate that the use.of some».ij“
Zﬂicommon constituent in a group of compounds as a reference level is 1nherently
%#pinaccurate from a theoretical point of view. Our experimental results also bear lff

7*out this sensitiVity of the potassium levels to chemical env1ronment. The fact
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' thatfthe sodium lsi/ level has been measured in NaCl NaClOe, NaClOB, and
'NaClOu and found to be the _same Withln experimental error (+O h eV)7 would
seem to 1nd1cate the shifts are fortuitously small for these compounds.; A

‘ general neglectvof them is not valid, however.

'D. - Charged-Shell Approximation

vFrOm_Figs..6;.7, 8, 9, and 11, it is‘apparent'that a strictly ciassicai
model can be nsed.to give a rough estimate cf the core electron binding energy |
shift accompanying a change in the charge state of a free atom or ion. We can
also use a partialiy classical model to estimate the shifts that accompany |
'i,chargeltransfer within an atcmic'complex.' This nodel‘proYideslscme insight into
h the origins of the observed shifts and/emphasizes their sensitivity to covelency.

.Consider an‘atom A invsome solid ccmpound or scme molecular'complexf It
_willibe surrcunded by a set_cf nearest neighhors which are‘primarily responsible

}for,the way in which the valence electrons of A are distorted in the bonding -

'v;process. It is thus a’fair.anprokimation.to consider only the nearest neighhor
effects in calculating core shifts in A. (From the pOint of view of our Madelung'r
calculetlon, this -amounts- to truncating the Madelung sum at one term.) To do
vtsthis, we can use a spherical¢ shell to epproximate the charge in bonding orbitals
with its nearest neighbors. :Fcr simplicity;lwe might consider the case where A i-
; has'onlva.etcms as nearest-neighbors. Then the conplex of interest is (AB )m
where n 1is the no. of nearest neighbors and m represents the net charge of the

complex. The charge m can ‘thus have any positive or negative value. (1nclud1ng

K
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' O‘for'a neutral'molecule)v;TIf all B atoms are at roughly the same distance from :
bA we can denote the nearest neighbor separation by rAB. The charge transfer due

to chemical bonding can be approximated by a non integral transfer of charge'—axﬂ

j(a can be pos1tive or negative) from the unperturbed free ion valence shell of A 1fh

".to a. spherical shell of radius r centered at the atom A. The charge em we - take o

‘somewhat arbitrarily to be on the valence shell of ‘A. This parallels our:treat#p;
3Z-1 -Z -

- ment of KIO where the ionic charges in IO3 were - taken to. be I and 0 ., The,pf,*'

.
model thus obtained is shown in Fig 15 for octahedral (AB6) . The radius r

,. f_should be less than or equal to rAB; -The case ro= rAvaould'correspond to a’

"Qvery highly ionic bond, since charge would be transferred essentially to - the “

'l'location of the unperturbed free- ion valence shell of B A core electron binding'ﬁ'

: *fenergy for A is thus given A
-
Eb(AiAB ) Eb(AirrH-oz) -'——-.( ST (21)
vThe second term is a repulsive or attractive potential due to the charge shell
':L at r_ It always acts in the opposite direction to the change in 'free-ion »-’
;?bonding energy AE%(A i,0- O) Such potentials are undoubtedly the main reason
Vfthat measured chemical shifts are always much less than expected from free-ion

l,calculations ' That is, in free ion calculations the electronic charge is

*tfremoved to infinity, when’ actually it is only moved by distances of the order fTﬁu
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: crystal strﬁcﬁureéitTEuAlé:has’the‘Mécue structure uith 8 molecules per unit
_yl {_('cell39 anq EuQQB'hasthercuhic,bixbyite (Fe203> structure with 16 molecules
per cell‘unit.uoi An additional difficulty is that both compounds have an
indefinite.amount‘of metallic or'covalent-character'and neither‘would serve .
o -as a clean'cut»referenceicompound analogous to'KI.'-We.can_howeverlmake a
. rough calculation'using.the-charged shell approximation in place of-the Madej7t'
ml" lung correction That is, we first assume that the electronic shell n = 6
4-3changes negligibly in denSity distribution Ain going from EuAl to Eu 203+ 'Thenv )

i “': the chemical shlft Will be due to transfer of one hf electron into some sort.

'wof chemical bond, and’ will be given'by
V'(EuiEuO‘-'-F;uA )& V(‘E‘uiB-Q)-—‘i-: (+.1)“““ (2.2')
AR, (Bu,1, 89,05 <BuAl, ) = ARy (B, £,3-2) +.48,(+1) .

(M_ We can approximate AEM(+1)'by'considering only nearest neighbor interaction as
‘ jtdiscussed preViously Then a simple exten51on of the charged shell approxima-
'ttion gives AEM(+l) ~ -'%r ifr is the average radial distance of the bonding hf

: gj,felectron in Eu2 3' U51ng thls approximation on the 5d5/2 level showed that a .

':19 6 eV chemical shift corresponds tor Z 1.3 A. We discuss this in relation to
'ﬁfgour experimental values in Sec. VI.
. An alternative approach for. dlscussing the europium data would be to

‘ Y'}‘assume that in metallic EuAl the Madelung correction 1s much reduced so that

G B +2 free ion binding ehergies are approx1mately correct. Then the chemical ,

.fshift between EuA12 and Eu O3 ig’ due to the free ion shift AEb(Eu, i,3-2) and

'xj:the Madelung energy of Eu205 ' Since the former ishapprox1mately“20‘ev a Madelung :
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energy of approximatelyﬁlo eV‘isirequiredAto giveythe netIShift offlO eV we have " -

'ﬂ‘observed As this is the approximate magnitude of Madelung energies for most

”f‘crystals, this explanation also is cons1stent with our data,'although rather-.}3f

i

A»qualitative._:;

“PE; :Relanation Corrections':

The maXimum value of the relaxation energy can be calculated by assuming

R that electronic polarization about the positive hole has proceeded to equilibrium.

Tﬁ:In order for this full correction to apply, equ1librium must be reached inh a time
“ishort compared to both the electron .escape time and the hole lifetime.v To calcu-

‘late this correction we note that the net relaxation energy will be the energy

"~»3_associated w1th the polarization vy the pOsitive hole of the electron clouds on ..

if:,every other ion in. the lattice Relaxation within-the ion of interestrwas con-

:’QVSidered above in the discussion of Koopmans Theorem We may- approx1mate the
final state as a spherical shell of unit charge in a continuous dielectric

medium.21 ‘The radius RA of the spherical shell will be quite close to the -

ionic radius of A Since we are neglecting nuclear relaxation, it is thez:vm“j

15

. K SR
: dielectric constant at optical frequencies (lO cps) much larger than lattice

13

{'Vibration frequenc1es'(lQ cps) that is appropriate _ The polarization energy,ffgif

_1s
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with negative sign so;ae_te lower‘EZ(A,i,X) reletivevto EZ(A,i,Z). A more
rigoroustmethod of calculatiﬂng is_also given in‘Ref.'2l. -Now Ep can be

added to Eqs. (10). and (ll) to give blndlng energles and chemical shifts that

are max1mally corrected for polarlzatlon
A,1,X) A,1,2) +1) + E R (2
Eb< Eb( EM(i)’-.p_ . (24)
V(A i'x;Y) = V(A 1'z-z')~+ +1) (+1 ‘ E‘ (25)
AEb"’ 1) AEb;, EM EM T Fpy ©

To get-an- idee of the magnitude of polarlzation corrections, calcula-
 ‘t1ons of Ep were made on all the alkali iodides, KIO3 and KIOM For RA a yalue
':'aof 0.9.times the iodine-nearest_neighbor distance was used. This value is euge
:f gested by'the morevrigerous ﬁethod\of calculating Eé mentioned above. The
values used in the ealculation and the results are presented in Table VII.
‘The eerrectione due to polarizetion for these compounde are relatively small,
being less than 1.0 eV except for KIOM' Since it is probable that only some
| frectioh‘of these yaluee is appliceble,.we will neglect poiarization for these
eompounds. In general, however,.the magﬁitﬁde of such corrections should be”
v;.checked whenever possibie, as thej could easily be eemperable_to a small chemical.
- snist. | | | -
| ;We.sheu;d_elso gbﬁe'at.this point that.if one ie interested in a chem-
.;jﬂ:ficel sﬂift betweeq:two atems‘ef‘the same. type which occupy chemicallytdiffereht'-
'"ﬁ;ﬂ'sites in the*same'moleculefor solid, the corrections due to shifting reference

h{i‘leveliand electronic polariéation can be neglected to a very good approximation.w'
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considered at all m»Such cases represent the most clear cut applications of

. the technique ';

. VI DISCUSSION
| § ;tsiA Halogens 3ffj R
In. Fig 7, we' compare experimental values for AI%(CI i NaClOu—NaCl) from ,
the work of Fahlman, Carlsson, and Siegbahn7 w1th theoretical free -ion valuesbl‘
B at various 1onic charges' For the two levels con51dered l/2 and 251/2
"': the shifts are very nearly the same (9 6 eV: and 9. 5 eV respectively) in

B agreement With the trend predicted by the free ion calculations. Since the;flf'b

L?corrections embodied 1n.A(E 2) and A(¢ ) are the same for all levels, it lS;Tx'f
ﬁto be expected that relative shifts of different levels could be" determined
v;?from free ion calculations If the actual ionic charge is roughly linear in

v, this: explains why Eq (7) can be used with reasonable success to predict

ivas about O 12 a little larger than that obtained by Lindgreéﬁ+lfor sulfur.
| In Fig 9, our experimental values for AEb(I i KIO -KI) are compared to
| free-ion.values. 'To w1thin-experimental error, all the coremlevel shifts arevf\

fﬁ.athe same, again in agreement‘with free- ion predictions.- For iodine, the.pro-,a:i?i
:;portionality constant in Eq (7) is about 0. 07 | | | |
In Table II, we have compared our calculated free ion binding energies

_for IO with those measured in KI. While it is . obv1ous from Egs. (10)

Surface effects are also much easier to treat in this case, if they need to be“!i;'

g shifts For chlorine, the proportionality constant in Eq (7) was: calculated';iagf
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| or(eh)tﬁat Ehigbcoﬁp@fiépﬁ“is.hbtffigorous; fﬁe:hgt-correctioh,to the I? values .
is only about 1 eV, which is cl§se:eh6ugh féf preéent:purﬁoses.' Since no spin-
orbit couflihg was inéluded-in'the éalculation, wé have appropriately averaged_:
| £+;/2 and Z%l/é~ek§e£iméntal values for approximate. comparison. L The agree;
“ment isvgodq,especialiy iﬁlview Qf'our use of.a;minimél Easis set. Thé large :'
_discrepancies for thé'Es; 2p, and Bs'leﬁels can probably be explained'élmost
:entirély by relativiéﬁic'effecﬁs,Since.thé relativistic corrections computed by
" Herman ahd Sk:i]_lmavn)ﬁL2 in this region;of atomic number ére apbroximately 360 eV,
;\i50 eV,gand‘8O eV féspectively; and in'ﬂhe<pf§per direction. |
; in‘Fig. 12 the experimental shifts for KIOB‘and KIOu are compared to
,.the‘&alﬁes_we have calculated aswa'fuhction of f. The values of f and iodiné
| chargé;'which cOrfeépond fo thevobéefféd shifts are summarized in Table VIIi.
The resulﬁs'are édmpared'fO’thqée gbtained via M&ssbauer measurements on the
 §ame comp‘ouﬁds.8 The agreemeﬁt'is satisfactory 1pvthé sense thaf Madelung
corrections in the bléUsible range‘éan bring our derivedvvaluesvof f and z
into agobd AR agreément with the'MBssbauer_results. The sensitivity of -
"ifboth_f and 2-£o the magnitude of this correction indicates, however, that in
parﬁially iénig'solids iike>KIO5 and KIOh more_sophisticated data'treétment ,
- will De necessafy vefore these parameters can be derived with high accuracy;
,10ne possibility would be tb con§ider'the shifts of more than one atom common té
sevérallcompduqu,‘aslfqrxexample, X and I in XTI, KIO3’ and KIOM. The f value
_would thus bé_sélected 50 aé'to beét fit two experimehtél shift values for eaéh'

- compound. Such a calculation was made for these compounds, but the f values

' obtained were'negligibiy_differént_from'those of the one atom fit. This is due
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gto the much greater sensitivity ‘f iodine binding,energies to changes in fras-
'compared to: potassium For sets of compounds where two constituents both show .
7v.comparable sensitiVity however, such calculations should permit ‘more accurate f

_ ,or charge estimates

It should also be noted that our calculations have all been based on f

“'fremovalbof only p electrons from the valence shells of a halogen atom For anyll
ftype of hybridized bonding, this of course is not true We-have made free-ion p ;
nﬁ,calculations which show approx1mately a lO% difference in the core electron
Jeifbinding energy shifts of iodine between 5s removal and 5p removal, 50 hybridiza—
l'ftion among these levelsvcould introduce a small error in our results Our approx-

#;tiimation of only p removal‘is quite good for KIO

3

5 but for KIOu the tetrahedral

.80 l/h of the charge 1s removed from the 5s shell.8

"bonding is‘believed to be sp
.'?pThis fraction would introduce only about a 0. 2 eV error in our chemical shift
,?icalculations and so is not significant for the present Such differences should ._
fibe kept in mind however, and suggest the pos51bility of determining which valence.
‘fielectrons have gone into a bond by the magnitude of a chemical shift " For example;
| !in europium a free ion shift for 6s removal is apprOXimately 6 eV and this is lh er_'
'smaller than that for hf removal.,vThis would give rise to very large differencesfjipt

fin a calculated chemical shift depending on which type of bonding was’ assumed

E’For example, the shift of 9 6 eV between EBuAl and Eu2 ‘could not be explained

2 b

ﬁ;at all by a transfer of one 6s electron into bonding positions and further vali- L

7

f&dates the Mf and hf6 configuration assignments of these compounds
The iodine shift results for the potaSSium salt: of p- iodobenzoic acid

t-are presented primarily to indicate that iodine shifts can be measured in organic »1‘
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r.compounds With-aIhiéh'degreeaof?couaient”honding;~ This has also been previously
demonstrated for.organic compounds containiné sulfur.h"With’further refinements
such measurements might establlsh the chemical state of some constltuent in an
organic molecule.» Forvexample, our-measurements show that the oxidation state.
of iodine iS"in thehrange‘;i to;+;.in:this compound. .Further applications of
this type are discussed in Sec. VIC. | |

- TheheXperimental potassium shifts'are in'reasonable agreement with the .
theoretlcal predlctlons of Table VI The direction and approx1mate magnitude
is correct for KIO3 where our Madelung treatment is relatively accurate. The
'Idlrectlon is wrong for KIOu, but this is not surprising since the shift is
small and our theoretlcal treatment is very approx1mate for this case. This

lack of_agreement for KIOh demonstrates the importance of an accurate Madelung

icalculation.

E B;h'Europium.: o - -
In Fig. ll ve - compare experimental shifts of the 3 /2, 3d5/2, and

hp3/2 levels to the free ion values., Due to dlfficulties in resolving the
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':f ; photoelectron peaks from other;levels, we do not have,sufficient data to determine-:‘

A'.-_ v

whether or not the relative shifts of different levels are as’ predicted by the ftj

he proportionality constant in Eq. (7) is about

free ion values._ If they are,
O h6 ) & much larger value than found for sulfur, chlorine, or iodine. This is.
S to be expected one hf electron isitransferred invgoing from +2 to +3 europium,
whereas the corresponding transfer for a unit change in the oxidation state of

',the other atoms is probably much smaller.; For iodine, for example, Table VIII

indicates less than O 5‘electrons become involved in bonding per unit change in

xidation number

The radius‘obtained"in our approximate charged shell treatment of these

europium compounds is conSistent with a simple picture of chemical bonding In

gorder to obtain the proper chemical shift one hf electron had to be transferred

Vf:into a spherical shell at apprOXimately a’ l 3 A radius.» Since this spherical

7’shell must somehow approximate the bonding orbitals in E 5,'we would expect

'it to be somewhere in between a central europium atom and the atoms around it.

charged shell model is a gross simplification of the actual Situation, it never,

theless gives semi quantitative answers and some insight into the physics of a

»chemical shift of core electron binding energies."

§o L . O . E B . . - s e
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o C. 'Further.*Applications oi‘"the‘Ph'oto-electro'n"v Spectroscopic Technique

The curves of Fig 12 for KIO5 and KIOM indicate a high sensitivity of

'_the core—electron chemical shift to the fractional ionic character of the I-0

.bonds in these compounds. This sensitiVity suggests that AE% might serve -as &

seful operational definition of ionic character. To evaluate this possibility

rit is helpful -to review,the_types of measurements on_which the concept of ionic

“character is based,lcomparing'the quantities'whidh “are measured in each case.

Basic to any discussion of chemical bonding is the question.of electronic

charge transfer'among the various atoms. Such transfer must of course be qualified

by noting that electrons'in-solids do not "belong" to any particular atom and that

harge transfer. due to bonding is simply an alteration of electronic probability

distributions Thus ‘some approximation is necessary even in the discussion of
3 vhighly ionic solids vhere the partitioning of the probability distribution of
velectrons among various atoms is certainly not obvious, nor even unique. There-'

v fore, one should not be at all dogmatic about .conclusions involVing small changes

(~O 01) in the. fractional ionic character f, but on- the other hand large changes

.(~O l) in the value of f can give very concrete information about the bonding in

idifferentvcompounds. Several models have been used to deduce f from experimental

fhdata{f

. Two well-knonn methods for assessing_ionic~character are based on elec-

b3

: - Sy :
"tric dipole momentsj and quadrupole coupling-constants._- The first methodiisb'

sensitive to all electrons,vbut is subject to uncertainties in polarization

"corrections if one uses it to extract ionic character. It also is limited in

application, since many symmetrical complexes do not have\non—zero electric dipole .-
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L moments The quadrupole method is free of this latter objection (for example,
Cl in: liquid SnClu), but is totally insensitive to the distribution of s elec- ,fhi,f
trons ' Also, the atom to be investigated must possess.an isotope with nuclear . |
spin.z 1. Though not very generally applicable, both of these methods glve use-efr-*
.7'ful-semiquantitative information The discrepancy of about 30% between ‘the two f;;{{-'
;elielectronegatiVityeionic character relations that the two methods give for diatomic
halidesuk is about the agreement one: might expect. _;’ | o
More recently, isomer shifts derived from MBssbauer spectra have prov1ded
? a technique for the measurement of ionic character in inorganic compounds > The
isomer shift BE is directly proportional to the difference of the electron denSi-
ties at the same nucleus in two different compounds, that is, OE « A¢ (O) Because |
of shielding. and relativistic effects however oy (O) depends not only on the number,
' of s electrons in the valence shell but also on the population of all other elec-
tronS'in the valence shell.‘ To a first apprOXimation the" isomer shift for-an

' atom with s and p electrons in the valence shell can thus be written as

where An Qﬁn ) is the difference in number of s(p) electrons in “the valence shellse:

“f of the twoncompounds For a given isotope A and B may be- determined empirically

'?f by measurements on certain calibration compounds. With enough additional - informa-

:tion (usually involving 8 bonding model) 1t 1is then possible to determine n, and
fn for a given compound from measured BE values._ This- method is most sensitive

v?lito S'electron trangfer._ It 1s also not widely applicable, since an isotope must
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' be-found Whlch possesses.a.MBSSbauer tran51tlon. Honeyer,ffor'cases in which
- ,MBssbauer results can be compared to those of the two prev1ously mentloned teche
.nlques, the agreement is: satlsfactory. | | | |
The photoelectron Spectroscoplc technlquevused in this 1nvest1gat10n

yleldsthe blndlng energles of core electrons and therefore is dlrectly relata

| dable to the Coulomb and exchange 1nteractlons w1th1n the parent atom in the
ilattice, :In ourytheoreticalvtreatmenty we chose to'divide this potential into
fvtwo_parts: the detailedxduantum meChanical‘interaction'of all_particles in the

' parent.atom and‘the;classical interaction of all other‘atoms in the lattice. |

' :The electronlc dens1ty on all other atoms was spllt up accordlng to a self-

e con51stent scheme.v The charges Zi at the varlous s1tes will generally not be

:f.ﬂilntegral, but electronegatlvity con51deratlons comblned ‘with the condition of

~electroneutrallty should often permlt the establlshment of relationships between

‘the various Z (as, for example in our treatment of KIO3)  In addltlon, if

'vnchemlcal shlfts were measured for more - than one atomlc spec1es common to a set

-

" of compounds as we have dlscussed ‘earlier the unlgue determlnatlon of slonic

’_licharges mlght be poss1ble.: That 1s, the comparlson of experlmental shifts for

':&ff:these atomic Specles with theoretlcal curves such as Flg. 12 for each spec1es

T‘(derlved elther from the cycle of Flg. 5 or more accurate MO or solld-state cal-

'culatlons) mlght permlt a unlque ass1gnment of charges. Thls would eliminate

"?-fl:ithe necess1ty of assumlng potass1um to be K 1 . for example and extend the appll-

{cablllty of the technlque to compounds w1th llttle ionic character.
Whlle it 1s not our 1ntent10n to make a detalled comparlson of this method
;?iw1th the three mentioned above, it should be clear that AE (or to a first approx1¢_

.matlon AE ) measurements are: more generally appllcable and at the same time less
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- model dependent than the tﬁeis., One may obtain from.AE% studies a direct

- evaluation of. the charge on. each atom with a minimum of assumptions concerning the . v[

vs; bonding orbitals.; These charges may subsequently be 1nterpreted in terms of ‘1' ' H,f‘V
tfractional ionic character or any bonding model.,}iii}ii;:f'

: ; The application of the photoelectron spectroscopic technique to struc-- ¢?hfﬂ
tural problems of molecular biology or biochemistry is. potentially of great
;utility In these problems one is often 1nterested in large molecules with
cons1derable covalent bonding, but also relatively few active s1tes ofvdif-

ferent chemical character. For such cases intramolecular 1nteractions would

_Mbe of prime importance, and perhaps only those due to the nearest nelghbors of

:?a given active would need-to-be-considered. The Madelung formalism would not

’

fbe appropriate for such problems, and a molecular orbital approach would be the'

i;most accurate technique.r To a first approx1mation, our charged-shell apprOXima-'

f*tion might ‘also give useful results., In addition, it seems fairly certain that

the mean free path for discrete energy losses would be very long, s0 that surface:

.ieffects would be minimized For example, the mean free path in polystyrene is ft“
HliapprOXimately lO OOO A for the only discrete loss Wthh would 1nterfere with
o 2 o
Tuphotoelectron spectra cons1derably 5 These facts could much s1mplify theoretical LT

iégflcalculations for certain cases and permit assignment of charges to dlfferent atoms.l?Tﬁ :

:’fiwe discuss below several examples where photoelectron spectroscopy seems particu- :“.v”nk

3

'larly suited

Metal ions are ubiquitous constituents of biological systems serv1ng a fdﬂ;{“l

S

f“variety of functions.. Alkaline earth ions including magnes1um and calei ums;

_activate some enzymes and magnesium is an essential constituent of chlorophyll
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The trassiéibn'aétsi'idﬁs;féihé,ﬁcéﬁper,ZQAAaaiﬁﬁgaiédﬁ,fsangahese; and molybdenum,l
partiCipate in 8, number of biochemical processes including enzymic reactions, elec-
“tron transport reactions.zind oxygen transport reactionsxi In many instances these
ions either exhibit no. spectroscopic evidence fér their Presence or lose such
spectroscopic features in one of their usual oxidation states. The photoelectron
vspectroscopic.method WOuld provide‘direct positive eVidence_for the presence of
' ions in theirfvarious oXidation States and oifers an'additional method for the
study of the coordination chemistry of metal ions. |
The structural integrity of many proteins is dependent on their sulfur

Vucontent, espeCially the disulfide linkages Non-degradative methods for the

'.V:analySis of sulfur,are notvreadily available; there are no'optical transitions .

'fspecifically'attributable to sulfur andvthe onlyxsulfur 1sotopes amenable to
bastudy.by nuclear magnetic~res0nance occurs in lowtnatural abundance with a small

- nuclear gyromagnetic ratio and a spin and quadrupole moment such as to largely

5”7.preclude high resolution nmr spectra. The photoelectron spectroscopic method has

Ly
already demonstrated 1ts usefulness in the study of sulfur chemistry and, . in

'.particular, is capable of distinguishing sulfur in a disulfide Linkage. 46 It.

.‘:f;should-thus-beepossmble to determine the number-of'disulfide ‘bonds in an intact

protein, the ratio of disulfide to sulfide,and to verify if the same number of
jsuch bonds were present after reconstitution experiments

Many investigators are currently focusing attention on a class of non

i L
,heme 1ron proteins, called Ferredoxins, 7 which act as electron transport -

_Jprroteins in both photosynthesis and bacterial metabolism ‘The common character-'

‘53;Qistic_of.these proteinsvis_their content of from two to seven iron atoms together
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with a number offsulfur atoms;

: prov1de addltional evidence for,the presence or absence of chemlcal equlvalence

'of the 1ron atoms both before and after reductlon. There iSaslight evidence

from MBssbauer spectroscopy for non-equlvalence of the 1ron atoms. The study

e

of the sulfur spectra of these protelns should prove espec1ally rewardlng as

~there 1s v1rtually no dlrect 1nformatlon on the nature of the sulfur -iron

interaction.
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T ?13 VIII CONCLUSIONS o

- We have studied the problems assoc1ated with the extraction of informa~

f tion about chemical bonding from core electron binding energy shifts measured by
_the photoelectron spectroscopic technique.-.Our~maJor conclu51ons are summarized

- below: |

| | vl;. Binding energy shifts may not be.compared directly to theoretical

“calculations on free ions to extract useful 1nformation about bonding " This

- is expliCitly‘demonstrated in the energy cycle we.have used for the approximate

. calculationof binding energies in crystalline solids. The.major correction to

"ff be conSidered for this case. is the Madelung energy. - Other COrrections of poten-

‘:Etial importance are thoseudue-to surface effects, the reference level for bind-
i‘ing energies, and electronic relaxation,_but_these are minimiaed for shifts-
measured within onevmolecule_orhsolid.

2. For.ionic solids the.Madelung'energy can be'several electron(volts
”‘”and must always be cons1dered The magnitude of this correction is somewhat

l'.uncertain due to the prox1mity of the photoelectron—producing sites to the

o surface

| 5;'oThe'reference.levelbfor:binding'energiesiis somewhat-in doubt for
“'.dielectrics; Localicharging-up'ofjthe sample, for example, can shift this

~V‘”rei‘b‘erence level. hln addition, the experimental-reference levelv(the Fermi levelj.v
= is not ea51ly obtained theoretically. The use of‘some'electronic level in a.

.Simple ion common to all compounds such as K 1 or Na+l as a reference level is

“.ﬁ.tnot validamdcan]ead'toerrors up to several eV This is an obvlous consequence'

-of the Madelung energy variation and is also verified experimentally.



| UCRL-17005 -

© k. A reliablé»car}eétiéﬁ”for electronic relaxation is elusive, but
_ approx1mate calculatlons yleld upper llmlts of approximately l eV for the

?lOdlne compounds of interest here.:f'T

. 5 The charged shell model for simple atomic complexes can be. used

to glve seml quantitatlve estimates of chemlcal shlfts.‘ It also illustrates' J'Q}v"«

jfthe relatlon between shlft magnltude and bond polarlty in such complexes.
6.; Freee;on,Hartree?Fock calculatlonS'lndlcate several trends of.;l'
:1; lmportanceAfor,shlftsmeasurementspin-sollds;1’TheselectIOn_binding energy
'shifts_accompanxlng.thejremo&al of‘an:outerlvalence‘electron vary little
"‘??throughout;the-core}V,thlsnis.true_to:much less degree forfthe removal of an
‘;'inner valence.f'electron;{ These.shifts shou aldecrease in magnitude with

;1ncreas1ng atomlc number for a glven chemlcal group (for example, from 20 eV

in fluorine to 10. eV 1n 1od1ne) » Varlatlon across the perlodic table is also o
found, there being an increase~from left to'rlght. hThe shifts are relatively

V'F'insensitive to the orbital duantum number’ of the electron removed, but quite

" sensitive to its principalyquantum number, as illustrated by the 4f and 6s elec-
' gtrons of europium.: Relativistic and Koopmansngheorem-corrections should be

. “relatively unimportant for chemical shift.determinations.

-.gggﬁff' '7. vThe"experimentally measured-shift for‘iodine is approximately'0{8 =
‘ - eV per - unlt change in formal oxldatlon number, the- correspondlng shift for

5europ1um between 42 and +5 states s 9 6 evV. The lQ-fold-dlfference can be -

fqualltatlvely explalned 1n terms of our theoretlcal models. . Within experi-
ffmental accuracy, all the core‘levels of lodine are shifted by the same amount ..

’:.gland this also is consistent with theory.



SQ “The predlction‘of atomlc charge as we have done for KI, KIO5’ and
~KIOu needs some reflnement before 1t can glve detalled 1nformatlon about bondlng{._
- In partlcular,_by measurlng all core atomlc levels in each of’ several compounds
_a much more accurate charge as51gnment could be made. The agree-
ment between our~charge_values and those,derlved from‘MBssbauer-work is
. encouraging |
" 9. Careful stndy w1ll be necessary before s1gnificance can be attached
‘ ‘”to shlfts of 1 eV or less measured between two different compounds.. However, o

r-ShlftS~Of similar magnltudevw1th1n thevsame molecale‘or,solld have been reliably
detected and are far easier to relate to bondlng phenomena alone Biology. and

"blochemlstry present some. 1nterest1ng problems of this latter varlety.
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g . Table’ I Experimental binding energy shifts relative to KI for various iodine'

I ... core levels in the potass1um salt of p-iodobenzoic acid: (KIBA), potassium iodate, -
' and potass1um periodate - The . number of individual binding energy measurements’
for each level in a compound is-also given.

gLevel (1)(Rad1ation) | Compound(X) Number of Measurements 'AE%(I 1,X K1) . Cev)

(CuKa KT ' " S 0

1/2 1)‘_-]‘_ ,v

=03

5.5
_5.8,

 xImA N
| KIO s
o 'icroh B
e C

L g

S empplemey) o kT R
. VCETKIOA;;ﬁJiT :im;”‘. 32rfii- ‘g;ve‘.vg | ,:5,5
Lo : CUKIBA L _ 2 S 0.8
k0. . w o e
IR oo ST o :
CUKIBA L2 ':Sif-fu_,’ © -0.9
ko, 12w
..... Cmo, e e

o kmA 3 o
| ”iiSiKIOv,_ 2vsd‘d»g7¥.,. 3 Li‘ﬂfv? o ‘i 4.6
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Tabievf ; Céntinuédf

Level ( )(Radlatlon)ﬁ ompbuhd(k)

. Number of MéasUréménts AEg (T,1,%X-KI) (eV)

5, /2 (CrKOé )

?;,5,73

."f: ';o'.9"l,_'?:1 3
.‘. 5.1 .
59
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: . Table II. ‘Experimental lodine binding energies in potassium lodide (Fermi
- reference level),end theoretical bilnding energles for the free lodine atom
"~ (vacuum reference.level). All experimental values are from this work except
those with an asterisk, these come from ref. l. '

- Level (i) o Experimental . Theoretical
v : o Binding o ' . Binding
- Energies " - - Energies

CEp(1,0K1) (V) 'EX(I,i,O)f(éV)'“'

oL 6 S | 4861.1
Cweal
”'u561;0? h659.h S wers
R o7 988

mp e °]A 89§ e
880.7.. : A S

S

G Bdggy o 625 EE L

S190.5 0 T 18k

| - 'i23¥,‘ o ift": x;' o i:‘ 1ko L

| GO e gt

S U e s 18
T u*- ?~‘r¢e!r.;}e »f;‘ﬁ:~.’ i3u : p
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'deble‘III;- EXPefideﬁta;, i dlng energy shifts relative to EuAl for varlous
europium core levels-in’ Eu20 ."The number of 1ndividual bindlng energy measure--. .
ments for each level in a compound is also given. .

ﬂ;fLével,(i) Lv'k.,j.ComPO?ﬁdfﬁ*fif, Number of - “”3”‘-1]"_AE$(Eu,1 Eu,0, -EuAl))
. (Rediation) . .. - . 7 Measurements o . (eV)5 2

1002

By

- by /e Crml) :i».v*
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REEE Table Iv. Calculated bindlng energles for  the fluoride and iodlde ions; showing

both the Koopmans!: theorem energy. elgenvalues and more .correct results obtained
by taking differences of total energies.  The ratio of Koopman's theorem binding
energies to correct binding energles is also given.

Level (i) _' o lEggxoop)A RO ’-Eg(Diff)  " , EZ(Koop)
v ’ i(eV) o o (eV) EZ(Diff)

RNCAS o
s ’lll T 699.1 | l o 675.2° . 1.035
g .i¥ o } 22,7.-,_ C .. 19.9 S 1.141
,vi'l§s25§6: }g} L S

25 a N ] f'fl-f‘:lu8§2.3 S _?i{l 1816.5 0 1.008
o> l‘ll‘_ l, .‘i*f u598.7_:1"l'i i;'”"'&56o.1_;'3, . 1.008
3s .‘i:“ Hfgs’eff}'i'990.o . ,,,,:'f~. "~ 97&.1--‘v o ©1.016 -
5 ".{"j;“,_’ﬁ }'881.9»fv B 865.% .i ©1.019
34 i-;h,'*“631;7,l,'- l' E - 613.7 o V11029

e '"175.5. 1693 1.037
bp o R .-*g”'f 133. 61 o © 1276 o - L.ob7e

wa s o ke 135
55 ”:i;‘: .f..’ 10.7%3 . ”.l_ 99 T 1082
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> Table V. Calculatedblndlng energy shj.fts'-'"-lbétWeei_i varioua_ free ion states’
i oo ter i o of dodime. T - -

4R 2.3 4B 2.2 4k 2 1

6 3s°5p°  I5s"5p” 158 5p

1P 1%5s%sp

5. 4l 2 b
vl AT (L1,0-01]) AEY(1,1,10) AE'(E1,0o0) V(1,1,3-2) AR (T, 5, 153)
(i) AEb (ev) - .- AEb - (eV) AEb ‘(;V) S (eV) P (2V)7 :

S TT5s5p 1

2s "&899[- S 990 10.93 12.23 13,1k
ep '.791; iffg’ : 9.87 . 10.93 ',»-512.19 1336

L 3s .85 - 9.8 1091, 1205 . L13.04

Csp {79p;;?{;ff "A9.87. . ;,10.87ifv;f3‘_312,12‘*,' C13.01

8
8
8
Cosa L e fﬁl? 19-87- © w089 1205 1306
- S | .
8
8
8
8

'8“jfu755f3. Qi9~865,'f :  .10.79 .j{irf~A11.9ev'~‘ [ 12_75f-"_
:;'5s.i,fl."‘ }lQ i.i%f;¥1i i8;65',f" L 9.22‘ ':f . '»9;77’i'f-, 0.1
39 957 = 10.73 .;' ) 'é.uu. | 9.0 .
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Table VI.' Calculated and expefimentéul‘ binding énérgy shifts of potassium core
levels for the potassium halides, K[O5’ and KZIZOLL KI is used as the reference
compound . ' o .

Compounds (X) R _AEX(K,i,x;KI)? - Aﬂg(K,i,x—KI)
T (eate.) (et
-._  KF | : ; | -2.331 - ——
ke -0.885 | -
KBr - . =0.520 | -
KT . - 0 o 0
m:o'3 o eam | 13202

KI0), f: 7 odgr - -L3o0.2
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Table'VII.:thiarizétibh‘ébrfécﬁibns £0 ibdine,ﬁiﬂéing eﬁergy:shifts for the
“alkali iOdides,zKIOB; and;KIOh._ KI is used as the reference compound.

- Compoun@;(x)i.» B h E?Xpr—Ki

I . -0
CNeI. S Z0.202

L mw T 006

Cwo, 0856
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Table. VIII. Comparison of preséhf results for fractional ionic character and

~ iodine charge in KIO; and. KIO to those obtained from M8ssbauer measurements

in Ref. 8 . oOur resglts for both ‘both the full and three ~quarter Madelung

" correction are given.

Compound - -~ U £ o " Iodine
R S T ' - Charge

Full Madelung:

,'KIO3_ |  . 0.67 2.99
KIO), ,.5,w:ﬂ S o _.iv*_ 286

-B/M Madelung: )
Koy, - .. 035 10

MSSSbauer:_
| KIOé SRR R 0.51_-}: - ,?_ o3
xTo, L oL, L
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fFigure Captions

lti Schematic-illustration of the experimental setup.;g
2 Energy diagram for the photoelectric process in a semiconducting or-

insulating source (solid compound X). The-photoemission is“from.some_'

Vparbitrary core level i of an atom A 1n solid X

. Fig.

" tion was used for exc1tation

45.3 Photoelectron peaks from the I2p _ level 1n KI and Klou | CuKal radia-'.,ff'

3/2

. h Photoelectron peaks from the Eu5d5/2 levels in EuAle, Eu-metal and p.ng

An Eu-metal sample was first ‘examined with minimal oxidation and

Eup 3

’then again after prolonged exposure to air The exc1ting x-ray lines weret'

- Cukox and CuKQ,.

1. 2 The probable sources: of the three peaks are noted in the

‘ 'fg-lower portion of the figure. f R f s

5 Energy cycle for calculating the binding energy of core electron i ofp"

fatom A in the solid lattice ‘of compound X. Z is the charge on A in the

'lattice E. is’ the_energy required to_remove(A fromlthe lattice leaving a-

ol

njlattice»yacancy;v’Eé;is'the energy required to insert'AZ+lvhackAinto.that g

. Fig.

.. vacancy, LEZ(A,i,Z) is a free}ion'binding energy.

>65 'Calculatedibinding energyvshifts~due to removing a ~2p electron from:

Lvarious free ion configurations of fluorine The 2s subshell is full in - .

- N
-all configurations, so 2—2p5, l 2p , O= 2p5, and l—2p6. -The shift values

are fromecalculations‘byvClementi ianef. 25.  As abscissa we use the

location. of the-radialﬂdensity'maximum for each level.. Also, the classical .
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“:.shiftﬁdueftofremoving.anﬂelectron from_alspherical shelllatjthe location',_

of the 2p maximum is given.z,_ |

vﬂv;Fig' 7 Calculated binding energy shifts due to removing a. 5p electron from -

ﬁ:'T'Fig lO Calculated binding energy shifts for various free-ion states of

- various free ion configurations of chlorine. The 3s subshell is full in
L :
all configurations, SO 2=5p5, -5p 5y O—5p5 and -l= 3p6.“ The shift values
‘ are from calCulationszby Clementi in Ref;“25. .The absc1ssa and classical’ '_ P

k shift are analogous to those in Fig 6. Also:shown are-experimental shiftsd
' between NaCl and NaCth from Ref 7 |

- :Fig. 83 Calculated binding energy shifts due to removing a Up electron from

various free-ion configurations of bromine The hs subshell is full in

3 b 5

Call configurations, so 2= hp 5. l bp', O= hp and -1= hp6. The shift values

are a combination of our values and those of Ref 25 as noted in the text.
bThe absc1ssa and classical shift are analogous to those in Fig 6.

Zfig. 9. Calculated binding energy shifts due to removing a . 5p electron from
various free-ion configurations of ‘iodine. The 5s subshell is full in

) >

N .
, 1=5p , 0=5p”~ and -1= 5p6. The: shift s

all configurations g0 h 5p , 3= 5p , 2=5p

values are based Lon: our calculations The absclssa édnd classical shift

are analogous to those in Fig7v6. Also shown are our experimental shifts -

between KI and. KIOh

iodine,gaveraged over:all core levels and stated relative to the iodide

ion. cAs abscissa:ve use actual ionic'charge. :Valence configurations are

L noted below the charge and are the same as those in Fig. 9.

:”j'Fig. ll Calculated binding energy shifts due to removing a Lf electron from
6

various free ion configurations of europium Thefconfigurations are: 5=hf s
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L S 'l ’ 6M SRRt e i
e 2;¥f7, O hf76s R and 1 hf 6s . The shift values are based on our calcula-‘

' f.tions.ﬂ The abscissa and classical shift are analogous to those in Fig. 6;,>
Also shown are our experimental shifts between EuAl2 and E b, 5
' JirgFig 12. Calculated=and experimental chemical shifts for iodine corevlevels inf

KIO and KIOh With KI as a, reference compound All values are averages -

2

'il;T over: the core levels.; Theoretical results for both a full and three quarter

Madelung correction are given.' Also shown are the p01nts where the charge

5“on the iodine atom 1s zero.

ZfFig 15 Diagram 1llustrating the charged shell approx1mation as- applied to an.
ctahedral AB6 molecule or ion W1th net charge m. The charge transfer due
to bonding is approx1mated by mov1ng charge ~eQt from the valence shell of

A out to a_spherical shell at radius r.
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AN

This report was prepared as an account of Government

sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








