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A ﬁuaj’or sourée of@ur' information aboﬁf atoms, molecules, and
sblids_ comes from th.e.'s.tdd}; of s.p.ectra',_ivhether. they b'e of emitted _
or absorbed. electrbma@étic radiatiﬂonbor‘ of particles such as electrons.
After new speéfcro’scopié _techni"que.s, have been lintroduced» they havé. |
: generally been refined to the noint of Being sensitive to the chemical
..¢nVirornnent of a given" atomv. In this way a good@eal of information
has been obtained about the nature of chemical bo;ldi;lg.

In recent years‘,' 2 new spectroscopic tool 'has_been added to the
v repertoire,'that-o_f phofoélectron spectroécopy (1)..- This technique
"+~ also has been shown to be sensitive to chemical effects and considerable
‘work has already been done on invéstigatidns 'of‘ this' type by K. Siegbalmn
and co-workers in Uppsala (2).  The prinéiple_ of the technique is to
deduce vthe binding energies of the inner core electrons of an atom:
- from very accurate measuremeﬁ%:s of 'X-fay produced photoelectron spectra.
The precision of these measurements is sufficient to allow detection claf
shifts of the order of 1 eV in 'ghése binding energles., - Since shifts
due io changes in the chemical environment have been found td be |
several eV in some cases 2), t'néy are easily detected. The versatility
of the method arises from the fact tilat the Co_re levels of virtually
all atoms can be investigated. DBy éontrasf; most other spectroscopic
‘methods are restricted.to particular types of qﬁantum mechanical
éystems or are governed by moTe restfictive selection rules. For

exarple, nuclear magnetic rescnance requires a reasonably abundant

r'y
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isotope with a nucleaf magnetic moment, and fpr work at highest
resolution a nuclear spin of‘l/z is requisite. The Mdssbauer effect,
although exquisitely SGnéitive, is restricted to nuciei with an
appropriate gamma ray transition. Unfortunafely; no such nuclei
are available forAZ < 19 nor are they uﬁiformly.distributed over
the periodic table, The photqelectron method has an add;tional |
advantage for the interpretation of results, That ié, the core
level shifts can be related directly to the principal forces opsrating
in atoms, molecules and solids--namely, those due ‘to the Coulomb and
exchange interactions, |

In this paper we report some observations on the chemical shifts
of core electron binding energies in iodine and euronium compounds
and indicate that these shifts may be ¢xp1ained in terms of two
approximate theorefical models.. Finally, we discuss briefly a few
of the potential applications of this spectroscopic method to
problems in coordination chemistry, biochemistry, and solid state
physics,

Because previous chemical shift measurements have been made on
- the relatively light elements, carbon, nitrogen, sulfur and choline
(2), a study of the chemical shifts for heavier atoms is of interest.
In addition, the transition elements and rare earths POSSESS unfilled
immer d and f shells respectively., These innerfelectrons can varticinate
in chemical bondiﬁg, in contrast with other elements in which it is
predominanfly outer valence shell electrons that serve this

role, The selection of iodine (Z = 53) and europium (Z = 63)
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for investigation permits a comparison of these two classes of elements,

5 and

- as the neutral atom valence electron’configurations are 5525p
-4f76525 respectively; Chemical shifts were Studied in iodine for nine
~core levels (out of a pbséible 13).  The four iodine compoundsselected
for study Span a'rgnge'of 8 in oxidation numberL Three core 1¢vél$’

were studied in europium in both divalent and trivalent compounds.

Experimental ‘Procedure

The experimental technique involves ekpelling an electron from
- some inner level, 1, with'x-radiation of energy well above the photoelectric
threshold. Neglecting contact potential effects, the k-ray energy hv .

s divided according to -
hv =B, O+ B - @

where Ej(i, X) is the binding energy of theviﬁfh_level of an atom in
corpound X and Ey;,, is the photoelecﬁfop kinetic energy. 'Since‘x—ray
energles are known to high accuracy, only the kinetic energy need be
Ameasured to obtain a binding energy; For this'purpose a double-focusing
magnetic spectrometer was used (3);»The energy resolution of this

" spectrometer was adjusted to be 0,065 full width at half maximum,
thereby yielding instrumental line widthsvof 0.6 eV'to 4.8 ¢V over the
kinetic energy range of interesf (1 to & keV). As the natural line
widths are also a few eV, it is easily possible to detect shifts in

binding energy of the order of one eV with such a spectrometer.
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The apparatus used in this investigation is shown schematically
~in Figure 1. Radiatién from the-x-ray fube is filtéred_slightly with-
aluminum foil and then impinécs upon a thin féctangular (10 mm x 13 mm)
powdered sample of the compound under study: Photoelectrons emitted
from the sample.paSS-through-é narrow slit (0;5 mn x 10 nm) into the
spectrometer, For a given current in the spectrometer coils; electrons
of a narrow energy range‘are.broﬁght to a\fdcﬁs at the entrance to the
Geiger counter. The current :is scanned in a stepwise fashion over'
the region of interest and the resulting pulses f%om the Geiger

" counter stored in a.multiscaler (multichannel analyzer). Muiltiple
scans were made in order to average out‘variations in x-ray flux.
Although the radiétion from an x-ray tube is not monochromatic, the
characteristic X—ray lines interact with the core electron levéis-to.

- give photoelectron peaks that are easily distinguishable above the

background.

Typicai photoelectron peaks are shown in Figure 2. The notation
I2p3/2 (CuKep)KI indicates a'peak due to phbtoéléctrons expelled from
the 2p3/2 level of iodine in KI bynthe K&l x-ray line of Cu. A chemical
shift of ébout 6 eV is apparent between the peaks from KI and KIO4.
‘In jodine such shifts were measured for 9 1evels‘from 281/2 (Ep = 5191‘eV)
to 4dg/p (B S 5 eV). The corpounds studied Qere KI(-1 oxidation
mwber), KIOz(+5), KIO4(+7) and the potassiﬁm salt of P-iodobenzoic

acid-~[KIBA] (?). The shifts are essentially the same for all measured
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levels in spite of the hundred-f5id”chgngé ih}binding'energy; This
- observation ?grees well with theory; as we discuss below; It is thus
possible to speak of an éve;age core shiftvbetween'compbundég Thesé
shifts, relative to KI, are: KIBA - 0.0 eV, KIOg - 5.3 eV, and

K10, ~ 6.3 eV.  The shifts are all in the direction predicted by a

simple éhielding model-~that is, ele;trdns are bound more tightly in |
cqmpounds of higher oXidatidn'number.: Thus the shift is approximately
0.8 eV per unit chaﬁgé in oxidation number. . |

‘Similar shifts were measured for the 3dz/, (ﬁg.g 1158 eV), 3dg/z

(Ep = 1128 V), and 4ps5/; (Bp = 258 €V) levels in europium, The
compounds studied vere EuAl, (+2), EuO (+2) and Bu,05(+3). The shifts

in fhis case were again very nearly the same for the three lévcls,'and
,the'bindingbenergies'fdr the two +2 compounds agreed to within expefimental
error (* 0.5 eV). The a&érage shift in Eu for this gﬁiﬁ change in
oxidation number is 9.6 eV, and it is again in the direction predicted
by the simple shielding model. Note that this is 12 times larger than
the corresponding figure for iodine, Figure 3 gives an illustration

of the rather sfrik;ng chemical shift which results from the oxidation

of europium metal, Spectrum 3a waé obtained from EuAl,, which
. apparently had oxidized slightly to the +3 state on the surface. The
‘Peak arising from electrons in +2 ioﬁs is still cleaflyvvisible, however.
Spect£a 3b and 3c were obtained from a piece of europium metal which was
initially polished in air to give a shiny surfate; This surface oxidized
immediateiy to a mixture of the +2 state (EuO) and the +3 state (Ei03), .

as can be seen by comparing the Spectra 3a and 3b. Upon prolonged
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exposure to air, the same sample oXidized-completely to the +3 state
(Euy03) as can be éeen by.compariﬁg Spectra 3c and 3d. The spectral

¢

intensity does not decrease to'ba;kground'levél on the left side of
fﬁe peaks, principally”becausé of the closé proiimity of the peak

‘arising from.the Kaz‘k-ray line; whicﬁ is 20 eV lower in energy than
Koy for copper. The interpretatioﬁ in terms of chemical reaction is

nevertheless straightforward,

“Theory ‘and Interpretation

In order.to extréct_useful information about chemical-bonding
from chemical shift data; some théoretical mbdel rust be consideredé
‘e present here two such models; Both are partly classical (and
therefore approximate); but the first gives some essential insights~
into the nature of core electron chemical shifts as well as semi-quantitative
estimates of their ﬁagnitude;.and the second should be able to predict
such sﬂifts with reasonably good accuracy for. solids with ldng range
order. A detailed description of these models will Sogn be published
elsevhere (4), so we indicate ﬁere only their salient features and the
fesults of thelr application to our iodine and eufopium.daté.

The first model is coﬁstructed by assuming that. all electronic
vchgrge participating in chemical tonding is removed from the valence
shell (a quantum state) and subsequently becomes a spherical shell of
Charge of'ﬁome racius r centered on the atom of'interest (a classical
state). The radius r will be lafger than the average radius of the
valence shell, as the sphere'must sorehow approximate the rolecular

electron orbitals that exist between tiie central atom and its nearest
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neighbors. The net energy shift of a core level upon forming a chemical

bond can thus be calculated in two steps, the first representing the

decrease in shielding when valence electrons are removed to infinity, the

~secondvrepresenting the repulsive potential of thé'spherical shell of

charge outside the core electrons. Thevfirst'quantity can be calculated

with existing free-ion (atom) computer programs, and for this calculation

we nave used such a program written by Roothaan and Bagus (5). The second

: quantity is obtained from elementary electrostatics. This model was applied

to our europium data as a qualitative check of its'validity. We assume to a
first approximation that énly the hf(subshell of europium is altered in going
from EuAl, to Eu205..11t is known that the uUf configurations in these com-
pounds are be! ang hf6, respecﬁively (6)(7). From our calculations, the
free—i§n shift between Eu&e(hf7) and Eu+5(hf6)'is abproximately‘eo'ev. Thus
a 10 eV repulsive correction is required'to give the experimental value we
have observed. This corresponds to.a spherical shell radius of approximately

1.3 A,vwhich is approximately half the Eu-0 interatomic distance in Eu205.

The model thus correctly predicts that the bonding'charge.is located at a

'position intermediate between the Eu and O atoms.

The seéond médel is a generalized and slightly modified version
of one used previously to predidt valence eleétron binding energies in.
the alkali halides (8). Suppose we are interested iﬁ the binding energy
of the i} core level of atom A in ﬁhe solid compound X (Eb(i,g)). tom A
is assumed to possess some net charge Zx’ and all other atoms in thev
compound are given net charges also, the;only restrictioﬁ being overall
electroneutrality. For strictly ionic solids all éharges are assumed
to be integral numbers, but for solids with some covalent character‘the

charges can be used as variable parameters. The binding energy can
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now be calculated by means of the following energy cycle: The first:
step is to remove A from the lattice to form the free ion AZx. Thé
energy required is denoted by Ej. Next an-electron is removed from

the it2 level of this ion. The energy required is the binding energy

~of an ith level electron in a free ion of charge Z, (Ep(i,Z,)). Then

the ion AZx*l is inserted back into the lattice. The energy is denoted
Ez. Since the net result of this cycle is the same as that of a
photoelectric process (subtracting any kinetic;enefgy); the experimental
binding energy in the solid should be givén by By + Ey(i,Zy) + Ep. To

obtain the chemical shift in binding energy between two compounds X and

Y, we simply take a difference and find

]

Bp(1,%) - Ep(1,Y)
Ep(i,Zy) - Ep(i,Zy)
(Bp + Eg)x - (B + E2)y @

AE, (1,X-Y)

+

The necessary free-ion binding enérgies can be calculated with the

aforementioned computer program. The sums, E; + E,, represent the

"classical Coulomb interaction energy of an electron in the ion of

interest with all the other ions in the lattice, which are treated as

point charges. This is true provided we neglect lattice distortion

‘and electron-cloud polarization during the photoelectric process.

This classical Coulomb energy is related to the Madelung constant of

the solid and for certain simple lattice structures can be derived from
L .

this constsnt. For solids of more complex structure this "Madelung

energy' is more complicated to evaluate, although by ro means impossible,
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As a rouoh estlmate of its magnltude the hadelung eneroy fbr alkali
- halides ranges from 5 - 10 eV, Thls is to be compared with free-ion
core shifts.upon remov;ng a valence electron, which are rqughly'lo eV

' for iodine and 20 eV for europiumL "We also note that because the

photoelcctrons of 1nterest are expelled from a shallow reclon near the _

surface, the full Ladelung energy: may not "be requlred in equatlon 2.
‘ Further experimental 1nvest1gat10n is needed to evaluate thls surface
correctlon accurately, however,

A consideration of equation 2 explaxns why all the core levels
.1n jodine and those measured in europlum are shlftea by very nearly
the same amount. Note that the Made1Ung energles do not vary with i,
so.that any differences in the shifts'ofzvarious core'leveis'musf be‘
~due solely to the free-ion terms in eqﬁétioh‘z. Table 1 giyes the
results of our free-ion ealeulations on'iodine; and it is apparent
fhat over a broad charge range all core levels shift p} the same amount
to within %2%. Similar calculations indicate the same pattern‘for

europium, but to a lesser degree, as the 4f shell penetrates much more

deeply into the atom than the 5p shell, In fact, free-ion calculations -

on europium indicate up to a 50% variation in shifts between inner and

outer core levels. This points out-a potentiality of the photoelectron
spectroscopic method; in that it may be possible te determine which |
electrons enter into chemical bonding by means of the relative shifts
of various core electron binding energies. '
: s
Calculations of the !Madelung energy were made for tne three

’ . . . N
inorganic iodine corpounds in such a way that the chemical shifts

relative to XI were obtained as a fumction of the charge on the iodine
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atom in KIO5 and KIOu; By simply matéhing the observed shifts to the appro-
priate charge values,‘it is thus possible to e;timate, for both compounds,

the iédine charge and_a qorresbondinglfractional iqnic character bf_the I-0
bond. These are shown in Tgble 2, along with aﬁalogous.results obtained ‘ y
from M8ssbauver measurements (9).- The use 9f'75% of the full Madelung values
represents a surfacé‘correction correSpondiAg to a photoelectron-producing
layer approximately as thick as the length required for convergence of.a
Madelung sum over lattice sites.

The agreement between the two setsAof vaiues is satisfacﬁory in the
éense that Madelung corrections in the allowab;e range can bring our derived
valués into agreement withithe M8ssbauver results. With more accurate caicula-
tions of the Madelung energy and more sophisticated data treatment involving
all the atoms in the compounds under consideration, it should be possible to
obtaih valués of charge and ionic character with much betﬁer aécuracy. ‘We
also - note that our results have been obtgined without dny detailed assumptions
as to the bonding orbitais involved in each cbmpound, whereas the MOssbauer |
results rely heavily on such assumptions. There is thus &a possibility in the
photoelectron spectroscopic technique of inferring the orbital makeup directly,
instead of assuming it in order to calculate some other property.

The fact that the shift per. unit change in oxidétion Qumbér is 12 times
lérger in europium than in lodine can be qualitativély understood. As has been
stated, the free-ion shift for a given change in charge'is about twice as large
for eurgpium. Also, the actual charge tﬁat.is being moved info bonding orbitals
is much greater between Ea+2 and Eu+5_than it is between, €.2:, I_l and I . As

ve havé'mentioned, one 4f electron is transferredjbetween EuAl2 and EUEO3
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2 N IR . : : .
(hf?'to Le). However, the results of Table 2 indicate that for a similar .

unit change in.the oxidétion'nﬁmbér_of‘ioaine léss'than‘0.5 electrons are
_ traﬁsferred.. | | | |

Our experimentdl»rééUits fof'the poté;siamvéalt‘of:p}iodobenzoic
.acid are pfesented-largély to indicatelﬁhe féﬁsiﬁility éf making |
Vmeasurements on heavy atoms as-constitueﬁ£s in orgénic compounds .
'lSinée:iodinevis bohded‘oqu to carbon in thisfmoleculé and the two
atoms have equal éiectronégativitiés, it is not surprising that the
binding energies are close fo thosevof KT rather thén_tovthose of

KIO., or K—_[Ou. o

5

Further Applications of. the Technique

vThe theoretical interpretation of the chemical shifts reported
here and the bbservatiops of.the.chémiéalvshifts in'cafbon, nitrogen,
»sulfur, and cthrihe reported by t@e Uppséla groﬁp pfovide é firm bésié
forianticipating a'widé.rénge of‘applications of tﬁis spectrdséopic‘
method. We illustrate this.potentigl by describing thrée problems
of current interest in this laboratory.

A numbér'of.investigators are chusing.atténfion on a class of

;

non-heme iron proteins, called Ferredoxins (10), which act as electron

)

transport proteins in both photosynthesis and bactérial metabolism. The

common characteristic of these proteins is their content of from two
" .to seven iron atoms together with four sulfur atoms per iron. The
‘photoelectron spectra will be examined in order to measure the nature

and diversity of the iron and sulfur atoms contained in these proteins
sicy : ’ -

both vefore and after reduction.
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It is also planned to study the coordlnatlon chcm1stry of metal
porphyrins by examining the photoelectron‘Spectra»of the central metal
jon and .the nitrogen ligandse Comparison and interpretation of the
spectra in the presence of and absence of the metal ion should pernnt
a determlnatlon of the fractional contrlbutlon to the bonds of each of
. the constituents of the complex. In fact,‘the valence electronlc_leyels
have already been exanined by low energy photdelectron spectroscopy in
a closely related compound, copper phthalocyanine (11).

The fractional charge on degree of ionization'of impurity atoms in.
elemental semiconductofs, as well as the relative charges on tne atoms
in compound semiconductors of the I11-V-and II-VI types, could also be

- investigated.

"Sumna‘

" The technique of photoelectron spectroscopy has already been shown
to be sensitive to changes in the chemical environment of a given atom,
We have used this technique to measure shifts in the core electron binding
‘energies of iodine and europium. We have found shifts of 0.8 eV and 9.6 eV
respectively.for a unit change in oxidation number.

Two theoretlcal rodels are proposed for the 1nterprecat10n of these
shlfts and are applied to the aﬂ&lYSlS of our experimental results. The
first consists of a cnaroed shell anprotlnatlon for the molecular orbitals.
The second uses an energy cycle to divide the binding energy into a
free-ion term and a lattice interaction (tadelung) term; All our
observations can be understood in terrs. of one or the other of these

models, and in particular, we can estimate the iodine charge in the
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Table 1. Calculatéd binding energy shifts arising from removal of
a’ 5p electron from'variou$ freeéion.cbnfigurations of |
.iddine. Since the‘calculations were-ﬁon-relativistié;
levels are not distinguished by the quantum nurber j;

and the notation 2p, for example, represents both

2py/p and 2p3/2.

1-1 552556 | 10 552555 | 1+1 5525p4 | 142 55250J L I*3 5s25p2 | 14 5525p1

Level AFb(l 0-[~ l]) AFb(l 1-0) AEb(l 2-1) {aEy (1,3~ 2) A“ (1 4- 3)

S s ] (.e.‘,’).'... e ) ...(,e.‘.’). ...... (‘?‘.9,

2s 8.80 9.90  10.93 12.23 13.14

2p 8.79 9.87  10.95  12.19 13.16

35 8.83 0.89 10,01 1215  13.04

3p 0 8,79 . 9.87 10.89  12.12 13.01"

3 8.78 9.87  10.89  12.15 13.06

4s  8.85 - - 9.87  10.82 11,97 12.78

ip 8.84  9.86 10.79 11.92 12.73

4a 8.84 . 0.85 10,78 11.92 1272
55 8.10  8.65  9.22 977  10.21
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Table 2. Comparison of our results for iodine charge and fractional
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v

ionic characfer in XIOz and KIO4 with those obtained from
MIssbauer measurements (reference 7). Those denoted “3/4

Madelung' represent a possible surface correction to. our

............ YESUIAS. . - o e
I-0 bond ‘
Compound » fractional *  Charge
) ionic : on
oo liiiisrcspCharactert o dodine
"Photoelcétron‘sﬁéétfoscqpx:v
Full Madelung-
X103 - 067 2.99
X104 | 0.48 2,86
- 3/4 Madelung- | .
K10z o | 0.35° 1.10
K104 . | . 0.46 27
Mssbauer: |
XIO; | 0.3 0.83
Ko, 0.3 1.4
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" "Figure Legends
 Fig. 1. Schematié'iliuétfation of the experimental appératus._
" Fig. 2. Photoglectron peaks from KI and KIO;. -

o

‘Fig, 3. Photoelectron peaks from various europium compounds..

()

]
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