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I. INTRODUCTION

Since Hagstrom, Nordling, and Siegbahnl discovered in l9éh that chemical
shifts in the binding energies of atomic core electrons cduld be detected by high-
resolution ene?gy analysis.of photoelectrons ejected bylcharécteristic X-rays,
a great deal of interest has developed in the study of structural probléms.by
electron spectroscopy. - There are in féct a number of ways in which electron
spectroscopy--and by this term we mean experimental methods employing‘thebenergy
analysis of free electrons--can be abplied'in chemical physics and related
fields. The Uppsala group of K. Siegbahn and co—workefs has given the col-
lective name ESCA--or Electron Spectroscopy for Chemical Analysis—-to these
methods. The subject of ESCA in the broad sense is scarcely in need of review
at this time; nor could it be covered except in a very superficial manner in
the space available here. There are three books available on this su"t’)g)'ezc:’t,,2’3’l‘l
eand the reviewer is aware of at least six more volumes ?resently in preparation.
Instead, this article deals with ESCA in the narrow senée;'i.e.,'with x—ray
photoelecfron spectroscopy (XPS). The time is ripe for a comprehensive and
critical review 6f chemical shifts in core~electron binding energies, which
is by all odds the éentral topic.of XPS. Accordingly the bulk of this artiéle

deals with these shifts. . The remainder is devoted to the two special topics.
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of:valence eheil:(or ﬁaleﬁée'bend>'strucfufe’end muifiplet splitting of core-
orbiﬁalﬁhole staﬁes—ityo areas in_whioh; in the reviewef'$ opinion, the con-
tributioﬁs of XPS a;ejsuffioientl§:extensiye end weli;undefstood po afford.a
reasohably defioitive review at ﬁhis time. Thus this article isvselective

- rather than geﬁeralgieveniwithin_the'felatively narrow confines of XPé. .Several
important foﬁics:werevoﬁittéd either oeoause‘£hey have‘recently been discussed

. adequateij elsewherevor beceuselﬁhe& are toonew'and frag@ehtary to review at
this time. Aﬁoog these are instrumentation, 3 »

2,3,5

twO—eiectron effects (Auger,
"shake-up", and "shake-off"), the reference-level quest10n,6 and the
recent work of'Mateeecu‘onvCharge distributions_in norbonyl ion and related
structures.7 | -

The obJectlves of tﬁls artlcle d1d not 1nclude the compllatlon of an
exhaustlve b1bllography even on the t0p1cs that are.dlscussed While it is
hoped that no key papers were overlooked the rev1ewer hereby tenders apologies

to any authors_who have been slighted by omission.

This article's'lengthvhecessitates an - outline, which is given below.

I 'Iniroduofion
II.: ChemicaieShifte.in.Core Eieotron Bihding Eﬁergies:

IL.A. Generalncommentsv |

1I.B. ‘Theofetipal besofiptions.Based on,the CelculatiOn of Binding

| ‘Energiesv.. |
IT.B.1. lMefhods,InvolvingbBoth Initialland'Final-States
' Ii.ﬁ.l;e.r Generei‘Backgrouna':
I1.B.1.b. Results for Atoms aod Tons -

II.B.1.c. Results for Molecules
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.iI;B.2.. Methods Involving the Initial State Only
iI.B.2.é. Connection Between que—State énd
Frozen-Orbital Calcuiations
iI.B.Q.b. Comparisén of Orbifal Energy Differences
with Experimen£
IT.C. Quantum-Mechanical Methods Nét Involving Binding—Enefgy
Calculations |
II.C.1. Potential Models
II.C.2. The ACHARGE Approach
I1.C.3. _Atomic Charge Correlations
II.C;h. Thermoéhemical Estimates
JII.D. Correlations of Binding-Energy Shifts with'Other
Properties:
II.D.1. Correlations with Other Binding Energy Shifts
I1.D.2. Correlations with Diamagnetic Shielding Constants
,Ii.D.B. Correlations with "Pauling Charges" and Electronegativity
II.D.4. Correlations with "Group Shifts"
.III; Valence-Shell Structure |
ITI.A. ‘Intrpdﬁction
ITII.B. Valence Bands in Metals
III.C. Valence Orbitals: Cross Sections
III.D. Valence Orbifals in Inérganic Anions
IV, MultipletvSplitting
IV.A. Introduction

IV.B. Multiplet Splitting in Atoms
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Iv.C. Multiplet Splitting in Molecules
IV.D. Multiplet Splitting in Salts

IV.E.  Multiplet Splitting in Metals

;  'II. CHEMICAL SHIFTS IN CORE-ELECTRON BINDING ENERGIES

]

II.A. General Comments

When a characteristic X-ray photon of energy hv ejects an electron
“from an atomic core orbltal the electronic klnetlc energy is given by the

relation
K=hv =B , . (1)

where EB is the'binding‘energy; 'This.relation is unaﬁbiguous.for e gaseous

1 sample, whlle for a SOlld sample it is true as stated only 1f EB is the blndlng
energy referred to the spectrometer vacuum level. To obtain the b1nd1ng energy
relative'to;thereamplé?s vacuun ‘level onevmust'correct.for the oontact potential |
fbetneen the samﬁle.ena.tne_spectromefer, ﬁhich is jnsf the arfference befween their

work functions, '’ S oy

K(snect) hv - EB(Fermi) —.¢(s§ect)

hv - EB(vacuun) - ¢(spect) + ¢(sample) . _ (2)
Here ¢ denotes the work function, and K(spect) is the kinetic energy of an electron
in the spectrometer.‘ On entering the Speofrometer an electron is accelerated

by an energy el[¢(sample) - ¢(spect)] While in. pr1nc1ple thls correction’ could

be made for'solld samples, ¢(sample) is seldom known in practlce and the
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correction is seldom made. An element of uncertainty is thus introduced into
the bindiné energy shifts in solids. For this reason detailed comparisons of
binding-energy_shifts with theory in this article is restricted to data for
gaseoﬁs samples. .This dogs not imply that shifts in solids cannot be
interpfeted éimilarly, but for purposeé of -evaluating theories of bihding-energy
shifts, which is our purpose here, gaseous-sample data are clearly preferable..
That binding—ehergy shifts in solids parallél those in gases has been shown

explicitly by Gelius, et al., who compared experimental shifts for the same

© compounds as solids and gases, and implicitly by many workers, who found good

correlations'befween shifts in solids and theoretical parameters for free
moleéuleé.

The basicvphysiés of core-level binding-energy shifts can be understood
in terms of shielding of the core electrons by electrons in the valence shell.
When ihe charge in the valence shell changes, this shielding changes. A useful,
albeit oversimplified, classical analogy is that of é charged conducting hollow
sphere. If the charge ié-Q and the radius R, the potential outside the sphere’

is
¢(r)=% r >R > ' ' : (3)
while inside the sphere the potential has a constant value

6 =@/R r<® . - | | o (%)

Q
Now one component of the energy of a core electron in an atom is the potential

energy term due to its interaction with valence electrons. Let us consider the



"chemical shift" in binding: energy of a cpre_electron betﬁeen two charge‘states
of the same atom with charges Q and Q-e in the valence shell. That is, we

‘compare the processes for element M

I MQ) -~ sz;(Q, core hole) + e~

.

1

|

and - IT : MZ+l

..+ : ) -
(q+e) » M? 2(Q+e, core hole) + e .
‘ The notation is'straightfqyward, ,If stevavinvolvéd-the loss of a core electron from
ferrous ion, for example, M- (Q) would be Fef2(6), etc. The binding-energy
shift for a cbre—electron.wquld be in large part given by (minus) the shift
in,¢Q. Thus

OBy =y (o) (b0) = () P, ()

.where VQ = —e¢q.is the potentiai enérgy'of avcore;éleétron due fovthe-vdlencev
shell and R is assuﬁéd to_beICOpéfant'for this éstimaté..

Threé useful inferences‘can'immédiately be draﬁn from this crude model:

(1) For any two compounds the-bihdiﬁg—energy_shifts of all the core-
éiectron orbitals of a particular.atom shouid-bé abdut»the same. This folloﬁs
because ¢Q,is independept of r; for r < R. |

(2) Thevsensitivity.of,EB»(coreIele¢trops) fb,Q varies roughly as the‘
inverse ofvth¢v?algnce-éhell-radius, thus,incréasing:tqﬁard fhe,toP aﬁd right
‘side of the‘péfiédicvtéﬁle. | ‘ | -

(3) For R = LA,.GEB 5’1h.hleV/lel,_fr0m Eg, (5).' This giveé én orderw

of mégnitude estimate for the'sensitivity 6EE/6Q.

&
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Fadley, 9&{2&.9‘made a detailed étudy of shifts in iodine core levels to confirm
these predictions. They also estimated shifts from Hartree-Fock orbitai enérgies
in free ions; vThe agreement of the three approaches (classical, Hartree-Fock,
and ¢xpérimental), shown in Fig. 1, provides evidence that the shifts are
quélitatively weil;understood.' For 2s through 4d orbitals, calculated orbital-
energy shifts from atomic 1(5s° Sps) to ionic I+(552 5ph) are essentially constant, as
the classical model prédicts. While measurements of bindingeenergy shifts between
these statés was not feasiﬁle, thé total binding-energy shifts from KI.tb Kfoh were
measured. Aé Fig. 1 shows, these shifts are essentiaily the same for all the core
orbitals, Qonfirming point (1) above. Point (2) was confirmed by Hartree-Fock
caléulations on other halogens.9 The third prediction ﬁas also cqﬁfirméalby the good
agreement between.the'cléssical and Hartree-Fock results in Fig. 1. Fiha;iy
the KI - KIOh shifts, corresponding to a change of 8 in the oxidation staté‘of
iodine,{show a change of less than one electron iﬁ the iodine valence shelii This
implies'that an incfease of 1 in oxidation state is accompanied by the 1035 
of v 0.1 electron. The ease with which this qualitative conclusion could be
drawn is indicative of the difectness and power of this method in,elucidating
chemical structure.

Eefore proceeding to discuss methods for éalculating the chemical
éhift in binding energy, which we shall denote as SE, a comment about notation
is in order. The complete designation of a chemical shift requires specification

of the two compounds as well as the parent atom and'orbital. Thus

SE(Cls; CH), - CF),) = E,(Cls; CF),) - Ey(Cls; CH)) = 11.0 eV

g e
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Fig. 1. Core level bihding—cnergy-shifts for electrons in_iodine, from
Ref. 9. The solid curve is based on the'classical model (Egs. (3)
and_(h)),.while the dashed line connects cofeflevel orbital-energy
 shifts from'I to I+, frbm Haftree-Fock theory;' Filled circles represent
experimental shifts from KI té KIOh. Abciésaﬂis the value of the

radial meximum for each orbital, in atomic units.
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indicates that a carbon ls electron is 11.0 eV more tightly bound in CFM than

- in methane. Even this designation is incomplete. This shift has been o%served

. 3,10
in gaseous sources.

For.solid sources the methane—CFu shift is about 1 eV
8 ' _
larger. Thus the state of the sample should always be specified. For

technical reasons the temperature and pressure should also be given.

A comment on philosophy is also in order. Binding-energy shifts arise

from changes in electronic and nuclear charge distributions between one

moleculér>s§eciés and another. Théy are therefore closely related to prbpe?ties
of gréat“chemical interest. Moreover, binding—énérgy shifts are_not only well
uﬁdérstbod in principle'theorefically, buﬁ phe actual numerical calculatiénv

of shifts is sfraightforward,vif tedious. In addition, the origins of theSei
shifts are intuitively obvious, ana "back—of-thé—enveldpe" éstimaﬁes usually
give fairly_good-fesults, in contrast fo the situation that obtaiﬁs‘for NMR
chemicai shifts or MSssbauef isomer shifts. Indeed, binding energy Shiftsv N
are so well uﬁderstood that they can bé.calculated in a number of different
ways. AlthoUgh different appioaches may be compared in regard tq ?igor,
accufacy; appliéabilify, ete., it would be hnpossible\to classify them in terms
of overall merit'because the value of é given method ié_detennined 1argely by
the problem at hénd. Inétead, the discussion below treats a variety‘of.
theoretical approaches tb biﬁding energies and shifts appfokimately in order

of decreaSing rigor. This ordering isvprecise only at the beginning, where the

different approaches are related by a well-defined series of approximations.
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II.B. Theéretical Description Based on the Calculation of Binding Energies-

Chemical shifts in binding energies mayvbe obtained.b&'evaluating thé
binding_energiés and taking differences, or they may bé estimated directly.

The former, more rigorous, approach is discussed first.

IIlF.l. Methods Involving Both Initial and Final States[

I

states that determine the CH) - CF), chemical shift are indicated in Fig. 2.
The total'enéfgies'of all four states must be calculated in order to pfedict.
this shift rigorously. An exact calculation of the totgl energy of even simple

multi—eleétron atomic systems is of course impractical, but self-consistent

field (SCF) methods, with eorrections, can yield rather accurate total énefgies.

All éfvtﬁe binding energies discussed below were calculated either by the
Hartree-Foék méthod or by the Dirac-Fock method. The former is based on the.
(nonrelativisfié) Séhradinger Equ;tion and the latter on £he (relativistic)
'Dirac EQuétiéﬁ._ Relativistic effects are importént for large binding.energies,
as the eleétronfs'félocity in ﬁhe bound state is ﬁo longer neéligible compared
to the‘veloéity’éf light. _Beéause thé propertigs‘of_cére electrons représent'
ratﬁer'unfamiliar ﬁefriﬁory for most workefs, it is uéeful td have é méthod for
making rough;estimates of the magnitude of the rglatiﬁity éorrectioﬁ. The

relativistic kinematics of a free particle are described by the relation

L o . . 2202
52 = m2ct 4 p2e? = pdt 4 BV
: 2,2
1-v/e

Expansion in powers of v/c yields (through order (v/c)s)

2
= me? + L pv© 3y 4
E = me +2mv [l+n-(c)‘+ ]

‘'II.B.l.a. General Background. The energy relétionships among the four
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CHZ (Cls) | L
-——“T—f———*— CF:(CIS)
—F—_

3Eg(Cts; CH;CE)

Eg(Cls;CHy)  Eg(Cis; CF,)

XBL721-2229

Fig. 2. Relationship of the four states that- determine the CH)y - CFy
shift in the carbon ls: binding energy. Bars denote hole states
of.ions, and equality of initial-state énergies indicates that -
both molecular species are at ground. potential.
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Thus the kinetic energy'is increased, and (using the virial theorem) the total
o 5 ’ ’ 3y v .
energy is decreased, by a fraction v %{;) because of .relativity. As numerical

examples let us consider atomiq carbon ahd-argon;vwith approximate 1s binding

energies of 11 a.u. (Vv 300 eV) and 120 a.u. (v 3200 eV)frespectively. The electron's '

_rest mass is 511 keV. Thus
1
| P
‘EB S o .
- 5 ~0.01 a.u. for carbon
5.11 x 107 eV .

| o, -
§Ey(rel) %'ﬁ’-('%), Eg %-g-

e

~ 1.2 a.u. for argon

In terms of absolute binding energiés>the relatiVity corfecti9n is therefore
fairly uhimporfantv(o.l% or20.3 eV)bfor the cafbon 1ls electron, while for the
argon ls case thé correction is too large (l% or 30 eV) to ignore.v Accgrate
values of the relativity corréctiohsfto the total energiéé of these two atoms
-have been given by Veillard and Ciémenti;;l' They are 0.01381
1.7609h au (argén). In both cases most of the correction may be aésigﬁéd to the
twé 1ls orbitals.. Thus our rgugh éstimate’ofjdEB(rel) are v 50% téo large;‘
The Harﬁreé-Fock’Equétibnsvfor_ n doubly occupied orbitals have the

form (in atomic units)

R " .. - n '
(- £ 92 - '/rv)+Z(2J k)6, =€ b, .
1=z e/ Ty) g " K39 T e ¢
. ) k J=1 : ' )

Here ¢i'ié’a one-electrbn orbital. The first term in parentheses accounts for an
electron's kinetic energyﬂplus its,intéraction with all nuclei. The Coulomb

operator Kj have matrix elements
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i3 = (o) aslo W) = <¢i(u)|<¢j(v)[ruvl¢j(v)>I¢i(u))
Ky = o Ko ) ) = <¢i(u)l<¢J.(\))I;i—\-)-l¢i(v)>|¢j(p) )

where u and Vv 1label electron coordinates. There are n Hartree-Fock
equations in ¢i, with 1 = 1,2...n. They must be‘solved iteratively until

self-consistency is achieved, yielding a total determinental wave function

Thevindividuai Hartree-Fock Equations are "pseudo-eigenvalue"
equations. The left hand side of the Hartree-Fock Equation can be abbreviated
to o ¢i’ where Q- is called fhe Fock Operator. The orbital energies €, are

given by

= 13 ) = ° 4 - |
ey = (051 %10, eg + ) (20 - K)o e
, ' 3 _
The one-electron energy_ez is the expectation'value of the one-electron
operator - %-Vg -2 Zn/rn. The total Hartree-Fock energy of a system with n
n .

doubly-occupied orbitals is

(en) _ E: o , ' : .
Epp = 2 €, + E: (2Jij - Kij) . . B (7)
: i=1 i,4=1 : : -

To obtain the Hartree-Fock approximation to the adiabatic ionization potential

(on-k)

HE must be

of the kth orbital of this system,_another Hartree-Fock energy E



b

obﬁained by SOlving_the Hartree-Fock Equati@n‘with’the kth orbital singly

(2n-k)

occupied. An approximate value EHF

can be estimated, 'however, simply by
striking from Eq. (7) those terms that can be assoc1ated w1th a single electron
in the k'P orbital, i.e.,

E(2n—k)" - L".O. + 2 (2J - K ) + ( ) . (8)

HF k - T

. S i#k ,J#k - i#k :
This is the final-state énergy that thé system would have if there were no
relaxation of the passive orbitals during ionizafion,_that is; if'thefionizdtiOn
were "sudden'". The sudden ionization-energy of the,kth orbital in the Hartree-

Fock scheme,

v n - ’ -
EHin)_- E(2n-#) =+ zz: (23, =Ko T o ()
ik | o :

is Just equal to.the orbltal energy €0 as comparlson of Egs. (6) and (9) will
show. This result was flrst shown by T. Koopmans.lZJ It is knoﬁn as Koopmans'
Theorem. Because neglectlng final-state relaxatlon-(i.e., taking the ihtegrals

in Eq. (8) to having the same values as in Eq. (7)) always gives final- state

- - - —— . ———

energies that are too higﬁ, the sudden’approximation'overestimates blndlng
energies. By contrast, neglect of relativityiclearly~tends to give estimates
of ionization'potenﬂials that are too small;' Furthervdiscussion_of qrbital-
energy‘estlmates of blndlng.energles 1s glven in Sectlon A.2. |

The use of the Hartree—Fock method to calculate the energy of a hlghly

excited state (such as a lsi"hole"vstate)_ls_subject to questlon. For the ‘lowest

atate of each symmetry tipe the variational principle guarantees that the

e e o e+ = e
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Hartree-Fock energy gives an upper bound to the true energy of the system.
For a higher state of a given symmetry type this holds only if McDonald's

Theorem13 is satisfied; i;e., only if the state in question is orthogonal

to all lower states of its symmetry type. ' For most systems a ls hole state

is s0’ high in energy that there are many lower-lylng states of the same sym-
metry, and orthogona11Z1ng it to all of these states would be a formidable

task.: Baguslh'and Verhaegen, gt.gl.,l5 have p01nted out, however that .the ls
hole state is>hhﬁsual ln'thatvthe 1s orbltal has llttle overlap with the valence
orbitels. Off-dlagonal elements of the 1nteractlon matrix between the ls-hole
state and the lower states w1ll therefore be small in comparlson to dlfferences

in their eneréies.' Thus the hole state would be changed little by orthogonal;z1ng
it to the lower states. In the calculetions to dete,.hole stetes have

simply been treated as if they satisfied McDonald's theorem.

I1.B.1.b. Results for Atoms and Tons. Baguslh'made the first complete
Hartree—Fock caleuletlons on the hole stetes thet,can be.formed by ejeetingv
an electron from the closed shell.configuretions‘F_,vNe; Na+, Cl—,.Ar; and K+’,
After maklng a.relat1v1ty correctlon he found that core-electron blndlng
energies calculated from 1n1t1al and final- state energles agreed better w1th
experiment than did those estimated from ground-state orbital energies. His
results for the s-type hole'states'of neon and érgon ereuset out in Table I.
In compering his results with experiment, Bagus observed thet the reﬁaining
errors ih>the binding energies were positive ln some cases and negstive in others.
This was somewhat'unexpected;ibecause these errors arise alhost entirely from
differences between the electron correlation energies of the initiel end final

states. From a'haive-point of view the correlation energies might be expected
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to be pairwise ttansferabie. The initial state ﬁouldvthenjalways have & larger
correlaticn energy thanvt;e finai state siﬁgly Because it tas morejelectrons,
and the true tiﬂding energy woald>always be lafgef_than,the.HartreefFeck value
cbrreeted'fofvrelativitf. 'Iﬁ'fact the bpbosite:isvoften t;ue. Bagus pointed
out’hoﬁ'this ban.be'ﬁnderstbodbtn,termsiof cenfiguratioa'interaction; The
Ne+(132 2s ép6)astate, fbt eiamtle;'ean intetact witt>configufatiens made by
promotlng only one electron to states with pr1nc1ple quantum number n > 2
(elg., 1 : 2s .2ph»ns) Thus . 1ts total energy is lowered morevby electron
correlatlon than is that of neutral neon in its ground state because the
~conf1gurat10n 132 52 2p§ can interact only with conflguratlops formed by
ﬁromoting tﬁo er.more electrons to states fith n > 2. ) |

Even without.cofrections for correlation, Bagus':hole-State bindiag _
energies were accurate to 0.2%. | | .

Rosén and Lindgrenl6’earried out relatitistic Hartree-Fock-Slater (HFS)
calculatiens on many atoms; 'They.have given resultsvfdr.states in Cu, Kr}
.I;tEd,:Hg, and U. Although HFS‘calcﬁlatiohs are erdiﬁa£ily more’appregimateﬁfv
than HF caiculation because exchange effects afe estimated by,usiné the:l_

"Slater exchange betential".

o 81.'( ) 1/3
by - | e Tr .
Ve (r) = - [32 ﬂere] -

However, these'WOfkers-parameterized this potential as

A

' R o m /3.
vy et [Lm_)_] o
L&, : r 32“2 ' A
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Table I. The ns Binding Energies of Neon and Argon (after Baguslh)
| | d - - E_(adisbatic)
Final S_tg.tea EB(GXPt)bv AEgel EB(sudden)e AEB(sudden)f EBEh - E AEB(adiabatic)f
: . ole o]
Ne(Zs) 1.7815 1.9303 - 0.1488 1.8123 ' 20.0308
’ | (- 4.0k9 ev) | (-0.838 ev)
Ne(Ts) ©31.981(4)°¢ 0.040 32.812 - 0.831 31.961 +0.020
(-22.6 eV) (+0.54 ev)
Ar(3s) 1.0745 1.2773 - 0.2028 1.2198  -0.1453
, (- 5.518 eV) (=3.954 ev)
Ar(2s) 11.992(3)° ©12.3219 - 0.330 11.938 +0.05L
_ ' (- 9.0 eV) (+1.5 eV)
Ar(1s) - 117.83(2)° 0.5k 119.15 - 1.32 117.97 ~0.13
ST R - (-35.9 eV) (-3.5 ev)

aBér denotes hole relative to grouhd—state neutral atom initial state.

bEnergiés are in Hartrees (1 Hartree = 27.210 eV) unless otherwise indicated.

New experlmental value from Ref

3. Error in last place 1s given parenthetlcally

dRelat1v1ty correctlon which has been added to Bagus' theoretlcal blndlng energles to give results in

columns 4 and (6).

From orbital energies and relativity correction.

MHere AEB = EB(expt) - EB(theo,).

.
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and did variational calculations to optimize c,'n; and.m. Their total energies
obtained with optﬁmiéed_parameters appearvto'be essentially identical to the
Hartree-Fock values. They calculatedvbinding energies.in twohways._ Their
"Method A" was based on "frozen" orbitals and therefore 31m11ar to' the orbital
energy approach (but not identical; as Koopmans'_Theorem_doesn't hold for'thel
HFS;appronimation).3'In their "Method h",voptimized HFS:calcnlations.yereycarried
Sut on both the initialland the final states, and the tinding energies were
obtained by difference. The " agreement of these’ blndlng energies with experi—g
ment varied con51derable, but Method B tended to be w1th1n l% of experiment

and Method A with1n‘2%, In many cases the agreement was'much better than these.
figures. -Results'for.seyeralystates with bindingrenergies in the range‘of
‘interest fOrVESéA studies are given in Tahle II. |

The'binding-energy calculations of Rosén and Lindgren are extenaedr
over the periodic table,.and to discuss them in detailyyould,be beyond the

.scope of this article. -In seeking an explanation fOr the significant residual

discrepanc1es between theory and experiment they 1nvoked the Lamb shift for the .

inner shells of heavy atoms, ‘and the magnitude of this effect appears to be
ahout correct; For smaller binding-energy cases they-discounted.correlation
_effects becanseithey;expected correlation to increase the theoretical binding ‘
energies, which‘were already'too large.t'In view of Baéus'.discussion this S
1nterpretatlon ehould be’ reinvestigated. |

Gianturco and Coulson17 made both orbital- energy estlmates (Method A)
‘and hole-state calculations (Method B) of the binding energies of atomic and
ionic sulphur;'.They_did both HF and HFS calculations; :Their results for

neutral sulphur'are éiven'in Table III. The blnding energies agree well with

vexperiment, espe01ally for the Hartree-Fock Method B case

w




Table II. Relativistic Optimized HFS Binding Energies, after Rosén and Lindgren16

E

E

o By By Ey Stat By B Ep
ToEee Method A Method B Expt ate Method A Method B Expt
7x 2p, 5 64,82 63.75 63.47 | i34y, 43.81 142.88 42.80
“x 2y, 62.82 61.77 61.55 Bu bs, , k.24 13.79 13.61
vr 3s 11.20 10.88 (10.6) Eu hpl/g. 11.57 11.15 - 10.77
K 3p, 5 8.60 8.27 8.18 B bdy ), 5.99 5.64 5.3k
Yr 3p3/2 8.30 T.97 7.86 Hg 4s 30.66 30.0k 29;58
I 3s 40.45 39.91 39.55 Hg hpl/2 26.12 25.50 25.0k
I 3pl/2 35.27 34,71 34,34 Hg hd3/2 14.80 1k, 27 1Lk.07
1 3dl/2 Zh.l?v 23.52 23.35 Hg hf5/2 4.48 4.00 3.93 °
I ks 7.73 .53 7.00

a : R .
A1l energies are in Hartrees.

_6-[_
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Table III. Sulphur Binding Energies (in eV) after Gianturco and Coulson
N Method " A Method A’ Method B Method B

State HE HFS e HES Expt(x-ray) | Expt (ESCA)

1s 2503.6 2496 olTh 248l 2476 o oaT
C2s o245 239 233 238 231 233

2p 181 17h 172 - 173 170 169 -

3s 23 22 22 23, 21 --

3p 11.5 10 S 12 --

-408f
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These authors also studied thé variation of Eﬁ with ionic state for
the K and T, shells of sulphur. They found average shifts of v 16 eV per
ioniiation state in each case. This is expected, as Fadley EE.EL?9 héve
discussed, becaﬁse thevshielding in both of' these inner shells is essentially
complete. In fact the simple argument that shielding by the M shell is less
complete fof tﬁe L shell thén for the K shell correétly predicts the L-shell
shifts to be slightly smaller than the corresponding K-shell shifts. The
siﬁilgrity*of,magnitudes of the two bodes ill for the sénsitivity of s@ifts
in the Ka.x—fay:emissioh lines;vhowever, as Gianturco and Coulson ﬁoted. Ini
fact the situétibn for the range of sulfur charge states (not oxidatiop-stafés)
that is chemically reélizable, i.é., about -1 to +2, is much worse than mighp
be inferred from their comfiete calculation fof ionic chafge states‘betweenfi
=2 and +6, because the Ku energies,shift little with charge for charée state;
near zero comparéd to the shifts in highly—iqnized states. Again the'physic;l
reasoﬁ.for'thi; is”clgar;1 as thevchérgévin'fhe:shlphur i;nviﬂéfe;ée; througﬁ
successive loss of phe M electrons, the radial wave functions of those remaihing
are drawn in until they can no longer shield the L shell as e%fectiveiynas the
K shell. For charge states near zero, oﬁ thé other hahd, both K and L electrons
are in more nearly true "core" orbitals, in ﬁhich their”energieS»are affected
equally by the valence shell. The sensitivity advantage of ESCA shifts over
K, Shiftsyisﬁillustrated_for this case in Fig. 3. |

Verhaegen, g&_gi.ls described an accurate calculetion of the ls and 2s
binding energies of atomic neon. Their calculation is unique in that they evaluated
explicitly thé'effects of réiativity andicorrelatiéﬁ'on the binding energies of

the 1s and 2s orbitals. Table IV displays their results for these twoc cases.



(eV)

Energy shift

- 2o-

o 2
Ionic charge state |

XBL721-2230

Fig. 3. Shift in K and L binding enexgies and in K, x-ray energy with
charge state of free sulfur, after Gianturco and Coulson. Total
binding energy (ESCA) shift is 40 eV: total x~ray shift is only
1.2 ev. . o

Th
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Table IV. Binding Energies in Neon (in'eV) after Verhaegen, g&»g&,ls and Baguslh
Method Eg(1ls) Ep(1s) EB(ES)» _ Ep(2s)
(Ref. 15) (Ref. 1L) (Ref. 15) . (Ref. 1k)
~ Orbital Energy . 891.7 891.7 - .. 52.5 52.5
HF Hole State 868.6 868.6 C M3 k9.3
RHF Hole State _ 869.k 869.7 kg k4 . -
RHF Hole State 870.8 (871.1) 48.3 (48.2)

plus Correlation

* Experiment(Ref. 2) 870.2 o W8
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These workers accounted for ;elativity directiy; by éolvihg tﬂe_Dirac—Fock
(or relativisﬁiévHartree-Fqck, RHF)'équation.u | |

z.Verhaegen g§ g£[ﬂextended core-level binding;energy_calculatiohs,to a
higher level of»sophisficétion by inciudiﬁg'accuraﬁe cbrrectioné for corréiation
energy.  It'is necessary;binAOPen-shell systems;.to distinguish among three
kinqs of cofreiation eﬁergy which 6ksﬁz‘and SinanbélulS have classified aé
"internal", "pdlarization blus semi-internal", and "all-external". 1In internél
correiations, two e}ectrons cdrrelate but shift té,vacant Hartree-Fock orbitals.
One electron ih‘é’pair shifts to a vac;nt Haftree—Fock orbital and
one shifts out of.the "Hartree;Fock_sea" in semi-internal correlation, while
in the "all-e*ternal"_case bqfh electrons shift to.non;Haftree—Fock orbitals.
Clearly only fﬁe last kind ofvcorrelafion is available to closed-shell éystems.
Verhaegen,.gz!gl; notéd thatrcorreiation effécts will shift the energy of ﬁhe

. R eaund ;'
-atomic Ne (1s) state relative to Ne(lS) by an amount

AEc§rr = -{e(ls,i;) + €(1s,2s) + €(1s,2s5) + 3€(ls,2p) + 3¢e(1s,2p)]

where the pair correlation énergies € are all negative.v This éxpréssion-is
based on the assumption_thaf all the bair corrélatioﬁs:aie tfansferable. In
fact this is eSsentiélly true for the (closed-shell)'gfound state, while the
1s hole state alsc has the possibiliﬁy»of‘semi-internal correlation. This was
assﬁmed to be,pegligible, héwever; becausé’of.the unﬁsﬁal nature.of this highly-

. excited state. Using Nesbet'slg

values for the pair correlation energies in. -
Ne(lS), obtained by-solviné the Bethe-Goldstone eguations, Verhaegen et al.
found AE = +0.0524 au fbr this case. This direction, ‘an increase in EB

v ~eorr . T S . :

. : ;. ) e
because of correlation, is the normal one. For the Ne (2s) case, however,
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seni-internal correlation is important,klowering the energy 5y 0.0978 a.u.,
according to the calculations by Okslz andeinanoélu. This is more than
enoﬁgh to offset thé external contribution of 0.0542 au to the energy dif;
ference between Ne+(§g) and Ne(lS), and the nef contribution of cérrelation is
to decrease the binding energy by 0.0436 a.u.

Table IV deserves careful serutiny, because neon, with its closed
shells, is the idealvteSt case for calculating core-electron binding énergies.
Furthermére, the results giveﬁ for neon represent the firsﬁ detailed attempt
to inélude electron correlation effects. Bagus' results from Table | are-
included for comperison. There is a discrepancy of 0.3 ev (0.01 a.u.) in the
RHF l1ls binding energies before the correlation cofrection. ‘The 0.6 to 0.9 éV
discrepéncy betweeﬁ_theory and.experiment is'perplexing. The experimgntal )
accuracy is 0.1 ev, éo éhe difference must be taken seriousl&. It is by no ﬁeahs
obviocus where the'errdr lies, but the assumpfion,'that tﬁe "unusqal" nature of
the 1s hole state justifies simplifying approximations in the caléﬁlation

of this state's HF‘energy and its correlation energy, deserves further study.

II.B.l.c. Results for Molecules. Schwartz=C reported the first hole-
state célculations in molecules. He‘used a Gaussian orbital basis set for both
excited and ground sfates, and tested his method of choosing orbiﬁals bj lofe) 1
parison of calculafiéns on Ne with Bagus' I_‘ésults.lh Neiﬂher relativity nor
correlation were explicitly consideréd. Calculations werevmade on BH3, CHh’
NH3, H20, HF, and Ne.  At thaf time experimehtal-ls binding enérgies werg known

only for CHh-énd Ne. ' Since then results for NH3 and HQO have become available.

The calculated values, shown in Table V, are in excellent agreement with experiment.

fact the agreement is fortuitously good. The relativity correction will increase

In



Table V.

Hole-State 1ls Binding Energies in Molecules

Hole

Molecule vEB(éxpt)a EB(fhéory)rr EB(thésr;; corrected)l,
3 Bls - o 97.5° | 198.9
CH), A.01s | 260.8%0 260.73 291.0%,290.77,202.9% ,298. 0", '292.5;292}é,29h:h,299.5, o
| ' - 283.8" 285.3
NH, Ms kos5.6>  105.7%,408.6",400.9"  407.3,410.2,402.5
H,0 01s 539,73 | 539.he,539.7f,5ho.8h;512.3m 541.2,541.5,542.6,513.1
HF Fls- - 693.3° | | 695.3
60  s 296.2,295.9° 295.9% 297 .4
co ols. 542.6,542.13 su2.17 5h3.9 .
CHF . Qs 203.6,293.5° 296.38 297.8 . 7
Fls 692.410 o o
~ CH,F, Cls . 296.1;5. o 299.3% - 300.8
o Fls' 693.1° ' | i
CHF, cls 299.1,298.83 302.75 304.2
Fls 6914.11-O . | |
.CF& Cls | 301}8;391;83
| Fls | 695.01°
CH, Cls - © 290.7 " 29817 299.6

(continued)



Table V (continued)

Molecule Hole Eg (expt)® EB(theory) EB(theory,‘corrécted)z
‘n lesé3ﬂ 410.3° b1.17% hlg.?
Nis,'m 411.8% B yi2.50t b1k.1
ols,or 543.3° | ' su2.1% 543.9
o1s,tm 544,03 : 542, 5% 5Lk 3
0, .Ois,hZ; 543.2,543.110 542,09 543.8
>Ols;22; sk 3,540, 210 C sho.gY 5L, L
furan  Ols s3940 - 547.75" 549.5

aValués from Refs. 3 and 10 are so labeled._'If‘no reference is given, shifts are from D. W. Davis, J.

M. Hollander, D. A. Shirley, and T. D. Thomas, J. Chem. Phys. 52, 3295 (1970) and hydride reference values

fram Ref. 10 (C) or 3 (N,0). Accuracy is * 0.1 to * 0.2 eV. , _
»bD. W. Davis, D. A. Shirley, and T. D. Thomas, J. Chem. Phys. 56, 671 (1972).
“Ref. 8. ' | |

dUppsala groﬁp, quoted by P. Siegbahn, Chem. Phys. Letters 8, 2us (197i),
®Ref. 20.

fRef. 2h.

®From C. R. Brundle, M. B. Robin, and H. Basch, J. Chem. Phys. 53, 2196 (1970).

hR. Moccia and M. Zandomeneghi, Chem. Phys. Letters 11, 221 (1971).
p. s. Bagus and H. F. Schaefer III, J. Chem. Phys. 55, 1474 (1971).
Jp. 5. Bagus and H. F. Schaefer III, J. Chem. Phys. 56, 22k (1972).
P, Siegbahn, Chem. Phys. Letters 8, 245 (1971).

(continued)



Table V {(continued)

"Tra following corrections for felativityvplﬁs correlation have been estimated'by the feviewer:-
eV; N, 1.6 eV; 0, 1.8 eV; F, 2.0 eV. See footnote 22 and Refs. 18, 21, and 23.

z, 1.h ev; ¢, 1.5

=f, 26.

—88—
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will raise E_ by about 1.4 eV for each case.
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the binding energy by from 0.1 €V for CHh to 1.2 eV for Ne,21 while correlation

22?23 The values of E_ after

B B

thesevcorrections are given in Table V.
Hillier, Saunders, and Wood took a different approach to calculating
EB(ls) for CH), H,0, and CO. They calculated the ground state using a double

zeta basis set of Slater type orbitals, found the Koopmans' Theorem EB, and

“then accounted for relaxation in the valénce erbitals via: a CI calculation

.
on the ions using virtual molecular orbitals from the neutral-molecule
calculations. It is difficult to evaluate the results of this work, but a few

observations can be made, Firét, the basis set was small, and the total

energies were high by up to 0.15 au (4 eV). The orbital energies were in

error by only ~ 0.5 eV, however. The CI calculation présumablyvaccounted for . .
some correlation, bﬁt'nbt 1ls-1s correlation, since'oﬁly yalence electropé were
considergd. Finally, relativity was_neglected. The question of whether extra-
atomic.polarization effects differ enough from one molecule tovanofhef that»

hole—étate céiculations would predict shifts better than would orbital energies

is unfortunately left open. The Ols shift between CO and H.0 is improved from

2

4.86 eV using orbital energies to 3.63 eV when relaxation is considered (the
experimental shift is 2.94 eV). 1In contrast the Cls shift between CO and CHh‘
is worsened (5.46 eV from orbital energies, 7.55 eV with relaxation, and 5.l eV

experimentally).
25

Brundle, Robin, and Basch“’ have carried out Cls hole-state calculation

3+ Their values of Ej (Cls) are about 4 eV higher

than éxperiment after our (problematical) correction for relativity and cor-

on CHh,'CHBF, CH,F,, and CHF

relation. These authors suggested that the correlatioh;enefgy-may be larger in

‘the hole states than in the grouhd states of these mblecﬁles, thus tending
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to decrease ‘the theoretlcal b1nd1ng energles toward the experlmental values

This Seems unllkely, but even if 1t were true, it would presumably obv1ate

the basis upon which the hole—state calculatlons were made to begln w1th namely,

the ' unusual"'nature of the ls hole state The sucéess of thls calculatlon

in predlctlng shlfts will be dlscussed in a later sectlon.

i ' Gianturco and Guidotti26 have cast doubt on-hole-state calculations

that "simply follow the aufbau crlterlon of emptylng a hole—state orbltal in

(..

the ground-state baS1s set.. In order to test the effect of ba51s set
flexibility,'these”workers'employed.very large basis*setsf_ 39vSlater-type

orbitals for CHh’ 32 for NH3, and 29 for H20 The ls binding energies obtained

were low by 7 0 ev, L. 7 eV, and 27 L ey respectlvely ‘ fhey.attributed this.
discrepancy to the failure of the SCF calculatlons to proVide.a trhe'upper :
bound because of lack of'orthoéohalitylto lower statesr_'As especiall&.clear‘.
‘evidence of‘this effect they'noted that ﬁhile theirvcalculations gave”dis—
crepancies of only a few eV for CHL and NH3, a larger dlscrebaﬁcy wes found
for H20, for'which they'ﬁsed'a richer atomiC'hasis’set on the heavy.atom,-;hd

in'the;grouﬁd‘state of which there are three filled al molecﬁlar orbitals.
Moccia and Zandoﬁeneéh127‘ha?e‘offered'a.solutioh to the above problem.

They used an approach‘called.thefstrong orthogonal group function (GF) approxi-

mation.28‘ They approx1mated the neutral-molecule wave functlon by an antl—

syhmetrized product of geminals constructed from sets of orbitals localized around .

_ the'K‘shell The K-hole state was then descrlbed by ellmlnatlng one electron from

the ¥ geminal ' They stated that this cho1ce of orbltals has the effect of
preventing the exaggerated m1x1ng of states of the same symmetry which tends to

spoil'hOle-state calculations ih,molecules.'uTheir GF binding energies were



y ¥ 3w Py z - i
SEESFIE | BRSNS A BN

R
1)
P

-31-

too'lérgg in all four cases calculated—-CHh,‘NH3, H,0, and C,H), (see Table V).
This wés also ﬁaken as evidence that SCF GF results can be trusted not to collapse
in the way that ordinary héle state calculations do. Cleariy this whole question
needs further study, espécially sincékofher workers have not found hole-state
éalculations td'collapse in the way that Gianturco and Guidotti.did._

Bagus ana Schaefer29 used a very large basis set.of 18 Slater orbitals
on each'atoﬁ tO»calculgte EB(ls)'fof transitions to the four hole states
NO+(ﬁf;; lw), NO+(ﬁig; 3#), N0+(5f§; lﬂ), and NO+(612} 3H); Their results
agreed very weiliwith experiment for the Ols states and were about 2 eV high
for Lhe le‘stétes‘ufter estimated correctioné for rélativity‘and correlation
were appiied‘(Table V). ;These same authors30 madevhole-state calcuiations
on 02. With a. similar bésis set of 18 Slater orbitals Qn each atom they obﬁained

similar excellent agreement with experiment after corrections were applied:

o —
discrepancies of only 0.6-0.7 eV for the 02(15; b

Z;) state and O.1~b.2 eV for
the 05(122.22;) ét;te. An imporfant result of this,calcu;aﬁién is that it -
established the localized nature of the s hole in these final states. This
topic has also been clarified in a lucid discussion on aﬁomic relaxation energies
by Snyaer;3; .The problem is this: in molecules possessing two or more

: . - (3

2,-for‘

eqﬁivalent étoms, proper symmetry of thé'totai molecular.staté Z; in O
example) is often regafded as beiﬁé achieved by a simble aufbau approach. That
is, molecuiar'orbitals such as 10g and louvare.successi§ely filled with electrons.
‘It is fhen natural to imagine that a photoemission event in which an oxygen

K electron is ejected wi;l resulf iﬁ a final state described by the.O2 molecular

. orbital designations, witﬁ a hole in the Og or 9, sheli. In such a "delocalized"
hole ététe eachvoxygen would have aﬁ electron population of 7%-. ‘Such a state is

unstable, however, relative to localization of the 1s hcle. Snyder has stated
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- the reason for this result'succinctly; After discussing relaxation_of the
passive‘Orbitals'in terms of atomic shieldingvconstants, be noted, "...one

expectv the rclaxatlon energy to be quadratlc in the charge of the hole He

e - RN W e a .

' argued that dlstrlbutlon of a hole over. 'ﬁg center would produce a hole

charge of %-on each center and thus approx1mately a total atomlc relaxatlon
i : ‘

enérgy ;-tlmes as large asvthat for a locallzed hole For N (ls) he showed

that an 1mprovement of about 7 eV 1n the atomic relaxatlon energy could be

-

expected'lf the hole were locallzed.) Bagus and Schaefer30 made hole—state

cdlculations with g or u symmetry 1mposed on the ls hole states, finding

»EB(lS) 55& L eV, 1n ‘poor agreement w1th the expernnental value of 5h3 1 eV

* When' the symmetry restrlctlon was relaxed the Hartree—Fock equatlons y1elded

) . k]
two - equlvalent solutions at EB(l s) = 5h2 eV, correspond1ng to & ls hole on

F— R

either oxygeh'atom; They pointed out that a total wave functlon of the proper

v

Zg or . Z symmetry cen be formed from these two locallzed hole states. Thé

12 eV'relaxation energy is actually in qulte good agreement with Snyder s estimate

~of T eV’ for a’ nltrogen atom because 1t 1s clear from the results of Bagus and

o

Schaefer that a great deal’ of molecular relaxatlon, or polarization of valence

] . . . . . . ) A
L . . . . .

’electrons toward the locallzed ls hole, takes place;f The‘grOSS'atomic population

that these workerS'found for'the Oé(ls; ) state are’given in Table_VI.

v

R

P:'éiegbahn32’made'a hole-state‘calculatlon on the ion formed by eJectlng

.

) oo R A ’ :
~an oxygen K electron from furan. ThlS calculatlon is of 1nterest because furan

s by'far“the‘largestland leaStﬁsymmetrlcal molecule On wh1ch'hole-state

v‘calculatiohs’have‘been attempted. The result is a lowerlng of the blndlng
energy well ‘over halfway from the Koopmans Theorem value toward the experi-

mental value, may be taken as encouraglng, espeC1ally because Slegbahn used a

smaller basis set for the ion calculatlon.
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Table VI. Gross atomic populations for the iocalized_ o;(i?;l‘z‘) state (Ref. 30)

Shel1® Oxygen A  Oxygen B Shell  Oxygen A Oxygen B
1s, 100 0.00 30, L.03 0.97
sy 0.00 2.00 vy o 3.bd ' 0.56

v 2o 1.13  0.87 ~vam 0.26 1.7h

v 20, 0:92 ~1.08 Total 7.78 - T7.22

aMolequ_ar or‘bifal'designations are approximate.
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Before geing'on to the.less'rigofoﬁe‘tbeeriee;Aleg ﬁs review and
criticize the pfeSent.situatioh in hole—staté'calcﬁletions. In broad outline

core-level" blndlng energies ‘are well—understood ‘and can be quite accurately

5-1 \;v}

calculated‘for very small systems; At a sllghtly finer level of detail

il yo,

there are still several unportant 0pen questlons. In heavy atoms there are
large discrepanc1es between theoretical and experimental binding energles,ﬂ
perhaps arislng'from quantum,electrodynamic (Lamb Shift) effects _Inineon,

the best- studied case to dete, for which’ both relat1v1ty and <orrelation have.

. . L G e s

. oetenelbly been rigorously dealt w1th, a reeidual dlscrepancy of nearly 1ev
(O.l%) remains 1nvEB(ls).t In most of the bole state’ binding energy caleula-
tions to date on moiecules;_the results We?efwitbin H eV of experiment after
relativity and correlatien correetiens_of questionable'applicability had been
made. ‘Because tbe.theoretical EB's'teﬁded to be larger than experimental‘velues,

_an expansion'of.the basie set-for the heie;state calcuiations would ordinarily

be indicated. Hewever,’the is hole_etates lie above, and are not orthegonal

to, other states ef the'saﬁe symmetry,.so that'these eeleulatione are not

protected by a variation prinC1ple Tbus basis- setbeXpensiob requires.

care. = .Although it has been argued that the unusual" nature of these states

'-ebviates the_need fqr orthogonalization, the arguments~presented in the |

molecular caee are not Qery rigoreus or quahtitatiVe; abd more work on this’

question is needed. On the positive side, it is now clear that core hole

N
£ et

states in symmetric molecules are?ieealiiedﬁf-Helefétate calculatiene predict
shifts fairly eceuretely, and it appears that hole—state ¢alculations can be

-ektended~te larger molecules.’
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II.B.2. Methods Involving the Initial State Only:

II.B.2.a. Connection Between Hole-State and Frozen-Orbital Calculations.

Aé indicated in Eq. (9), the binding energy can be estimated as simply a one-
electron orbiﬂal energy. We shall use the hotation

ES(kT) = -e(k) | - (10)
to represenf'thé.binding energy of the k' orbital as estimated'byva ﬁsuddenf
approxiﬁation_in which the passive:orbitals_are frozen; whether or not Koopmans'
Theorem is rigorousl& appiicable to the particular case under discussion. When
this Theorem is applicable, Eg(KT) is given by Eq. (9). Before discussing actual
results obtained using EB(KT),_it is instructive to rélaté'EB(KT) to EB(Hole),
the theoretiéal binding energy obtained from hole—state SCF calculations. Of -
the available-discussions of the relationship between EE(KT) énd_EB(Hole),
. three are reviewed Eelow, These three éppfoaches differ in detail, and each -
afférds a unique physical insight. |

Hedin and Johahsson33 formulated the correctioﬁ ﬁhat-must be applied
to EE(KT)'to bring it down to'Eg(Hole) in terms ofva polarization potential
created by the presence of é hole in the kth orbital. Specificaliy, they wrote
the Hartree-Fock Hamiltonians for the ground state and k-orbital hole state
in termsvof tbe'one—electron:opérator_ h and the Operatorsti describing tWoL

electron Coulamb plus exchange interaction as

k

H=h+v=h+Zvi',-_
3
B =n+vi=nh+v-v +Vp",” : (11)
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where an asterlsk denotes the hole state. 'Here~Vé:is aepolerizatioh potentiel,

E: (V ze,.n - ;1~,fb: '-_j -%'f, ."'.T ) 12)

1#k

that describes the change in the Hartree—Fock potentlal accompany1ng the
removal of an eleetron from the k th orbltal Hedin and Johansson proved by

a straightforward derivationvthat with the neglect of some small terms the

true blnding energy and orbltal energy of the kth>orbital are related‘by

. s
-

"(1n our notatlon)' e

Eote) <G + Sy o . @)

. . ) N . N t ‘ .
where |k ) is the knh.one-electron orbital.. These authors suggest that this

result can be. understood phys1cally by the hypothetlcal two—step process (i)

adiabatic relaxatlonjof-electrons_ln‘all other orbltals follOW;ng'the switéhing

of f" of thefcharge of the electron ln the kth orbltal thereby storlng energy
%'(RIVblk ), followed by: (i1)- eJectlon of ‘this electron, Wthh would now have
a binding energytglven by Eq. (l3)r(uslng'Koopmans - Theorein, now‘valld beoause'
no further relaxation,eah occur); This result was shown td_be véry deérlyf .
“equivalent . to leermenlSSE suggestlou that~EB.isfessehtiall&;the'arithmetio
mean -of the orbital energies,forfthe_»k.t-h orbital in the ground state and hole

. i ch .

stete, i.e.,
Ei(Role) =% [mGer) + BEGRD)') . Qb

Usihggthis relation, which he derived using the similer,approach of Brenner
and Brown,35 Liberman found EB(ergon'ls) = 118.0'a;u., in excellent agreement

with the values in Table I.

i . X IR




Results from the polarization potential methoa,'applied to Na+, are
given in Tablé VII. The polarization potentiél model‘appears to work very well
for core érbiﬁais. From their r?sults'on Na, K, Naf, and K+, Hedin and Jéhansson.
_»cohc;uQed.that_bn formation of.a hole in a given shell the relaxation of more tightly
bound'shells:is negligible, and that intrashell relaxafion is small in comparison
to the relaxation.of outer shells. They also found that relaxation effects-
are only weakiy dependent on Z. For "outer core" levels.(e.g. the 2s level in

+ : ' i : :
Na_) they fourd that E_(Hole) gave no better agreement with- experiment: than

B
did EB(KT). This was attributed to the presence of 5nl& intraéhell relaxation
'in these cases. | o

Manne and Aberg36 ha#g givenvan.espegially clear pictuggwof_thé
feiétionship between the Koopmaﬁs' Theorem "state" Tﬁf(N—l) formed (as an
abstract concept: it aoes not exist in nature) by.feﬁoving an electron from
the kth,orbital of an N-electron system and the real final states of the system
\Pli{(N-l). Since the latter form -a complete set, the3‘rv couid write

‘ o _ .
1) = )RR DR o (15)

i=0
Now W;T(N_l) and W?(N—l) are, respectivgly, the initiél and final states of thé
~N-1 passive orbitals. By assuming the transitidn moment for photoemission to
be energy-independent, they showed‘that;ﬁhe transition moment to each state- i
.ié proportiqnél in magnifude to the abbve overlap integral; Thus the probability
of the system gQing to final ‘state 1 1is proportionai to the équare of thié

integral, and the energy sum rule
k k . k, k K; '
ER(KT) = Ef(Hole) + Z (i)l (2 - BRmae) (16)

i=1
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Table VII.. Polarization potential corrections to;Na+“binding énergies

(after Hedin and Johansson33)i:

Final State - Eg(expt)® EB(eiépt)—EB(KT)b %‘<.k|vp|k ) Ey(Hole)-E,(KT)
24— - | ., |

.Na" (1s) . . _.hko.000..-. ... 0.762 . .. -’ 0.822 - .- 0.828.¢

Na® (2s) 2.92k 0.166 , 0.102 - 0.105

Na“ (2p) : 1.741 - 0.056 © - 0.113 , 0.117

aAll energies are in a.u. (27.210 eV).v
bThe experimental values have been corrected for relativity and for solid-state

effects.
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follows. The lbwestfiying'holé-statev(i = 0 in Egq. (15)) has been separated
here frém the sum over final state of higher.éxcitation.. Sﬁch states have.‘
been obéerved as high (bindihg) enérgy satellite peaks in photoelectron spectra.
By rearranging Eq..(l6) it is évident'that EE(KT) measures the average energy
of thé.spectrﬁm. ' Manne and Aberg calcuiafed.an avefage binding energy of
886 + 1 eV from the Ne 1ls spectrum reported by Krause §§_§£.37 This is iﬁ fair
agreement with the Koopmaﬁs' Theorem value of 892 ev. Finally these authorsv
pointed out that there is a strong analogy between the phenomensa déscribed
by Eq. (16) and the Franck-Condon principlé for electroﬂic transitions to
vibrationél.states within a vibrational manifold. We note that this analogy
- 1s especially close for molecular photoelectron speCtra.'

Snydef3; considered the problem of orbital relaxation in an .atom frbm,
which an inner electron is.ejected and discussed this effect in terms .of .atomic
shielding consfénts. He gave an equation forvthe binding enérgy'of an electron

in the mth shell, based on atomic Shielding cohstaﬁts.ideas above, in the

equivalent of a "frozen orbitals" approximation:

E0kr) = - L (2es )2+ Z (s ) - S (085 n ) + ) Wy)(z-s )
m m m -1
2 . 9 '| . . VNn ' | o ' o
-T2 (gNm—Q)(sm-sm)(Z-sm) - 2_}{: —E'(sn—sh)(Z_Sn)ﬂ o (17)’
m ~ n
n>m
_th 38,39

Here S is the shielding constant for the n shell, and the prime denotes
the core-ionized state. The five terms in Eq. (17) denote respectively, kinetic

and potential-energy interactions involving the nucleus, and repulsive inter-

actions between an electron in the n shell and electrons in inner shells, in
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the m shell 'and in outer shells. Thls equatlon gave ls blndlng energles
for neon and argon that were w1th1n 3-h7 of the Koopmans' Theorem values from.
Hartree-Fock calculatlons, as shown in Table VIII. Also llsted for these cases

are the derlvatlves of Ep ("KT") with Z, Wthh glves the varlatlon of blndlng

energy for 1soelectron10 systems such as F . Ne, and Na ; Flnally Snyder
derlved an expres51on for the relaxatlon energy in an ion w1th a ls hole
(and posses31ng electrons up to the 3s, 3p shells)

A e

Here Né’andiN3xaré”the populationS-of'the-n =”2'and'3:shells.f This equation
. Erelax_ e ‘ _
predicts A ‘ to be independent of Z. -In fact ‘the Z dependence is approx1mately

g1/2

“." The predicted magnitudesiof AETFS18%.

‘for Ne' and Ar are within v 5% of
the"Harﬁree-erk\values},

“.As'tﬁe:above discussiouiindicates,'the formal‘eennectlon‘betueen
EE(KTirahd Eﬁ(ﬁble) is well-understood. For atOmic.sysfemslthe-actual'magnifudes
of AErelax eaﬁ be ealculatedeith goba aCCurae& by altefﬂate approaches;"
indicating that for these systems the mechanlstlc detalls of relaxatlon in
the hole state are;knowu At a level of sophlstlcaulon adequate for the - dis= "

cussion of chemical shifts in binding energies, however,-atomic relaxation

is inadequate, and molecular~relauatipn, in pafticulai‘dlffefential molecular
relaxation,.musf be consiaered. éhusrwhile %uls‘supseetlou makesla eoneeptual.
link between EB(Hole), discussed earlier, and‘EB(KT)‘diSCussed below, it does
not provide a quahfitatiue bridge thatZuould.pr0vide1a:basis for using EB(KT)
in'estimating chemical‘shifts;:‘Sueh-a bfidgefbould7ﬁake either'Offtwoﬂforms:

Differential molecular relaxation could be shoWn~to be negligible, or the




Table VIIT.

Ny

Comparison of Energies from Shielding-Constant
and Hartree-Fock Calculationsa
EB("KT“) AL ("KT") /A% AEFSLeX
Final State -
‘ ' Shielding HF Shielding ‘HF Shielding HF
Ne' (Ts) 930.3 891.7 |  209.L 203.0 21.2 _23.2
Ar (Ts) 3313.9 3227.4 - 402.7 397.2° -33.2 -32.2

aFrom References 14 and 31. All energies are in eV.
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magnitude of moiééular’rélaxation could be'gstimated'for each case. BSince in
O;Aabout v 5veV'of felaxétion ehergy can apparentl; be attributed to extra-~
atomic relaxétion,(as discussed(earlier), it seems'probable that the dif-
ferences of extfé—atomic relaxation energies from oﬂe moiééule to.anéther éould
be a fair fractioh of this.figure. Thus the failuré‘éf E

B(KT) to include this

effect could perhaps account for up to 2 of 3 eV of scatter in comparison of

. experimental'chemical’shifts with theoretical shifts deduced by the use of
‘orbital’energigs.

o II.B.2.b. Comparison of Orbital Energy Differences with E;periment.’

In this sectibn experimental binding—energy shiffs in gaseous molecules are
cbmpared with orbital energies. "Although orbital energies are éélcUlated, there
is 1little reaS§n to éqmpare them with experimentél binding enefgies, because they
tend to be high byvaﬁ amount in excess éf the whole range of chemical shifts.

The cgrbon ls.ofbital in methane is about 305'ev; for example, while the

binding énergj of this Qrbitai is 290.8 éV. The intércomparison of érbital
energies frém différent célculatioﬁs bh the s;mé éompOﬁﬁd is moré meaningful,

but eveﬂ ité valﬁe-is limited. Although E(is)lfor a;pérficular'cOmpound
presumaﬁly haé é:unique value in thé HaftreefFock limit,-its valﬁe is not

" governed by the_variatibn'principie. Thus while one might'expept e(ls)-anq the total
energy E to be correlated far from the HF limit (i.e., for poor choice of basis
sets) just Qn thé groﬁnd that 2€lsvis a reaSonabl& la?ée-fraction of -E, no such
v_corrélation=is to be expected near th?sjliﬁit. -Hence the géddness.of an e(ls)
value cannot be judged by its magnitude, ﬁof can,thé froximity of €(1ls) to the
Hartree;Fock iimit necessarily be jnged by the value of E'alone,.withéut

additional information about théLpérticular.SCF'calculation in question. These
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conclusions are illustrated by the values of E and E(ls) for methane given

in Table»IX. It is difficult to compare results reported bj different wérkers,
because their basis sets differ in a variety of.ways. Foftunately Giaﬁturco
and Gﬁidott126_ha§e studied the relationships of e(ls)‘to E and to the basis
set, by varying.the basis set in a systematic way, for the molecular CHh’ NH3,
~and H,0. They found variations in €(1s) of 1.2, 2.8, and 1.1 eV, respectively,
for these three molecules. That €(1s) and E are not strongly correlated is
evident from the entries from Ref. 26 in Table IX. More evidence is given in

the origiﬁal paper, in which appear the results of 6, 5, and 9 SCF calculations,
respectively, for these three molecules. It is particularly noteworthy that
"double-zeta" basis sets give values of E that are fairly close to those obtained
using large basis sets, but that the double-zeta €(1s) resuits‘afe>Eonsidéragi§“
in errOr.fof NH3 aﬁd Héo. In fact for these two cases fhe double—zeta basis
sets give worse results for €(ls) than do minimal basis sets (Table X). In

view of the v 1 eV error in €(ls) that appears to attend the use of double-zeta
basis sets, and particularly because this E(ls)‘can apfarently err in either
direction, about 1 eV of écatter can be expected in ﬁheoretical chemical shifts
"based on orbital énergies from ab initio calculations éf double-zeta quality..
Evidentlj similar scatter can be expected if shifts are estimated as differences
between orbital energies from‘differentvsources, unless all the values of

e(1ls) are obtaihed from caiculations near the Hartreé—Fock limit.; On the

other hand the results quoted in Table IX can be interpreted as indicating

that a careful célculation of £(Cls; CHh) with a weli—éhpsen basis set will
yield a feproducible vaiue in the range 305.i + 0.1 eV..

Basch and Snyderho were the first to predict a large number of binding

energy shifts, using orbital energies from gb initio (double zeta quality)
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‘Table IX. Total and ls-orbital energies. for cH,, '

.Basisvseté . ' ’;E(a.u.) _ | v_>;€(ls)(éV) : Ref.
Extensive GTO-.. = 40.1890 ©° 305.07 8
. GTOwA "'-'_' © h0.1822 - 30k.9 | 20
;GTO 2 . © 140.1303 ., 305.22 2l
oo .  -ko.1823 e 3ohf97  : 25

Larée STO sét _ 40.20L5 305,15j5' | 26

- ditto, minus C 3d's "h0;1866 v - 30k.76 .26 |
2c o ~ L40.1845 305.30 26
minimal STO . ' ) 36.1153 " 305.95 26

8'STO»= Slater:type.prbital,'GTO = Gaussian type orbital,'

More detailed

descriptions of basis sets are (in most cases) given in the references.
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Table X. Eﬁergies for CHh’ NHB’ and H20, aftervGiantﬁrco and Guidotti26
Molecule . Basis Set -E(a.u.) -e(1s)(ev) Ae(1s)?
CH,, ‘extensive. 40.20k45 305.15 -
oy, 2z 40.1845 305.30 +0.30
i), minimal 40.1153 305.95 +0.80
NH, extensive 56.1861 423.52 -
N, 2¢ 56.1675 4223k ~0.18
NH minimal 56.0051 422,65 -0.87 .
H‘éo extensive 76.0384 560.05 -
HéO or 76.0052 558.73 -1.32
H)0 minimal 75.7030 559. 53 0.5

%Phis difference gives an estimate of the expected variation in chemical

shifts that are estimated from orbital energies - derived from the smaller

‘basis sets.
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calculations on thirty small molecules. Davis et al. ; measured shifts for some .

of these molecules, finding good agreement;. Several other experlmental shifts
and-orbital energy-differences for small molecules.are-also available
We have listed in Table XI, and plotted in Flgs. h(a)f(é); those cases for which
both experlmental and theoretlcal flgures are avallable. .In.most cases for
whlch two experlmental values are available the agreement is very good Average
experlmental'values are used in the flgures. In all three cases plotted--C N,
and O-—stralght llnes of unit slope have been drawn through the p01nts Perfect
agreement between GEB (expt) and Ae would correspond to all the points’ lylng

‘on the lines. In fact in only one case (NH ) 1s the orbltal—energy value off

by over 1.0 ev. vSeveral pointsvare l.O eV off the lines, but the average'error
' is'only v O.SleV;' Thusforbital energies-appear to provide‘réasonably accurate7
values of b1nd1ng energy shlfts, rellable to the vl oev level In viewvof

the foreg01ng dlscus51on about the expected scatter of v1 eV in- the theoretlcal
values of e(ls), th1s 1s about ‘the best agreement that could be anticipated.
vBefore~further 1mprovement can be expected 1n'the agreement between be(ls) and
GEB, basis sets'of better than dOuble;zeta‘quality will.probably be required.

As evidence that a largedbasis setfcan_give good results,:the-CHh - CFh shift

of 12.11 eV predicted by Gelius, et al.8-by the use of a large basis set-agreesv
well with experlmental value of 11.0 eV, espec1ally if the former is corrected
‘downward to 11.6. eV'to correct for the scale factor of 1.05 between e(Cls) and
EB(Cls).' Gelius gt_gl. found avlepevof-Ae/dE = 1.09.bynfitting a line. through
the seven points that they calculated with large basis sets. |

Inlsummarp, chemical;shifts predicted from differences in orbital binding

energies based on ab initio Hartree-Fock calculations-agree with experiment to

3,8, 25 h2-hh




=47~
T T T T T 7 7 T T ] DU ™
‘ ~a) Carbon s | e e /T
r ‘ -
35 o S
> - -
| q’ B : o . . ) A ,.,,” . .-1
> 3o e -
— ‘ o
Nt - —
w
. = -
= s '
305— | J'
S [ WL S TR ISR N ST S S N N S
290 2% 300
S Eg(Cis), eV _
- | : ' | | | | )(Bl_72|—?i!3|

Fig. 4a. Orbital energies versus binding energies for carbon ls electrons
in gaseous carbon~containing molecules., Open circle denotes methane,
while other compounds are numbered as in Table XI. Compound numbers
stand in the same relative positions as do the points. Multiple
entries denote more than one theoretical value. Line has unit slcpe.
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Table XI. SEB(lS,expt) and Ae(ls) for small molecules (eV

)8.

nitrogen

carbon oxygen fluorine
No. Molecule : .
SE, Ae GEB . Ae 6EB Ae - SE Ag
1 CHy -0.1 0.9
2 CHCOH %.99(10) 6.0 0.67(5) 2.0
| -0.95(5) 0.8
cyclo- ‘
oraane -0.23 0.5
4 CH),0 2.01(5) 2.4 , ~1.05(5) 0.2
5 N, u.3b,h.35(2o) 5.4
. |
6 CH, 0.k 1.567,1.4 | |
7 HCN  2.6(2) 3.00°,2.8 0.55(20)  2.53%,3.0.
8 CoHe . -0.2 0.2 |
o o, 6.8°,6.84(5)  7.86%,8.3 1.1°,1.54(5) 3.2
0 co | s s.0%,5.67°, 2.4° 2.94(10) 3.143%,3.3
11 CH J0H “F1.6°,1.9(2) 2.0 -0.8°,0.80(10)  -0.2
12 0, 3.4°,3.84(6) .3
13 N0 | 2.9°,3.17(10) . 6.1 1.5°,1.54(10) 2.9
" o 6.9°,7.04(5) 9.3 |
1 HCO 3.3 4055%,3.909, .
< k.1

{continued)
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Table XI (continued)

~ carbon

‘nitrogen

oxygen

fiuorine _
No.  Molecule ——— _ — = - . —— :
SEB Ae GEB Ae ﬂ'GEB' -Ae 6EB Ae
15 CH.F 2.8(2) © 3.18%,2.80%, |
‘ _ ' 3.0%,h.9f
16 cmF, |0 os.s5(5)8 593760 : 0.73(5)8 - 1.2°
17 CHF3, - 8.1°,8.3(2) 8.81%9,9.4¢, | |
18 '.CFh "11.1?,11.0(2) 12.11d,12.8¢ 2.6(2)8 3.6

®Reference compounhs are hydrides, excépt.for F(ls), which is referred to CH

bRef. 3.

“Ref. 2.
dRef. 8;~'
SRef. 25,
fRef. L3,

8Ref. Lk,

and GEB(ls) velues-are from Refs. L0 And L1, ;espectiyely.

3

F. Unless otherwise anhofated, Ae(ls)

~0G=




v 1 eV or better, when basis%sets of douhle—zeta quality are used. Better
basis sets will. probably improve this agreemeht, because at the‘double-zeta
level the orbital energies are still not near their optimum values. Finally,
tﬁe scale for Ae should probably be 1.05 that for GEB,'hecause_orbital ehergies

tend to be about 5% larger than bindingxenefgies.

CIT.CL Quantum-Mechanlcal Methods Involvlnnglndlnngnergy Calculatlons

| The foreg01ng theoret1cal approaches are valuable in eluc1dat1ng the.
founddtions of blndlng-energy shlfts, but ab initio calculatlons presently
constitute a rather cumbersome approach to the actual Ealculatioh of shlfts.for
molecules of aﬁy size. Fortunately the phys1cal orlglns of the shifts are well
enough understood that they can be calculated dlrectly, u51ng models based on
vaelectrostatlc potential energy cons1derat1ons These models can be subd1v1ded
further into those that entail (or require) an accurate evaluationlof the?f> |

local potential and those that do not.

_'11_.c;.1. Potential Models
) | It was reallzed very early that binding-energy shifts arose almost
_ehtirely from dlfferences ih the electrostatic potential energies of core
»v.electyrons._.u5 Hoﬁever, the first detailed theoretlcal analyses that .demonstrated
this result duantitatively were given relatively recently and independently . -

by Baschu6 and Schwartz.h2 The‘analysls given by‘Schwartz is sumharized,below
to provide a basis for the‘potential-model approach. o

| The Orbital;energy of‘a ls electron on ndcleus- n can be conveniehtly

expressed by rewriting Eq. (6) as
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€ g <1s(1)|- 5 1" zn/_rlnlls(l) Yo+ I, - Z Z, fl_s-(l)ll/rlm|1s(1)_~>
o o ' m#n S
o Z (23)5 = Kpgg) * Z @ K)o B9

i=local S0 - i=distant’

Here 1t has been assumed that the molecular orbltals have been expressed in.

terms of a "locallzed molecular orbltal" b351s ‘set {L }. hY‘ The last two sums
are then taken over the "local" orbltals L that connect atom n and over the
L "dlstant" orbltals that do not. Schwartz showed tnatjto'a very good.epproxi_

- mation KlSl = 0 for the dlstant orbitals. By direct calculation he found

: T : : L
values of 2 X 10 - a.u. or less for the three ls-distant orbital exchange -

- L . . L
integrals in CH3F. He also showed that, to within 10 -8.,u., the distant Coulomb

integrals Jisi are equal in magnitude to 1/z. times the electrostatic attraction

- integral between‘nucieus-'n and the distant orbital'Li,!and that

\

(1s (l)IZ /r Ils 1)) = Z, /R » where R 'is an internuclear distance. Finally

. . . . . ] : A2 .._,. - . e )
the one-electron 1nteract10n with nuc}eus n, ;ls,n Vl ~ Zn/rlnlls(l) .

. = (ls(’l) |.— ']2;
was shown to vary by'only a few.ten-thousendths au from one molecule to another.
In view of these results, shifts in the orbital enefgy can be related to shifts

"in the external electrostatic pdténtial'evaluated'aﬁ'fhe'nuclens-by the approximate

expression

A~

1ls

)= Wy + 0 Z ' [2 L Y/ 10 223y Klsi] .(20)

i#local

The last teﬁn:is.just the difference_between the actual interaction energy

ot electrons‘innthe local orbitals with the 1s electron and the value that this
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interaction energ& youid have if the 1ls orbital were cqllapsgd to the nucleus
and exchange were absent. The resuits given by Schwartz for'th and CH3F show
that for the Cls orbitals in these molecules the second term in Eq. (20) amounts
to only 0.23 eV, or less thén 10% of the measured shift. From calculations on
‘15 mOlecules, he found A -€ s)”é l.ll‘AVex

‘on the average. This coefficient

1 t

exceeds unity as expected (i.e., because the radial extent. of the ls orbital

more sensitive to. environment

makes the Coulomb éand'ex‘change,integra.fl.svinvsl-s

thaﬁ thévl/r iptegrals in-vext)' Since Qrbital energiés'exceéd experiméntal.
binding energy shifts by a few percent, AV might be expected to predict :these.
shifts better than A(-€) would. | B

‘Baschh6 gave a similar dérivatidn,‘differihg mainly in that he allowed
1ls orbitalsvto éoilapse into their nuclei for the purpoée of-appféximating,
éertain CoulomB intégrals involving these orbitals as one-electron integrals. .

With this approximation, he found that the "potential" relation, A{-g) = AV, .
is valid if the quantity
b'(ls(l)l— L2 _ g /x, fls(l).f + J, .- K
21 "n'ln _ 1sls. o lsi
- . : N i

does not change-appreciably with enviromment. He established the validity of
the potentialvrelation by direct calculation, for the fluorinated methanes, of

Ae, AV, and AV', where the quantity

' = . : 1. - d . .
v E: R_'° Zh'l/rm'l-> Oa(n) s oo ()
mn i . ,

m#n

is just the diamagnetic shielding coefficient at nucleus n. V' differs from V

only in that it contains a term in the sum for the 1s orbital. Equation_(Ql)
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establishes a goﬁnéction betweeﬁ‘bindiné—eneréy.éhifts aﬁd ﬁmf'parameters,'as
the agreement amohg Baéch's'value éf'Aé; AV, and AVf,Léét bﬁt;ih {abie XIf,
shows. | | |

vCompariéoh of shifté'iﬁgpoﬁeﬁfiai'aﬁa'érﬁital éhé?éiéggéé de;érﬁiﬁéd _
from ab initib'célculations are helpfﬁl iﬁ ﬁnderstandiné the 6}igin§i8f'éﬁiffs;
_but‘; beyond that theifwia.lué'is limited. ‘Mostimolécules_"are_ t00 large for _@_
initio calculations to be feasible; and in those cases f‘.ijn.}vi'-vwhicﬁ ab initio
calcﬁlations can ﬁe made the orbitél”eﬁeréies them#elves.afe réadil& aﬁéiiébie
and may as well be used directly to estimate shifts. ne real feason for
éstablishing thevrelafion between Ae and AV is that V; but not_e,'can be _:‘
feliably'éstimatéd'for larger.mdleculeé Ey thé uéé.of:intermediate iével
molécular-orﬁitél.theories'sucH as the Cl\ID\Ob'8 model;‘_Géiius,‘gg_§;.8 h;ve
studied the potential'model using both CNDO and ab initio wave functions. For
several small carbon-containing’mblecﬁlesbihey have done gp.ihitioﬁcalcﬁléiiéhs
using large bésis sets and have given valges for Ae, qc(g), the gross atbﬁigﬁ
charge onvcarboh.atom,'and v, the mqlecular potenﬁial:arigingbfroﬁ th¢ surroundiné E
atoms. The discussion'below is“largely based on’their resulté; ﬁhich aré se%
out in Table XIII; although it-differs_invdetail, the éonclusions are.cqnsisfent
with those ofiGeiius,.gﬁpgl. " |

These workers compared expérimentdl,shifts SEB'with calculated parameters,

P

finding a good fit to the relation
6By = 18.3q () + V+3.0ev . - (22)

. In order to compére Ae with ch(g):énd AV,_wé have tested for a-relation of the .

~ .
T

form

. '



Table XII. Orbital Energy and Potential Shifts for Cls Electrons,

/o

aftei' Baschh6

CH,F

CH,F

CHF

(0.0)

9.5

Method '_CHu_ 3 o 3 cyh

Experiment (0.0) 2.8 ev 5.6 8.3 11.0
Ae(1s) (0.0) 3.0 6.1 '9.h' 12.7
Av(1s) (0.0) 3.0 6.2 9.6 13.1
AV'(1s) 3.0 6.2 13.0
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Table XIII. Molecular Parameters for'Carboh~Compounds

Molecule

:'A a. .
-E:'ls’-ev

.Carboh atomic’chérge _ I Molecular'poténtialc

‘ab initio® cwpo® &b initio® “cnpo®

CH3F_

CHF
CF#
. COo

002

;e m -

-f Md,M;WTn-. ;0;71 ' ‘ _ ﬁ0{049, o ;9.&0»‘ A‘ ' >20165

-2.80 -0.13 ~ 0.180 213 - - -1.85

8.81  0.67  0.613  -6,86  _ -6.67

c12.11 1.0l 0.708 - 10.99 . -8.82
- 5.01 .. . 0.32 - -- 0.042 a3 T =0.53

T.86 0.66 0.536 -8k ~6.64

8pef. 8.

bRef.:h9;

- ®Potential energy of 1ls electron from extra-atomic Qrigins, in ev.




be=kq (g) +V+b o ©(23)

by_plotting Ae - V against qc(g), in Fig. 5. . These qﬁantities showfarVery
nearly linear relationship, but a slight cﬁrvature is élso apparenf.;'A line
with parameters k =118.3.and 5 = 3.0 fits the points. quite well, thefeby
justifyihg‘ihé linear variatioﬁ of Ae with qc(g). R

It is useful to.examine the relationship betwe§n7§é(g) and V as caiculated
from ég_ihitio wave functions.and the compérable quanﬁitiesvfrom CNDO thebry.

T . ko

The latter have been given.by Ellison and'Larcom rand have also been calculated

by P} W.'pavis.Sok They are also listed in'TAp;e XiII. The_agreement between
eit‘h’ér q(gb_ initio) and q(CNDO) or V(ab initi”o;) and V(CNDO) is poor, but this
meané little by itself because the twovvalues.gf Q afe defined differently.
Theléb_inifiofgrqss atomic charges arg'bésed on a Mulliken population analysissl
andithus iﬁclude "overlap population", while the CNDO theory allows for no
ovéfiap.' As a result the range df&atomic chérge is over a factor of two
 larger on the ab initio theorx.,,This is coﬁpensatedvin part by a smaller value
of k in Eq. (23) and in péft by a larger range of ihé‘extra-atomic potenéial
V. Thus fhé_néar agreemeﬁt of k for the two sets of charges (18.3 vs 23.58)
doés not imply'that thé chargesathemselves agree that well. However, plots
| . comparing thevchargés (Fig. 6a) or the potentials (Fig. 6b) separatelyvshow.
,linear relationships‘for both cases,_theréby supporting the validity of
“relations like Eq. (23) for either &b initio or CNDOYparameters. The CO points,
and perhapsufhe“Cbe points, lie substéﬁtiaily removed'from straight linés
through the.sﬁbstitutédmmethanehresﬁiﬁé in both Fggs.’(6a)“aﬁa (éb); In fact
the CNDO model predicts the CO shift poorly. This 're;ult is expected. The

CNDO theory.gives essentially a point-charge treatment of shifts in EB(ls), and

multiple bonds are not well described by point-charges.

.
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charge, to test linearity. Data were taken from Ref, 8.

Plct of enérgy,parameters for C(ls) in several compounds, aga¢nst gross carbon atomlc
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Tig. 6a., The CNDO carbon charge (Ref. 49) versus the ab initio gross carbon charge (Ref. ). =
Multiply~bonded CO and C02 do not follow trend,
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Fig. 6b. The Cls external potential energies from CiDC (Re?. 49) and _a_."g'initio (ef. 8) calculé-
tions. - Liote that CO and COP are again off the line, as in Fig. 6a, but above it this tize.
" Thus the deviations are partially compensated in the sums kq + v.
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The above discussion suggests that a potential model based on CNDO
theory might predict shifts in good agreement with experiment, with some
reservations about multiply-bonded systems. ‘Several approaches have been taken

3,52

tb tést‘this possibility. The Uppsala group wrote the binding energy

shifts as (in our notation)

6Ei=kqi+vi+£_ 5 » (2h)

where V. = e2.Z qj/Rij is the "molecular potential" term. Here a charge QS
is assigned to the jth atom, and it is taken as being located at the nucleus.
They calculated a and Vi for a number of molecules, usipg CNDO theory, and
.Aleast—squares‘fitted experimental shifts GEi to determine k and Q.. They
madeafitsvforvcompoundévof C, N; 0, F, and S. The quality of fit Véried from
one eleﬁent:to_another, and in some cases fhere was too iiﬁtle variation in,qi
té determine k very Vell. However fhe fits tended to be rather good‘for*ﬁ
most compounds in a group, with some points, such as CO in the C(ls) group and
N, in the N(ls) group, falling well off the line. An important result of
these fits is;that the values of 'k were quite close to those of the cor-
responding atemic (ls—valence) one-céqter repulsion integrals. In the forﬁat:
element symboi, k from fit, k from repulsion integrals, the results were:
C, 21.9, 22.0; N, 21.5,,26;h; 0, 25.8, 30.7; F, 27.6, 35.1; S, 13.8, 16.5.
Ellison and Larcomhg ﬂave suggested that the above relétion could 5é

altered to give Separate kq terms for host-atom s and p electrons, by

writing

6B, =k, +ka +V ' o (25)
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with q = éie.+téip and a:refefenoe chosen'suEhlthat L = Q: By earrying oﬁt
a two—parameter'(ké and kﬁ)»fit, they found that“tﬂey eould correctly‘predict
- the C(1s) shift”inlCO'as well as the othef C(le) shlfts reported by Dav1s, et
'Ei.hl_ They found ks~;-17;5 end.kg 2h 5 for C(ls), and, for’ several oxygen
compounds , ké ;_18.0, kp = 26}§ It should be noted, however that the carboﬁ
compounds are'fittea bettef_by a_two—parameter expression only because CO is
among them. If CO is excluded oﬁe'parameter does essentielly as well.-'Further—
more, avtwo—pefameter fittexcluding CO gives values of ks and k_ for C(1s) tﬁat
aretvery close to one another. In view of this;“of the-eiﬁilarity of the 1ls-2s
and ls—2p.repuleion integrals, and the deviationsvshowo'by‘CNDOvparameters for
co (as.indiceted in Fig. 6), the value of a two pafameter:fit'eeems'questionébleQ

.Davis, Shirley, a_,nd.Thomashh’53

have used CNDO theory in a way that
differs'from:either*of the above approaches.: Wlthout any'emplrlcal curve—fltting
they.eimply calculated the expected C(lé)yénd'F(ls) shifts for a series of
fiuorinated‘behzenes and methanee; The results are quite encouraging. Before
diééussing ‘them, however, a couple of observvati'ons should be made, lest the
reeults.appeer Better~than they'realiy‘afe. First; fether simple molecules >
were\chosen.~'Second; comparisons of C(ls) shifts are made only ﬁithiﬁ‘eaeh
group (substituted benzenes and methanes). The two=ééales'disagreeiby 0.9 eV,
indicating that the CNDO approach can handle subtle shlfts w1th1n groups of
compounds with sunllar-bondlng better than 1ntergroup shlfts Finally a
subtlety waeeintroduced into the celculatiOns'of'V. ”One'ean_treat electrohs
in atomic orbitals on neighboring atoﬁs as'if they were simply- point charges,
and evaluate the electrostatlc potentlal they create as qJ/R This is exact

for a spherlcal charge dlstrlbutlon on center Jas hence for . s orbitals and

closed shells. The foregoing estimates of V_were’made by this "point charge"




method, and Davis et al. also used this approach. Howevef, they also madé_
another estimate, based on the "p-p'" method. In this secon@ calculation the
external potential at nucleus 1 arising from orbitals on center J was
evaluated by actual calculation of 1/r integrals. These inﬁegrals have dif;
fereﬁt values for o and Py orbitals. Ordinarily in CNDO theory only integrals
of the fon@ <pd;|l/rij|poj ) or (bnj'l/rijlpwj > would be considered. This

is all right if the coordinate axes are chosen normal tb'the line from i to
J. If not, invariance to coordinate tranSformationsfréquires,the retention

of off—diagonél elements (pjll/rijlpg ), where p and p' é:é, fof gxample,
1 and py. |

The CNDO pqtential model predicts the fluoromethane shifts Yéfy well,v
as Table XIV shows. The shifts predicted by the p~p' modification ééfee better
with experiment than do any other theoretical estimafeé. Even fhe'F(is) shifts
are predicted well, in contrast to the gb initio results in Table Xi;;

.For fluorine—substituted benzenes the‘CNDd pptential.model éiéo predibts
shifts quite Well.53 For this case the pfp’ method Qvérestimétes tﬁe shifts
somevhat , while'the point—chafge methods gives excellenﬁ resuits,.as shown in
Fig. 7. DNone of the 28 shifts deviates by over O.h\eV from thé experimental
value. Apparently this model can predict shifté quite well within a series of
related compounds.‘ Its nérrow fénge of applicability is-a drawback,_however,

as is the ambiguity of whether the point-charge or p-p' modification is preferable.

II.C.2. The ACHARGE Approach

Davis 53_5;353 introduced a different apprdaéh for interpreting binding
energies, called the "atomic charge" analysis, or ACHARGE. In some respects

'ACHARGE is quite similar to the above analyses, but philosophically it is quite
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p01nt-charge potentlal theory estimates, from Ref. 53.. Here CF
and CH denote energies of péaks a551gned to’ the aggregate of all

carbons bonded directly to F or H.
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Table XIV. CNDO Shifts in Fluorinated Methanes (Ref. Lk).

Shifts in EB(Cls)a" Shifts in EB(Fls)b
Molecule ‘Eﬁi?;e p=p' Expt.c g;i;;e p-p' Expt.
CH,F 2f58 2.9f 2.8(2) - . | —_— —
CH,F, ‘4.99 5.58 5.55(5) 1.07 0.82 0.73(5)
CHFé - 7.32 8.5k 8.3(2) ' 2.69 - 1.60 1.7(2)
CF), 9.52 11.1% 11.0(2) 3.11 2.37 - 2.6(2)

aShifts in eV, relative to methane.

bRelative to CH3F.

cError in last place is given parenthetically.
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different.  The idea in ACHARGE is to workﬁbaékward;»i.é.,ffo learn chemistry
from binding energies rather_tﬁan»uSingvknown éﬁemiéal facts to expiain the
spectra. The ACHARGE apprqéch is based on assumiﬁg-pbint charg¢s:£6 exist on
,ailhthe-atomsuinia-molecule?'measuring a CSmpleté_SetEOf'cbre;ievelﬂéhifts;‘T
and deriving q:consiétent s§t of.valges of the phargés from the éhifts._;ACﬁARGE

is not a moiecglar-orbitalﬁmodel,'but gives rather énvéxpgrimenfal pdpulation

I . j

,analysis._‘The.derived éhafge values agree very wéll'with CNDQ;charges;

pfesumably-becéuse CNDO is essentially a poiﬁt—charge theory.

In ACHARGE an equation of the form

FF

. n
6E.,=_qu. + e2 '
1 171 . i
#i

[2e]

is writien for.éach of the n atoms in q-molgcule; The parameter ki’ which
has the same ?alue for all atoms of a given element;‘is éssential1y the two
electron repﬁlsionnintegral for a free’afom of fﬁét‘élement. If the moleculé
does not coﬁtaih hydrogen there exist._n  equations linear in the chérgeé

aj (for hydrogen-containing moleculés‘s§ﬁe assum?tion.about Qg must‘bé-made)-
If there are'équiValent atoms, these gquations can bé3condensed by gathering
terms in each qivand eliminating redundant'equatiéng,fobtaining finaliy m

linear equations, with m Sn. Inmatrix form these may be written

>

s A I IR ) | (56)

. : o o |
where $ and. q are vectors whose components are the sets {GEi} and {qi}, and

A'is anm X m matrix. A diagonalvélement of A has the form

e v s



Agg = Ky * e Z (1/Rgos) 5 | - : (27)
. . QL .

where the sum is taken over all other sites equivalent to the ch site. Only
the &P site itself contributes a linear equation to Eq. (26), equatibﬂs arising
from the sités labeled by L' were redundant and were lost in contracting from

n to m equations. The off-diagonal elements have thé form

Mg =€ ) ARG | (28)

with the sum taken over sites'that are equivalent among themselves but diffefent
from £. The matrix A isvusuélly;nonasymmetric. | )

In studying fluorinated benzenes Davis et al. used k, = 22HQV/|el“f§g?
carbon:and kF = 32.5 eV/ieI-for flﬁorine. For\a given»mélecule the ?hargesidn
all hydrogens were assumed equal. An additional equation was~obtain§d by
requiring overall chafge neutrality. Finally, for each moleéule all}cafbons
bound to the same ligand (hydrogen or flﬁorine) were taken to have the same
ls binding energy, because inequivalent carbons with the séme ligandaappearéd
only as unresolved components of the same C(ls) peak in the photoéiectron
spectrum. Using this model, meaéured shifts_GE(Cls).and SE(Fls), an@ molecular
geometpies, Daﬁis et al. deduced atomic charges for several fluorinated penzepes
‘that agreed #éry well with CNDO charges. Their results for four molecules are
given in Tdble:XV, together with the CNDO values. In spite of the approximate

nature of the ACHARGE model it yields charges thatvare consistent with the

" basic physical and chemical properties of fluorobenzene. For example, ﬁithdrawal



Table XV. Atomic charges in fluorinated berizenes (after Ref. 53).

Compound - . Atom® (ACHARGE) . . (cNDo/2) Compound Atom (ACHARGE) (CNDO/2)
F c L | .f SR o7 28. .
R PR S ‘ A T35 2
o T - -13 -1k
R A
c, .0 - - ; b L
P -19 - -20
E o | - a5 26
[ 0 . 0 | Gz 5 6
» 02 - 9 '—12
F 1k F T k
CeFe .c | 15. Cy6 b -7
F. -k . as. - 2 |
v L E 5‘5 | - Cs o ‘>5
F -18 -20
" 0. -
5 ,
aHere‘ﬁidehotes averége'of all hydrogeh'charges.
bCharges are giVen_in units of lO-EnféI:

- T89-
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of electronic charge. from the ring by fluoriﬁe is manifest as a negative charge
Oﬁ'the fluorine atom and polarization.of %he C-F bond. vdn a hore detailed
level the ortho-meta-para altefnation in charge, usually invoked to explain the
preferential oftho-para orientétiqn of electrophilic subétituents, is evident.
This élternation is explained classically by the tautomeric forms

P . -
‘ il

and .

Alfﬂough:Davis et al. presented consistent evidence for orthoéﬁeféLpéra cﬁé;ée
.alférnation derived from differentfarggﬁenté, the effect is small. Lafgefléffects
of fhis nature were found in multiplyeéubstituted'Caées in which the charéé}f
shifts caused 5y two or more fluorines could reihforce one another; In (
m-difluorobenzene, for examble the carbon inzpositionIQ is ortho to two

fluofines, andfconsequently its charge is -0.09 le[, or ab&gt twice that of

an ortho carbon in fluorobenzéne. Carbons 2, U, and 6'in'l,3,5~trifluorobenzehe
are each orthoﬁté'two fluorines and para to another. Eééh,of these ¢arbons
theréfore carries the large negative charge of -~0.13 lel, inrthe ACHARGE analysis.
Further Chemical‘arguments of the néturé:céﬁ be ma&e on the‘gaSis of the atomic
charges‘derived frém shifts ih other flﬁprinated benienes. These arguments
are_essepﬁ;ally the seme that ﬁould be made by using CNDO charges, since the

two sets of charges agree so well, as shown in Fig. 8.
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Fig. 8 Comparison of atomic charges in fluorlnated benzenes, as .
- derived from CNDO theory and from the ACHARGE analysis (Ref. 53).
-Filled circles are average charges on hydrogens. Open circles
represent fluorines, and carbons.bonded to hydrogen or. fluorlne,
as labeled. :




II.C.3. - Atomic Charge Correlations

In the early days of ESCA'studies, particularly before molecular
'calculations were widely applied to the estimation of shifts, the shifts were
interpreted as arising prﬁnarily from the atomic charge‘on the host afom, with-
out a detailed_account'being made of contributions from tﬁe remainder of the
molecule. These interpretations usually took the form of plots of binding energy
versus atomic charge.v The correlations were usually.quife éood on a rough
scale, but poor on a fiher scale. ,

Figure 9 shows.binding-energies'of‘C(ls) electrons from & number of
small gaseous hydrocarbon molecules, plotted against EOSt—atom CNDO charées.

The data were.taken from Refs., 3 and hl. The trend is obvious; but individual
%1p§ints §¢at£erv5y 1-2 eV fypically. ThisviS'to be expected: negleét of the
éhvironmeﬁt cénﬁot destroy the trend of SE over a large rangé of éharge. The
slope of a line "through" the points inqu. (8) is only lé eV/|el. This is in
'qccord with the earlier observationSh that the,molecular_potential;should decrease
thisvslope By_léss than a facfbf‘of two. The slope without the enviromment would
'be_given by the oné-dénter, two-electron integrgl, kc = 22 evV/|e| in this case.

Figureulo shows a comﬁarison of experimental and predicted binding—énergy
shifts for fhé same compounds as in Fig. 9. The theofetiéal values are calculated
- using the CNDO potentiél model, as described above. qumbarison with Fig. 9
shows that inclusion of the potential makes an iﬁportaﬁt difference. Comparison
of Figs. La and 10 shows that for most éases the CNDO-potential model predictions
~are nearly as good as ab initio ofbiﬁal—energy values, but thaﬁ for the somewhat
‘.gnusual moleculeé'CO, CEHho’ HCN; and ng the ég initio véiues are diétinétly

¢

superior (see also Fig. 7 and the related discussion)..
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Fig. 9. Experimental C(1ls) binding-energy shifts for small gaseous ﬁoléculeé‘pldtted against

‘host-atom charge from CNDO theory, after Refs., 3 and 31. The»straight line connects the
methane and CF) points. i

- -

—ZL_




=T3=

I R N

2 0 2 4 6 8 10 1I2
S E, (Cts; CNDO)
- .' XBL72|-2238

Fig. 10. Experimental C(ls) shifts, relative to methane, vs shifts
‘calculated on CNDO theory using the molecular potential, for the
same compounds plotted in Fig. 9., Compare also with ab initic
‘results in Fig. bLa. ' '
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| Ir comparlsons are restricted to structurally similar compounds such

as.the-fluorlnated henZenes, so that the inability of CNQC theory to deal with
unusual compounds-yould.not he:a factor, the correlation‘ofoEB with host—atmn
charge might be expected on the above argments to bresk down. Thst it does
.is eé{aent'ingFig 11: ﬁherein meaSQred C(ls) shifts forlthese‘connounds53 are
plottedAagalnst CNDO charges. The p01nts are dlstrlbuted in two groups,
'composed of carbons bonded to hydrogens and to fluorines. ' Whlle thedlatter
group “have hlgher charges and hlgher blndlng energles than the former, and the
two groups would fit rather well onto F1g._9, the correlatlon ofaGE with .

(CNDO) w1th1n each group 1s essentlally nonex1stent . The reason for thls does
not lie in the 1nadequac1es of CNDO theory, for, as Flg 7 shows, the CNDC
potential model deals with these shlfts rather well.v Instead the poor cor~
relatlon in Fig. 11 must arise from neglect of the external potentlal From
thls result and the foreg01ng dlscu351on rt 1s clear that blndlnglenergy-charge :

correlatlons are - approx1mately valid over large charge ranges but have llttle

appllcatlon to subtle shifts.

Extended Hickel molecular orvbital‘(EHMO) theory;. Hs heen ‘us*éd exté‘nsively
in discnSSing'binding—energy shifts. The GEB—atomlc.charge correlatlons are of -
varying quallty, but typlcally they show an overall 1ncrease of EB w1th g, with
con51derable scatter There is a rather ba51c deflclency in EHMO theory it
does not account-planslbly'for electron%renulslon. A?or%th1s reason bond
polarities are enormously~exaggeratediwheneverzﬁhMO theory ‘1§ applied to
compounds in ¢hich’ atoms .o.f'.vdirfferent. electronegativities are bonded together.
Atomic charges frombEhMO calculations are therefore nnrealistic and can be . .

regardedvonly'as‘empirical parameters.’ This-déficiency'showed up early
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Figs 11, Carbon ls binding energy shifts, relatvive to benzene, for .fluorinated benzenes, plotted
ageinst CNDO charges. Data were taken from Ref. 53.
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in EB vs ¢ correlations as an_absurdly Small‘slope, AEB/Aq.S)4 More recently
55 |

Schwartz has shown that an improved.correlation can be obtained using EHMO

A
‘m....-,... Cew e .

. theory between observed binding . energles and computed average pOtentl&lS at
“the host nucleus.v The "slope", —AE/AV, is stlll much too small however. | The

rcomputed CHh - CHF potent1al energy difference is- 29 9 eV for example,_whlle

3 . ,,4'*
‘the experlmental shift is only 8.3 ev. D ;f B

¥
!

II.C. h Thermochemlcal Estimates

Before discussing empirical correlations it is useful to consider a’

method for estimating core-electron binding energy shifts that was introduced
6- L : o R
by Jolly, et al, al 2659 This method is based on the similarity of compounds:

that have 1soelectronic valence orbitals and equally—charged cores. It has
' the V1rtue of using empirical thermochemlcal data to pred1ct core-level blndlng-

energy shlfts, although it could equally well employ total energles calculated

£

by‘SCF computations on molecular ground states. As this last remark implies,
relaxation of passivé:.orbitals is automatically taken into account, as only_

groundvstates are finally compared. ¢

,.:‘,
¥

Jolly et al. p01nted out that the N(ls) blndlng -energy Shlft from

molecular nltrogen to ammonla is glven by the reactlon

B -> \ Y = . -— . ; .
NHy + Ny > NHg + Ny O = SEg(Nis; N - NHG) o, | 29)

where an asterisk denotes a molecule With a nitrogen 1s.electron missing. There
. are no thermochemlcal data avallable,‘ln most cases, for such hlghly excited

species astH However OH3, which is 1soelectron1c 1n 1ts valence orbitals

+%
T30 =)

and in which O has a core (nucleus plus 'Ts shell),othhe;same'Charge as N in

+% , : : . . .
NH, , is well known. These cores may be exchanged via the reactions

3
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~T7=

+¥* 6+ + 6+

+ : + =
| NH3 | 0 > OH3 N AE 51

* "
N, + o > no* + ¥ g = 5, (30)

which can then be added to give

+ ¥ + + +¥ o ;

NH3 + NQ > 0H3.+ N2 AE = 61 - 62 . (31)

‘ » ' v ‘ Gi#

Now if 61 - 62 =0, i.e., if the energy of exchanging the O6f and N6+ cores is

essentially insensitive to the chemical enviromment, Jolly pointed out that
addition of (29).and (31) yields a.reactioh

NH. + NO' - OH. -

3 3 ) 5o o (32)

+N, , AE = GEB(le; N, - N,

with an energy that can be calculated from the energies of formatidn_of the
_féur species involved. But this reaétion energy is Just the le binding-energy
éhift from'N2 to'NH3, which is thereby prédictéd. Frdm-similar equations corei
level shifts.canvbe predicted from thermochemical déta»for compounds of other

elements. Fbr'examplé the methane—CFh shift can be derived using the reaction
' N + o — o
CH) + NF) > NH, + CF, . , | (33)
Estimated and measured shifts for several gaséous-carbon.compoundsS7’59 are
shown in Fig. 12;
This thermochemical approach is very valuable because it gives good
results. Clearly it can be expanded to employ SCF total enérgies or energies

of formation, as well as thérmochémical data. Because of the potential
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Fig. 12. Experimental and tbefmochemically’estimated’Cls binding energy
shifts in gaseous carbon compounds, after Jolly, et al.37,59 _
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usefulness of'the'method, it seems wortpwhile to study its theoretical basis a
bit further. The core;exchange_stép répresented by Eq; (30) seems particularly
in need of ;ﬁstification._ In the following abbreviated discussion60 this step
is justified in the Hartree-Fock formalism.

Consider the core—exéhangevVhalf—reaction"

A%+ ((018)) > ((ma?) + (s, - BNET

whereiﬁ a 5+ core consisting of a nitrogen nucleus plus a filled 1s shéll
replaces a 5+ core conéisting 6f a carbon hucleus plus abhalf filled 1s shell.
The double parentheses denote the molecular en&ifonmént; which has identical
electronic configurations on the two sides, although the radiél wave funétions
may vary sliéhtly.v The nuclear positions ére'assumed idgntica}.v,The‘total
energy 6f the nitrogen compound may be written in Hartree-Fock notationas

. n . - - . ,
2 elg(ls) + JN(l-sl.s)‘ + 2 Z [2JN-(1s i) - KN(;S i)l

EN(cpd)‘=
i#ls
. ) n . ‘ .
-2 Z Z (le(l)l_l/-rlmlle(l)') -2 Z 2y <¢i(1)|1/rm|¢i(1) )
m#N ifls | |
+Z RmZN’“""' | B - | (35)
m#y N ‘ '

where J and K are Coulomb and exchange integrals, ¢i is a molecular orbital,

and RhN is the internuclear distance from the host N nucleus to any oﬁher. The
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systeﬁ is aséuméd to possess n - doubly-occupled orbltals. " Because intefactions
between any two partlcles or orbitals outs1de the N 152 core should be only
negligibly affected by‘core exchange,fOnly thoge»terms'that.direétiy involve"
the 1ls core péfticles (N nucleus and Is eleétrons)*aré'ﬁriiféh'éXpliéiﬁly”iﬁ
(35). ;Expressions for the energies‘dfvtﬁefotﬁer fhfee entifieé7innEq;.(3hj

can be arrayed conveniently as

AE = 2 Eg(ls)v__é-eg'(ls) - Eg(lé) +A€g'(lé).+‘JN(lsls> ;.JN{(lsls)v } ' .’(I)
+ Z{Q[?JN(ls i) )-‘__vK..N(ls' 1)] - [27 (1s 1) - K (1s 1)]
| L | | : (11)
- 22y (9, (1)|1/r |¢ (1)) +_2z <¢ (l)|l/r l¢ (1
..[ZN-Z (ms(1) ll (v“)> < l 1)) )
z | - - 2 (ms(1)]2 N1s(1 c1s(1)1 1 o (111
+ zz: n| R s | /r .s + s( /r |C s l) ] _..§ '

(36)

Here primes deﬁgte cores. 'Term.iII.shéuld'in pr;ncipié vaniéh.idgntically. 'In
fact the calculations and éfgﬁmeﬁts préseﬁtedlbyFSchwaftzug‘in hié.jﬁgtifiéation
~ of potential models can be used to. show that both I and III are negllglbly
small. Term II is not so s1mple.- If the orbltals i are expressed in terms

of a "lécalized"vorbitél basis sét,h7 and-fhe sum over i is split ihto sums
over local and distant beitals,vtye fb;mer‘cgn,bg shown, by Schwartz's..

célpulationsg to be hegligibly small. The sum over locél_qrbitals is non-zero,

however. The attraction of the N 1s2 core is systematically greater for these

T

!
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orbitals than'that of the 6C lé core. This is a result boﬁh of incompleté
shielding by the ls electrons and of the contribufibns of the exchange integrals
(the two effects reinforce one another).' Each local brbitalyco@tributes a
térm_of.ihe order of 0.1 &.u. to AE. This term is siﬁiiar in natufe to the terms
ﬁnde£ £hé,sum ié Eé. (20). ‘Tt 1is different in detail, hoﬁevér, and soﬁewhat
larger. Still the same argumentsh2 should épply to sﬁow that term.II in Eq. (36)
varies with enVironment an amount similar to the variation of the éum in Eq. (20).
Thus the thermoéhemical ﬁodel is Justified to abaut the same level df approxi-
mation as the,pétential modei.

Jolly Ei.§l° have used the thermochemical model to estimate heats of
formetion from cofe level shifts and.thus to predict‘the poésible stabilities
o} hypothetiqal cpmpounds. From the ls‘ﬁiﬁding ehergy:of the middle hitfogen
in sédium azide, together with the known heaté”of4formation of NaN3(s) éﬁd
Na+(g), and an estimated sublimation energy for NOW, Jolly and Hendfickson5

used the hypothetical réaction

G+¥,

NaN,(s) + NON(g) + 06+(g) > 2NON(g) + Na'(g) + N (g) + e'}(g) ,

to predict AHC® = =100 keal/mole for the isomerization

NON(g) ~+ NNo(g) .

59

Using similar reasoning Jdlly was able to prediét bond energies of essentially

‘zero for the hypothetical molecules ArO, and Aroh. Thé thermochemical model can

3
be applied to molecules that are too large for accurate Hartree-Fock calculations

57,59

at present. For example, Hollander and Jolly made very good estimates of

Xe(3d ) shifﬁs in xenon fluorides; as shown in Fig. 13. The success of these

5/2
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_ Fig. 13. Experlmenta.l and thermochemlcally estlma.ted xenon core level
. blndlng-energy shlfts, after Refs 5T and 59. -
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predictions. establishes the validity of the thermochemical approach for core

! o1

levels other than ls levels. !

II.D. Cgrrélations of BindiggrEnergy»Shifts with_Other Properties

Theie is of course no sharp distinction betwéen'prediction and cor-
relation except for approaches that aré completely rigorous in the first case
or complétely'without theoreticél Justification in the latter. Thﬁs'most of
the correlations discussed below could be turned around and used to predict
_ shifts, and they are ali theoretically’understodd to a éreater or lesser dégrée.
The common thread that links thése methqu is their ability in each case to
illuminate some aspegt of atdmic or molecular structure by connecting two
. quantities-~binding energy shift and another property--whose reiationship‘might
 not be obvious. The correlation discussed below represent but a miniscule’
-.sample of the very wide range of possibilities. In fact the statementg "Eacﬁ
chemist can correlate binding-energy shifts with his favorite properﬁy" , is
essentially true. .Because of its airect connection to_fhe molecular'chargé
distribution, the shift in core-level binding eneréyvis related to practically

every parameter of chemical interest.

IT.D.1. Correlations with Other Binding Energies Shifts

Perhaps the most obvious quantity with whichvthe-binding-energy'shifts
of a given core orbital may be compared is the shift of a different core orbital

in the same atom. The physical insight afforded by a constant such as the

t

condﬁéting-sphere model lends to the expectation that all "deep" core levels

in a given atom should show equal shifts upon a given change in enviromment.

9

Fadley, 33_5;. found that this is true for iodine, as discussed in Section II.A.

‘and shown in Fig. 1. Similar behavior has been observed for core levels in
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other étomsf>,if:tﬁovéorevlevels'afe described by wave functions whose radial
- extents are significantlyusmallef'than that of the valencé shell, these core
levejs wili'shéw;very similar‘binding;energy shifts.

~ The abQVeaconclusipns.were vélid--ahdjéyeglusefui;:in the early days 

. >
L&A Do ml

of ESCAa'¥indgéd:énygérlyxdiga?pointmenf‘of.the methodrwas'the~realizationnthat.
’the magpitudés'df b;hding energy shifts dépended*only on' the ‘principle juantum -
number, and not gn;thélorbifél apgular.momentum,”ofﬂﬁhé valéhce_électrohé.' Ndw,
however, th? fie}d has.mbveglto a‘highér ievel ofgéophiéficaiion, both”experi-
Vmentally‘andftheoretically;,énd in f@v@rédvcases’séme‘seﬁsitivifyfto details.df
orbital comp9§ition_can be obfainéd. ih a‘récent vefy c§réfu1 étudy of¥shiffs
in theﬁbindihg energy..of thédipding 3&5/2 orbital in alkyi i9dides ahd;HI,,L
Hashmall, gglgi;élyfound aAéfroﬁgvgorrélation with iodingfépl/é-bihdiﬁg énefgiés

from UV photqémESSion'studies;G?'és shown in Figi 14. There are twé,significant

features sbout this figure. First, the slope of the Iine through the alkyl iddide’

points is 1.22 i'0.05,"pr,significantly greater than unity, ~Thus binding-energy

‘shifts are greater for the more core-like '3d, orbiﬁglslthan for .the outér<5pi/2

- , o Tsle
orbitals. This result was actually anticipated.insFig. 1, wherein the'ofbital3

energies for .core levels in ionic iodine were found to ‘shift with charge state

by essentiaily the same amount for ls through La orbiﬁals and somevhat less for
. LT LT A e D

the n = 5 orbitals (in-two cases the 5p shifts were anomalously high because

of the small basis sets). A mbré"reiiable‘estiﬁate-of.this effect can be

P
i,

obtained directly fréﬁ the Coulomb and exchange 1ntegrals ‘that. 1nvolve valence
and cdré elecﬁrons‘  An estlmate of thls type 1s shown in Plg lS, in whlch the .

functlon (see Eq (6))

«

2J(ﬁs,Np)'—‘K(ns,Np).— F°(ns ,Np) ‘- (1/6) -(né;Np) -
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was plotted for each s orbital, n = l,... N, and for each halogen as a free
atom, Here N ie:the principle quantum number of the.ualence shell,fahd Fo and
1 S 2 1 - 63

G~ are Slater integrals. The values of F and G were given by Mann. The .
above function is esSentiallyiequal to the "slope" k = SEB/Bq that appears in

the. p@tentla.l models (Eq. 24) ;- “The abeissa iff Figs 15°1is the radial maximum,

Rhax’ of the ns shell In each case there is a large decreeee in k::from

>

the penultimate to the'outermost shell. Thus the slope observed in Flg. 14

is expected and it can be at least partlally attrlbuted to. a varlatlon

of ‘the I Sp0 orbital populatlon, in the alkyl 1od1des, w1th 1nduct10n through

the C-I bond.®t - - -

PR

~ The other 1nterest1ng feature of Fig. 14 is the dev1atlon of the HI

p01nt from the stralght line through the alkyl 1od1de data: Hashmall, et al

attrlbuted thls to hyperconjugatlon The 1one-pa1r pl/2 orbltals are- relatlvely
large and can be destabilized by 1nteract10n w1th o orbltals on the alkyl groups
(not in the C-I bond 1tself), This effect is negllglble, however, for the 3d5/2

orhitalS.> It‘is.absent, of course, in HI. Thusvthe-horlzontal dlsplacement
st , o _ A ‘ _ "

of ,0.14 eV of the HI point is a'measure_of the hyperconjugative desfahilization

. energy of theVSpl/e_orbitals, and the role of the core-leveI shifts iefto-
calibrate the induoﬁ}#e_eﬁﬁeet.k This_case proyidesﬂanlexamﬁle ofdhowféetailed

bonding information can be extracted from core;level:shifte;ufFurther.applicatidn

L) . Pt

of this type can be expected.- TRt
;.;u LYo ‘%?‘4':":

II1.D.2. Correlation with Diamagnetic Shielding Constants . . -

" There is'in<general“no direct relation between core-level binding-energy

shifts and NMR frequencies, but'Baschh6 showed_that”éEB should be.closelyrrelated

-

to the diamagnetic shielding constant oiv,_whichris given by the relation
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Fig. 15, Sensitivity of s-electron pinding energies to valence-electron population, for s
electrons in halogens., Note decrease from next-to-last tc outer shell.
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4 a2 2 ( y -

ohy (V) = 2(e%/ame®) 3" o (Ma/eplog)) L - (3D)
. i i .

This expression gives the shieiding constant at nuc¢leus V.- The.sum is%taken

over doublyeoocupied’one—elebtfon orbitals ¢i. The'potential energy of a core

1s orbital ‘k on nucleus V. due to, other electrons and nuclei is simgiaré

v o= Z <¢ (1) ll/r o - Y a3
Cik AR n#V '

i

Although the: sums over ¢ are different in the two cases, shifts in oi (v) and
'-'V are comparable because the 1 = k term varies negllglbly with env1ronment One

- can therefore deflne a potentlal energy

: \') =5 e? Z(¢ib(l)|'l/rlv|¢iﬂ(l) ) - e Z ‘,Z‘n/R\)n
, 1 S :

=

<
|

’

:3ﬁo2>civ(v) --e2 zz: V4 /R f: s | ’oL >“' (39)
o ) n#\) ) R )

SO that to a very good approximetion

-SE, = Av‘\)_:‘ = 3me Ao (\)) - € A[gzn/R\)ﬁ]' ) - (40)
. . . L : o NFEV | .' |

s

L Here the flrst equallty follows from :the: potentlal model the second -from the

1, 4

constancy of the i=k term in Eq (39), and the third by definition. Basch
demonstrated the aocuraCy of ‘Eq., (ho) by, dlrect calculatlon forathe fluorinated

methanes. Thus & link has been_establlshed between ESCA shifts and NMR shifts.

K
?
!
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Several‘workers have observed correlations of éEB with 13C chemical
shifts,6h but. Eq. (40) has as yet been little used. The problem is that a

measured NMR shift § is sensitive to paramagnetic shielding as well as to Oiv.

Thus a smooth variation of.éEB with § can only be expected in restricted groups
oF

of compounds for which varies smoothly_with’od. However, Eq. (40) can be

used, together with measured values of GEB, to test theoretical estimates of

d o v
OAV. For example, Flygare and Goodisman65 proposed the following approximate
equation:

Oiv(v) = oiv(v, free atom) + (e2/3mc2) zz: Zn/th . ' (k1)
s v .

They found that this relation gave exéelient predictions of Oiv(v)'in a number
of molécules. At first this might be surprising, because Eq. (k1) can be
interpreted és fepresenting a model in which the molecule ié taken as a col;
lection of aﬁoms, each with a spherically symmetrical.eiectronic charge distri- .
bution and zero net charge. As Flygafe and Goodisman pointed out,vhowever,
the first term-in Eq. (41) is relatively large, and the second term actually
does give avreasonably good representation of the effeéts on Od of’electroné
outside the'host‘atom. Thus Eq. (41) should always be approximately correct,
and good enough to give s fair estimate of Od. As a'mééﬁs of eétimating core-
Clevel binding-energy shifts, however, the assumptions‘behind Eq. (L41) represent
too low an order of approximation. After combining Eq. (39) and Eq. (hl).ahd

taking the shift between two compounds, we have

D= Av - 2,.d =
—GEB —-AVv = 3mec AOAV (free.atom) 0 . (k2)
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Thus in this -approximationv:all hindihg-eneréy sh'bifts ‘would. be zero! Basch‘

vthusvdemonstrated that ﬁhe'existencefof such shifts is.possible only because

of inaccuracv-ih Eq. (Hl). | |
This-approach may be turned around, and measuredlcore—level‘shif{s'cau

be used to assess thé accuracy of Eq. (41) for a given case. Substituting in

values for physical conStants,avefhave.‘v
Ao (V) (ppm) = -0.65 BEL(V)(eV) o L (43)

as the range over which o:v

(v) can'deviate from estimates based on the Flygare-
Goodisman estimate, Eq. (41). In Eq. (L3) AE; is the maximum range of binding
energy shifts for core levels of atom v. 1In carbon, for‘example; AEB is 11 ev,

SO the'Flygare;Goodisman estimates for carbon could heveribe in error by over

N T-8 ppm.

~

The next obvious step is to use measured blndlng—energy shlfts to check

v . For example D;tchfleld,erllerg'and:Popleéé have calculated

proposed values of Od
a 13 ' o
.0~ values for C in a number of carbon-containing molecules. For methane and

o

3
or a difference of 2h O ppm. The blndlng energy shlft .of 2. 8 eV would give a

me@hyl fluoride they gave values of od(CHh)'= 296.2 ppm ‘and © (CH F) = .320.2 ppm,

shift of -1.8 ppm, whlle the Z Z/R term in Eq. (hO) would add. about 56 ppn to

od. Thus the dlfference between the values of od for these two molecules must

‘

in fact be about SO ppm, or tw1ce the dlfference pr0posed by . Dltchfleld, et al.

2) = 376 5 ppm, or 80 3 ppm above o (CHh) From

SE; = 5.6 ev (Table V) and Eq. (40) a dlfference of V110 pnm is obtained. Thus

1These authors gave o (CH

the O values of Dltchfleld, et al "seem reliable to N 30 ppm or- 107 This is

: d
reasonable, since their ¢ values were calculated for the center of mass.
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IT.D.3. Correlation with "Pauling Charges'" and Electronegativity

Paul_ing67 suggested that the fractional ionic character of a bond

between atoms A and B can be estimated from the expression
I=1- exp[-0.25(X, - X)°] | (41)
expl-0.25(X, - x3)°1 . :

where XA and Xﬁvare'electronegativities. Using the values XH = 2.1,'XC = 2.5,

Xp, = 2.8, Xop = 3.0, and Xp = 4.0, the percent ionic characters for the carbon-

ligand bonds are: C-H, h; C-Br, 2; C-Cl, 6; C-F, h3, bFrom these bond ionicities
charges can be caicﬁlated for ali the atoms in halogenated methanes. These

- will be referred to as "Pauling charges", qﬁ. Both Thoméslo and Siegbahn et
gl.3 found linear correlations between‘GEB(Cls) and qp(C) for halogenated
methanes, provided that only a siﬁgle halogen (F, Cl, br_Br) was considered.

That is, SEB(Cls; CHh Xn) varies linearly with qp(C)'as n is varied from

-n
0 to 4. Values of 1, calculated from Eq. (4k4) are given in Table XVI, together

3,10,kk

with measured C(1ls) shifts. ' The slopes of theVGEB Vs qP correlations

3,10 Before

differed by about a factor of two among the different halogens.
accepting this és evidence for the inadequacy of Eq. (4k4), we should plot GEB
against kqp + 'V rather than just qp? to take the molecular potential into
account, as discussed in Section B. Such a plot is shown in Fig. 16. For this
plot kC was takén as 22 eV/Iel and V was estimated on'é point-charge model as

V= 2 E: .gp(ligand)/R(carbon—ligand)  , . ~ (ks)

ligands

with q estimated from Eq. (41) and R taken as 1.1A for C-H, 1.UA for c-F, 1.8A

for C-Cl, and 2.0A for C-Br throughout. The factor of two variation in slopes
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Teble XVI. Pauling charges and Cls shifts in’halogénated methanes 107"
| X=Br ____  ___ _x=qa = X=F

Compound » L , . : : - R A :

' 'qP(C) .GEB(Cls) ap(C) 6B (cls) qu(‘c) §EL(Cls)
.CH.h' -0.16 (o) -0.16 - "'(o)'v b ';0;16' o "(O)‘_
CH3X .-0._.10 1.0 eV =0.06 vl.’6 v 031 2.8
CHX, L co.0h 2.2 ook 3.1 - | ‘o_."’(8'_v“ 56
Gomxyt o .02 4T 3.0 o w3 " Coes 8.3_’
ch o Q.o8‘“ *.u.o - N o2k 5".'5'_‘“ - 1.72 l- 1.0

|
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Fig. 16. 3Binding energies of Cls electrons in halogenated metlanes, plotted against a potential

function, deduced from parameters in Table XVI and in text.
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is still'present, end’the answer to this discrepancy'must be sought elsewhere.

Fortunately Flg. l6 tells .us where to look. Because 6EB is plotted against

potentlal energy rather than an emplrlcal parameter, the p01nts in Fig. 16 should

~all lie on a,stralght line. of unit slope passing through the origin.- In assessing

why they doﬁ’t,vone ie obliged-to question qﬁ because both_k; = 22 ahd V are
on‘theoretically firm groundt Slegbahn, et al. 3 indicated?that incfeesing the
electronegat1V1ty of Br from 2.8 to 3.3 would yleld (through Eq. (hh)) values
of qp for the bromlnated methanes that would bring them 1nto agreement with
the fluorlnated methanes Thomas preferred to abandon Eq. (hh) and to use

a relation such as that proposed by Gordy68 for relatlné ionic character to

electronegativity,

ST S L S o (46)

9 (C) = Z(xi’_}cc)/z' -A_-, - - - (b7)

as the carbon.charge, with_the sum taken over the four ligands for each molecule.
Finally, in the "charge correlation?ﬁapproximation, the Cls‘binding energy shift

for a halogenated methahe, relative to methane, shouldtbe given bylo
Ep(Cls) —"E_}B"(CH»M) =. (const) Z.(Xi - X . . (148)
L ‘ T T ) _ S

A plot testing ‘this relation isishown in Fig.'lY.. Four pointe have been added

to the plot giveh:by Thomas.
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Fig. 17. Bihding energies of Cls electrons in halogenated methanes,
versus total ligand electronegativity difference, after Thomas
(Ref. 10). Four points have beed added, from liefs. 3 and Lk,



-96-

Ip re&ieWing'the ;boverresulfsvit should be nbfédathat the excelleﬁ£
:émpirical cor;elation'of binding energy withlelectrOnegativity; shown in Fig. 17,
does not.sﬁﬁpért_fhe_vaiidity of qp as,ca}culated from Eq. (44) or q, from Eq. (7).
in'both:cases_the:range of charges on carboﬂ in the-fluorinéted methéﬁés'i§itoo
largef Fiéﬁre ;Q.illuétrates”this for qpf For‘qG thé rénge‘is even %grge;,zin
fact.unreasonaﬁly iarge, as Thoﬁaélo.observed. Sincerﬁéifher‘qf the ﬁf0pos¢d
.relatiohships.bétween ioniéityAand eléctronegétivity‘giVes charges that a;é~
'conéi;tent with Binaing;énergy shifts, it is of SQ@eTigtggééifto deré;é chéfges‘
"that are consiéteﬁt f;om a point-<charge model and aéégftéin their rélatiénship

to electronegativity. Writing for a halomethane th

2 v 2

e v L he™ e R
Ep(Cls; €X)) = kao(CX)) + 7= qu(€x)) = (k - £=) q (Cx,) =~ - (L9)
o § CH. CX o
and similarly: 
- SR L
Ep(Cls; CH)) = (k = =) g (CHy) S - (50)
for methane, it is clear that even with k, R, and~RCH known, the binding-

énergy shift‘can1give thyquC; .Unique,vélues of'qC are'obtained for the compouﬁds
CHh’ CBfu, CClh, and CFh’ however, if ﬁhe consfraiﬁt is imposed that the ionic
chgracter of»an.AE bqnd Ee an even function of (XA - Xﬁ)f Using kC = 22 éV/|e|

and the bond'qistances given abbfe,vweifiﬁd qC(CHh) ; %0.20, qC(CBrh) = 0.15,
qc(001h) = 0.26,>agd'qC(CFL)_= 0.79 as the set of charges that will satisfy

these criferia. These charges can be predicted by the linear equation

I = 0;129 (xA - xB) . _ o S (51)

»




for the carbon-ligand bonds. Cls shifts relative to methane are then predicted

by the potential model

kAqC

bEp

+ AV

[H}

(i o >i< (1) - %) - & ﬁi(x"(i)'xc) %) |
22)(0.129 X (i) - - e (0.129 —_— ) - ] .(52
= k | =\ Tex !

Shifts based on this equation are plotted, together with experimental shifts,

in Fig. 17. This approach.combines the advantages ofbpreserving the excellent
agreement found by Thomas (Fig. 17) and of giving both a quantitative relationship
between AE% and & reasonable set of charges on the carbon atom. Comparison

with Fig. 6e supports this last point. The charge qC(CFh) = 0.77 predicted

by Eq. (51) lies between the value 0.76 of CNDO theory and the ab initio value
1.01, which may be exaggerated by the overlap terms. Either Eq. (4h) or Eg. (47)
gives a carbon gharge in CFh that is much tco large (1.72 or 3.0).

Equétion (51) can hardly be regarded as the final answer to ionicities
in halomethanes. Some speéific problems remain. For example, the F(ls) shift
between CH3F and éFh'is 2.610 eV, while this model prédicts 5 eV. 'This shift
is sensitive to qF,.which Eq. (51) would‘prediét to be the same for these two
moléculeé, whereas some saturstion must take place in electron transfer from

C to F. Still the charges predicted by Eq._(Sl) prévide a good starting point

for further improvements and extension to more complex molecules.
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lI.D.h._ Correlations with "Group Shifts"

| The foreg01ng d1scuss1on leads naturally to the concept of 'group
shlfts", whereln the various groups bonded dlrectly to the host atom cause
additive ShlftS»ln core-level blnd;ng energies. Thus for.the halomethanes the

.C(ls) shifts relative to*CHh can be written’

B N C S EH) P T (53)
- group . ' :
In fact‘thispequatioh can bevobtained by rearrenging terms in Eq. (52). The
-'.coordinates along the abcissa of Fig. 18 can'be’reproduced with the'values
- AR, = 1. 033 ev, 1. 362 eV, and 2 725 eV respectlvely, for X = Br, Cl, and

F. Gellus et al 8 have exp101ted the concept of group shlfts to correlate
Cls shifts in a number of carbon compounds in the SOlld state but excludlng
ionic'compouhds. They found’a'very'good correlatiOn for compounds involving
a total of 3h different functional groups.v For the‘above threevcases their
least-squares procedures .gave values of '0.88 ev, 1. 55 eV, and 2.78 eV (the
shlfts in SOlldS are sllghtly d1fferent from those in gases)

Another.very impressive_example of the use of.group shifts has been
given by Hedman; g&_gl.69 These workers correlated the.phosphorous 2p shlfts
in a large number of phosphorous compouhds with excellent results. Figure 19
shows about'helf of their.dafa. The success of the group‘shift approach -for
carbon'and phosphorous shifts*indicapes'that this eupirical procedure may |
ultimately prove the besﬁ way for predicting core-level shifts? especially
for releuivelp_large molecules and in csses for which lerge amounts of core-

level shift data are already available.
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Fig. 18. Biriding energy shifts in halomethanes versus predictions
of a potential model based on Egs. (51) and (52).
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Fig. 19. Experimeéntal P2p core-level shifts versus group shifts,

after Hedman, et al., Ref. 69. These workers showed 23 additional

points between 2 and 5 eV.
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IITI. VALENCE SHELL STRUCTURE STUDIES

IIT.A. Introduction:

The lower binding energies of valence-shell orbitals makes them
accessible to 1ower-energy photons in the ultraviolet (UV) region. Valence
orbitals may_also-be sﬁudied by various methods other than photoelectrén
spectroscopy. Thﬁs, while XPS can make certain unique‘contributions!to
valence-shell Studies, it is onl& one of seversal complemehtary techniques,
and & relativeiy new one at that. PFurthermore, XPS ig at present a relatively
low—resolﬁtion techﬁiQue. In this section the main objective will be to point
out the ways in which XPS éan contribute to the elucidation of valence-shell
structure. The approach that will be used is to cite specific examples of
contemporary valence-shell studies, without making an exhaqStive coverage of the
literature. Effective use of XPS for valence-shell studies is only beginning,
but these examples.show fhat the method holds consideréble promise. ' Applications

to the Valence shells of metals, molecules, and salts are discussed separately.

III.B. Valence Bands in Metals

Many metallic properties are attributable to the itinerant electrons
in the valence shells. The valence orbitals form bands; and electrons fill
these bands essentially up to the Fermi energy E.. As fermions, electrons

£ill bands according to the Fermi—Dirac distfibution function

- 1 . ' | -
- (E-Ep)/kT ’ :
e + 1

f

For (EF—E) >> kT, f 1is essentially unity, while for (E-EF) >> kT, f 1is essentially

zero. Thus at T=0 f 1is 1 below EF and 0 above. At room temperature
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. kT = 0.026’eV,Tsovon'the_O;l - 1 eV scale-ofﬁx—rey.photoemission the,function
f is stillvquite:sharp. The number of states avallable varles w1th energy
accordlng to a functlon N(E), Wthh is termed the den31ty of. states. The

occupied density. of states is then
p(B) = £(B) N(E) .

Often no eieef'diStiﬁetieh is made between p(E) and N(E);ss it is usua1i§ clear
from chtext>whichiis meent. A distinction is uSﬁally ﬁaae between vsience\bands :
' (Below EF)>en§ conduction'bands1(abete Ef).kzwe shall’ﬁse'this.ndmenclature.b.
The nature of Fermi st;tistics has two éonseqﬁeﬁees forxstﬁdying o
valeﬁce'bands;_sFirst' trahSport properties of metslsvéna mahy ef their other
”propertles can.be understood in terms of electronlc states very near EF’ and
. those states farther down in the "Ferml-sea can be 1gnored.v For thls reason
). :Thisi

' nearly all'the research done on metals to date"has‘in factjstudied N(EF

”appfoech haS'ObVibﬁstmerits,'paftieularly in'predietiﬁg'one trensport property
from another,vbutzeven'a very detaileé knowledge_of‘N(Ef)_is totally iﬁadequate
for understandihg band structure in & fuﬁdamental wa&.

Thevseeoﬁd.conseqﬁence of Fermi statistics is thet N(E} can'never really
be studiea difectly, because the-acteof:studying'ﬁ(E) disrupts it. This also
follows ffem‘Fermi statisties. Forv(EF—E)'>> kT there afe”ﬁo vacant states
tneafby iﬁfenergj; end.an eleet;ep must be entireiy remeved,'te.above Eﬁ atv

'least, in ordef{to be observed. Whenta holevis_thﬁs‘éteeted, relaxation_toward
this hole w1ll change N(E) This relaxetion.ean'be (end epparently is) small,
vtbut it may set & limit on the subtlety of 1nformat10n about N(E) that can bes

obtalned fram_photoem1ss1on.




X—ray'and UV photoemission should be compared, because the superior
resolution of the latter method would seem to obviate the need for the former.
There are some rather strong arguments in favor of x-rays. The greater mean
vdepth from whlch electrons can be eJected by x-rays 1mp11es that this meéthod
comes closer to studylng bulk properties. lg_sgtg_monltorlng of the surface
- is also feasible by this method.70 Finally with x-rays the fiual—statevenergy
_of tﬁe ejected electron'is so high that this_State can be treated as a
.continuumxstate Vhich is essentially unaffected by the crystal potential and
‘therefore structurelessr‘ Hence the x-ray photoemisleu spectrum is a relatively
accurate represeutatlon of'the valence band density of states; By contrast UV
spectra are strongly modulated by flnal state structure in the conductlon band,
‘ias 1llustrated in Flg 20.

f' Another ‘source of modulation in the.XPS spectrum is the varlatlon of the
?radial wave function'of the initial d-band state with E—EF. Th1s 1s 1mportant
abecause the tran51t10n matrix element <Sd|r|free electron ) would vary w1th
‘energy, énd the spectrum would not resemble o(E) closely. The extent of
modulation is difficult to estimaté; but the rather'close resemblauce between
o(E) and XPS spectra suggests that it is not very great.}

Fadley and Shirley showed the utility of XPS in early valence-band
:studies of Fe, Co,'Ni; Cu, and Pt.704 At tﬁat time;even the‘generalufeatures
of p(E) were experimentally still in doubt for the 3d‘bahds:' To achieve clean
surfaces in tﬁe relatively poor vacuum then available inbeleCtroh spectrometers,
the samples were heated and gaseous.hydrogen was.paSSed'overvthem contlnuously
during the experiments. This work was later extended to the La and15d group'

'analogues_of.Fe, Co, Ni, and Cu.71 The same cases were also studied by Beaer,
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Illustration of the relationship of UV and X-ray phctoemission spectra to band structure.

rays the ejected electron's final-state density-cf-states.varies slowly with energy,
The UV spectrum is affected by

.
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ggig;.Yg__Their results'were in good agreement. Although the early work on
these metals was of low resolution, the p(E) results gave d band widths-
~and positions. In addition some systematic variations in p(E) were'obser'ved.Tl

13-76

‘_Hagstram and co-workers studied rare-~earth metals under better

vacuum conditions. They found peaks that could be attributed to the 4f electrons.

7

This confirms the expectation ' that higher orbital angular momentum electron
! bandé should be prominent in XPS speétra. Thus. the hf.peak in Bu is prominent
in-the XPS spectrum, while ioV—energy UV photoemission spectra of Eu on Ba. -
(which differs from Bu in haviﬁg no 4f electrons) are similar.

_1ﬂThe$e_workers found narrow Uf bands in fhose rare earths with filled
shells (Yb, Lﬁ) and those with half-filled shells (Eu,. Gd). Single peaks were
found in Eu and Gd, consistent with tﬁelhf7 8S structﬁre, whilée both Yb and Iu
showed double peaks, which were»assigned'ﬁo the hf5/2§’ th/éS doublet. In.
the rest of the rare—earth metalsvvery complex structuie was observed. This was
. gttributed to the rather complicated multiplet structure that is possible in
.all but.the‘simplest cases (i.e., filléd or half-filied shells). The rare
earth_metals are of special interest because the hf»shell prévides both wéll-
defined localized magnetic moments and (presumably?) aléo conduction electrons.
Comparison:of XPS spectra of.ionic salts and metals:should iead ultimately to
an understanding of the valence-band structures of these elements.

An illuétraﬁidn of the power of XPS for solving valence-band problems
is givenvby its application to the Aﬁxe;type intermetallic compounds AuA’I2

and AuGa,, by Chen and,Shirley.79

For some time a ."AuGa.2 dilemma" had
. : 8 . .
existed, making the explanation of certain Knight shifts elusiVe.vO Switendick

‘ and'Narathal-reéolved this enigma by a band-structure calculation that located
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the 5d bands of‘gold'about T eV below the Fermi energy. Thls was contrary’
to the then—common belief that the 5d bands in these compounds lay close to

EF and were responsible for their'interesting optical-properties. This "d-band

dilemma" was-settled bylthezmeasuremehtS'of Chan and Shirley, ﬁhich’sﬁowed the

d . bands centered about 6 eV below Eps thus confirming the band-structure results.

Recent 1mprovements in 'resolution, signal- to—background ratlo, and

particularly vacuum quallty, exempllfled by the Hewlett—Packard ESCA Spectrometer,

with a monochromatlc xeray.source, promise to yield much better valence—band !

information. A comparison 2 of the gold valence-band-spectrum with theoretical

density-of-states results (shown in Fig. 21)83 -89

glves the first example of the
power of thernewer, second-generation spectrometers.” This comparison establishes
the'uecessity-ofsrelativistic band-structure calculatious for gold}"It~aisc
‘appears to favortcalculetions with full (rethervthan fractional) Slater’
- exchange. Finelly, the ‘good "agreement of the spectreIIShapelwith‘

both higﬁ-energ& UV.spectra90?9l and'theory-shous that"matriX-element moduiation
does -not distort the. spectrum appreciably end'thet at the He II resonance energy

(40.8 ev) the spectral shape already resembles the XPS spectrum closely.” A

‘detailed comparlson of the XPS spectrum with theory 1s given in Table XVIT

: III C Valence Orbitals in Gases: Cross'Sections

This 1mportant topic will be treated briefly. because there are avallable
both comprehen51ve dlscu551ons of experlmental spectra3 and recent rev1ews of

the implications of cross-section studies. 2 93

The reader is referred to
these sources, and references therein, for detailed_discussion. 'The comments

below are confined to a few majot points, especially in cross-séction studies.
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Table XVII. Experimental XPS parameters fdr gold valence bands and
broadened density-of-states parameters

Reference | AE,® d-band FWHM | B, - B
82( expt ) - _:5_ v 5.2k ev 2.0k ev
86 | 0.79 v 5.25 1.89
87 0.5k . sk . 1.56 -
8 .78  &.90 B | 2.21
85 | 0.85 Cs.or K | 2.17‘.'
83 | 0.92 .61 2.3k

'éFWHM of Poisson broadening function by which theoretical band-structure
 histograms were multiplied.
pEnergy difference from Fermi level to a point half way,gp the higher-energy

'qrpandgpeak.
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 Fig. 21. Comparison of the high-resolution valence-band spectrwa of :
gold (points) with density-of-states function from Ref. 85 (broadened).




,For ten years molecular photoelectron_spectroscopy of valence orbitals
has been mainly identified with UV éx¢itation, pfimarilyiwifh He I or He II'
resonancé iiﬁés, ét 21.2 and 40.8 ev respectively.9h vThé résulting spectra
show resolutioﬁ iﬁ“the 10—2 eV range. Final-stéte'vibrational.strﬁéture céﬁ
be observed, and very detailed interpretations can be'méde. Siegbahn and
co—workers3 héve’shown that molécular-orbital”spectra can also be studied
by x-ray photoemission.v They have studied a number of small molecules,
identifying most or all of the valence-shell mbleéulaf_orbitals in each case.
Typical results are given in Table XVIII.

o The low -inherent enérgy resolution of the x-ray photoemiésion spectra
obviates direct Qompetition With;UV spectra in making energy'assignmentswfor
molécular orbitals. Héweier,'the'x—ray‘methdd has conside?able value as a
complementary-fechnique that can be used to clarify cértain assignments. in
addition it has great potential as a method for assigning atomic-orbital parentage
tq molecular.érbitals. These advantages aré derived froﬁ the variation of
photoemission_crbss section with energy and angular momentum. |

Price,'gﬁ_g&.92 considered the energy variationvof photoemission cross
section for 2s and 2p eléctrons. They presented étraightforward overla§
arguments that sﬁow how the cross-section ratio 0(25)/0(2p) should inéreasé,
for valence orbitals, from UV photoemission to x-ray photoemission energies.
The cdnsequent effect on mplecular orbital photoemission spectra can be
dramatic, as ihdicaﬁed-in Fig. 22.vaere Price, gz_gi; have compared UV and
x-ray photoemission spectra of the valenée orbitals of several small
molecules. Inybofth

S and H20 the molecular orbitals bl’ a., and b2, which are

2 1

derived from p atomic orbitals, retain their relative intensities for the

two photon energies,'while"thé»al orbital (with s character) shows a relative



=110~

Table XVIII. Some Molecular Orbital Binding Energies (after Ref..3)

) * . . ‘S.
H20 : . H

CFh
orbital’

EB(eV)-

, S
orbital . EB(eV) » .orbital

>

b, 12.6 1b 10.3

1 , o 1

2a, k.7 - 2ay | 13.2

1o, 18.h 152 » 15.1

lal ‘-3?72.u- o lal o ‘ .2?1

;EBGeV)

3t

S 2t

 2a.

2

ltl

le -
2

1
lt2‘

lgi

| ;611.
o
18.5

‘; 2.2

25.1

40.3
43.8
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Comparlson of ultraviolet and x-ray photoelectron spectra,
from Ref. 92, for neon and four small molecules, showing the:
increase with energy of o(s)/o(p)
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increase in intensity from low to high photon energy. - .The potentialvvalue of

this approach,in aésigning atomic s or P chafacfer to molecular orbitéls
is obvious. Price et al. also indicated how subtler phase information can

be derived from cross-section studies.

93,95,96

' Gelius et al.

have médé'guénfifaéive bfediéfiégé‘;f XPS spectra
from valence orbitaléfdf several sma;l mbiecuies. They gave an ;rgumegt;for
the cbnstahéf of ﬁﬁé,ihopoeaissionvﬁrgss~éection o of anlétsmic g?biialwgrom
oﬁe molecule—tP aﬁotﬁér.%uigeége Bngiié ﬁavgieﬁgth'qf;a photoel%c%rbn ejected .

o

12

MR

- from a molecﬁiéf orbital by Mgk erqys‘}s d.35A. HThereforevonly the inner-

most regions Qf the atomic orbitals, where the orbitalgémpliﬁhde varies :

appreciably over;O.35A, can_contribufe'SignifiCantly.to 0. Hehce 0 should be
. - . ' ¢ :

nearlyaindepéngéht of thé]shape of‘fhe interatomic”pérﬁion oflthémﬁolecular orbital.

By assdming that the créss:section of the jth molecular brbital could be

P 4
expressed as a sum over atomic orbitals, '
B R o s
LT,
J - Aj
. A ' )
N . . ] ‘ ‘ - - ; ey

and expanding the molecular orbitals in tefms of atomic orbitals,
' . ¥ ’
_ AN - R R

where A labels atomic orbital symmetry, Gelius’> derived the relation

g~ Z,PAXJ'OA)\ : ' S o
S | . B |

“




Here PAAJ is the gross atomic population on atom A of the atomic orbital AX
in molecﬁlar orbital j. Gelius et al. worked with relative, rather than[absqlute,
crOSé sections which they determined by careful studiés.of the rare gases.
Spectra ﬁefe then fitted using gfoss atomié populations.ffom ab initio calcula-
ﬁiS#é:i"The rééﬁlts'fof CF& are shown in Fig. 23. The'cross-éectioh ratios
o(Fzs)/o(F_zp) = io and 0(F2s)/0(C2s) = 2.0 were used by Gelius for the
theoreticél‘curVeQ The fit is‘generally excellent, with the extra intensity
in the 3al region perhaps arising from two-electron effeéts. Although thisv
was .one of the best fits, good results were obtained for a number of molecules.
, .

This approach cdnsequently appears to have great potential in elucidating

molecular-orbital structure in terms of atomié—orbital:cqmposition.

IIT1.D. Valence Orbitals in'Ihorganic'Anions
97

Prins'gnd Novakqv studied molecular-orbital spectra of pefchloraté
and sulfate anions in anhydrous salts of lithiumvand other metals. They
observed six pegks and assigned them to seven moléculaf,orbitals.. Theirv
results for LiC10) and Lizsoh are given in Table XIX. bQualitative assignments
of peakbintensities as strong, medium or weak have‘been made by the reviewer.
Prins and Novakov observed that theoretical descriptions of the moleculaf
orbital structure of,theséviéoelectronic anions tended to yield three groups

of orbitals. The lowest-energy group consists of two levels--a, and tg--forméd

1
from the ligand oxygen 2s orbitals. The high intensities of the two highest-~
binding-energy peaks, their relative intensities, and the constancy of their

intensities from one salt to another all support this assigmment. The next

two pesks have been assigned to al.and t2 orbitals derived from the central
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..Table'XIX Valence—Orbltal Blndlng Energles in LlCth and L1 SOh,

after Prins and Novakov (Ref 97)
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Fig. 23. Experimental photoemission spectrum of CFA molecular orbitals,:

using MgKo radiation, and theoretical curve (after Gelius, Ref, 93).
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atom 3s and 3p orbitals plus the oxygen 2s and 2p0 orbitals. The intensities
of these linesnin'Cth_ were about equal to those of the 3s and 3p lines of
Cl , thus supporting this assigmment. The least-bound group of three

orbitals--e, t,, and t.--is formed from oxygen 2pw orbitals, and the low

2 1

intensity of these pesks is a conseguence of the low.photoémission Cross
section of the oxygen 2p orbitals. Again the power of intensity-ratio

arguments>in making spectralvassignménts is clearly illustrated in the work

of Prins and Novakov. ‘- [ &

e




IVv. MULTIPLET SPLITTING

IV.A. Introduction

1WHen subétances with unpaired electrons in their.vaience.orbitéls are
stqdied, ﬁheir ;ore-level pgéks_may be split by exchange intefaction. This
efféct ﬁas beén¥terméd multifletfsplittingrto distinguish’it'froﬁ:other:effects
tha; can éive'rise to extra peaks (e.g;, Auger peaks; "shake-off" peaks,
Vshéke—upﬁ peaké, multiple valence states, etc.). In order to identify
muifiplef}gplit%ingviﬁ is néceésary to\eliminate tﬁegé other ef%ects convinciﬁgly.
Long expe?ience invthe reviéwgr's laboratgfy has shown'that thigrcan be'aﬁ
extremely{tricky problem. Since 1966 a very large number of extra peaks have
been identifiédé but not reported, either because confirmatory experiméhts .
showed them to be irreproducible or beéaﬁse‘they were found%to‘bé of different
or ambiguous origin. The maiﬁ diffiéulty is that the sﬁrféées of most oxides
and.saltsswill decompose or at_least acquire structural and/or chemical
chéracteristiés diffe?ent f;o@_the bulk when placed in a good vacuum, }et
alone the vacua that prevail inlmost photoelectron sbectrometers.

, Mﬁltiplét splitting may be conveniently categorized by reference to a
.diagram such aérthat shown for an atomic n = 2 shell in Fig. 2k. This one-electron
diagram is conceptually imprecisé in that it refers to the initial state (and
to atomic levels), but it gives 'a qualitative idea of the types of splitting
that are possible. ﬁlectrostatic splitting is'splitﬁing that arises tﬁrough
thé angulﬁr'depéndence of Coulombiq interécti@ns between electrons bouhd in
differéntvorﬁitals.  Both Coulomb and exchange integrals contribute to this
.effect. The abéolu%e value of mj is.indicated in Fig. 2h to emphasize that the
electric "field" cannot 1ift the twofold degeneracy associated with the sign
ofbmj. Electrostatic splitting was diséussed in more detail by Hollander and

Sk ' _ -
Shirley.5 : , - .
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In multiplet splitting the final spin_degenerac& of a core level is
lifted through interaction with an unpaired spin in the valence shell. This
interaction is mainly attributable to exchange, as diééuséed below, although

‘correlation effects and (to a very slight extent, thfough differenées between
radial %aVé'fuhctioné'fofvépih—up and and spiﬁ¥down core orbitals) ever Coulomb
integrals can maké finite contributions. Leaving thé oversimpiified one-electron
diaérgm shown in Fig. 2k and_considering»the final states that ére’acéessible

in a photoemission process, we can write for the simple case of atomic lithium

Li(;L's225.,28') > Li+(ls2s,?’s or_3S>) +e . L (5

The'fihalistates‘can be described by products of symmetric space and anti-
symmetric spin functions, or vice-versa. The energies of each two states may

be estimated by adding tQ,EO, the sum of the one-electron energies (vhich is

3

the same'fbr‘the lS and S states), the electron repulsion term, given by the

expectation value of e2/r This leads to the Coulomb and exchange integrals’

12°

H, =/ls(l) 2s(2) (e2/rl_2) 1s(1) 2s(2) dvl-dv'2 '

.\Hx:é'[is(i) 2s(2) (eg/r‘le) 1s(2) 2s(1) dvldvé ‘_.

The resultant energies are

E(ls')=E +H +H
. (] [ X

E(3s) E +H =H .
. o C X
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and the final-state splitting is given by

AE = E(ls)‘-_E(3sj =oH . . - IR C(55) -

- - : e .. :
¢ . N . T

Loy

The relatlve 1nten51t1es of the multlplet peaks 1s glven by the statlstlcal ' B

(multlplet) ratlo, o : | :' A . B .

i(3S)/I(lS>-=.3  -lv ' v" . : | ‘{if' - . . o (56)..

The generalization of this discussion to an.arﬁitrary édsé is complicated,

but we can easily generalize to the case of any spin'S in the valence.

shell, provided that photoemission only from a core level of s character is

considered, Thus we are interested in the process - o : .

2 7 28+l

CM2(..ms?. .25 ) MZ+1( By or B2y L s

...ns..., X or
The‘generalization‘of Eq. (55) is

=P - xS s en, . B

where Hxvis tbe‘exchange integral between an ns orbital and & valence-shell

orbital. The intensity ratio is
2s+2 S - T P o
I( >/I< =(s)/s 5 o (59) | -

from the multiplicities. - - ‘ - ”  ‘ B s - : _ -
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IV.B. Multiplet Splitting in Atoms
Fadley and Shirley first suggested multiplet splitting in x-ray photo-
emission, and they reported an unspécessful search for:splitting in the 3p

photopeék of metallic iron.70 Later they attempted to study high spin atomic
08 : o

systems in order to clarify the reason for this negative result. With the
technique and apparatus then'available_only atomic europium could be-studied,
as a vapor at 600°C. Poor counting statistics dictated that only the intense

hd3/2 - hd5/2 doublet could be used. This doublet was significantly pefturbed,

presumably‘because of interaction with the valence configufation 4f7;!88. Care-

ful least-squares curve fitting yielded s value of 2.h4 % 0.15 for the intensity

ratiq‘I(h‘S/z)/I(hd

), in contrast to an expected unperturbed ratio of 3/2.,’

3/2

Auxiliary experiments on gaseous Xe, which has no Le electrons, gave 1.47 for

this ratio, whi;é_with gaseous Yb (with a filied'uf_shell) the ratio was 1,&9;1»
Thus a.mg}tiﬁlet.éffeCt is'clearly present. A quantitgtive interpretation wog}d
_requiré a rather large configuration interaction calculation because of the

large angula: momenta involved. Further work on atohic‘gaseé.would be

desirgﬁlé aé é means of testing atomic structure calcﬁlations.b Advances currently
uﬁdéfwéy_in spectrometer désign should permit studies of atomicisyste?s that

are theoretically more_tractable.

IV.c. Multiplet Splitting in Molecules
Hedman, gﬁ_g;.gg first reported splitting in core levels of molecular
O2 anq NO. 1In o%yggn they found two lines,’of relative intensity l;2,-and
spaced by 1.1 eV, with the higher—intensity line having_thg lower binding
‘ 32;.

energy. The electronic ground state of‘»O2 is Ejection of a ls electron
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therefore leads to states of "L and I character, with the remaining 1s
electron on the oxygen atom from which an electron was egected coupllng anti-
:‘parallel or parallel to the valence—orbltal spln '8 = l For NO the slettlng

was’ 1.5 eV in the N 1s llne, w1th an 1ntens1ty ratlo of 1: 3 for the two

components. The O 1s line was broadened to 1. 2 eV, as compared to 0.9 eV
i

FWHM for O 1ls in 02; and a splitting of 0.7 eV was deriVed.p Theoretical .-
estimates of the_splittings weére in reasohabiy éood{agreement pith theseT’:
results 00101 (Taple xx).

Recently theoretical estimates of_the'core—levéiAsplitting:basedvoﬁ_

hole-state calculatlons by Bagus and Schaefer 29,30

and Shirle'log"103 remeasured the spllttlngs in both 0

have:become a&ailable..'Davis
o and NO taklng care
“to obtaln good statlstlcal accuracy and maklng exten51ve least squares flts
"of their spectraf- These spectra are shown‘as part of Flg. 25, and the derlved
- gplittings are_giVen in Table XX. Also given are theoretical estihates by a
Bagus and Schaefer and by Schtrartz.th S |
The reSdlts'are intrigding. forlﬁo the.holeastatebcalchlatiohs'and;

=;t'hbe‘more'-'prej'c‘i-s.e'-e}c})erimen‘c‘a,l"'results-show‘;very géod agreementrw invog, however,
the most approx1mate theoretlcal estlmates of spllttlng actually agrees better
with experiment‘than‘the hole state.calculationL This'is probably?fortuitous,
because the latter show a very sdbstantiai transfer of;electronic charge:
. toward the hole state30~(seebséction'iILB.l.c);,‘Sdchvah effect is totally
absént‘dn'frozen;orbitai calculatiohs that ihroive the-initiai state alone.

" The ‘NO. resultS‘of Hedﬁan,xet al showed that the unpalred spln deh51ty

resides malnly on’ the N atom in NO as expected from molecular—orbltal calcula-

s 102 .
tions. Davis,and Shlrley .studled the le and Ols 1ines from di—tertbutyl




Table XX. Binding Energies of ls Electrons in NO.and 023(in eV)
. o Measured * AE from L ;. : AE (expt)
case® E;Zilng Splitting, . .Final State Oﬁf.i:imEFi?zzg Hedman, et al.
& AE Calculations oL stimates (Ref. 99)
No(*1) b1.5(5)° o |
B 1.412(16)° 1.35° 1.23°  1.2685 o0.88" 1.5
vo(31m) %10.1(5) ’
1 :
No( M) 543.6(5) | |
- -0.530(21)¢ 0.48° o.73§< 0.778 0.68" 0.7
wo(3n) 543.1(5) | |
02(‘z> shh.2(5) ,
1.115(9)% o.61F 1.68T  1.20™ 1.1
og(hZ) 543.1(5)

;_aThe atom .losing a ls electron is underlined. Assumed final-state symmetry‘is denoted parenthetically.

bStandard deviation.in the last digit is given ﬁarenthetiéally.

e
Ref.

dRef.

e
Ref

fRef.

gRef.
hRef.

102.
103.

.. 29.

30.

104,

100.

~eeT-

o

.
Tt

o

L.
Wiy

™
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nitroxide. They found a "splittingﬁ of 0.448 + 0.026 eV in the oxygen ls
line,‘only slightly smaller than the NO result. For thé nitrogen line, however,
- the splitting wés reduced from 1.412 + 0.016 &V to only 0.530 + 0.021 eV. Since
to firét approxiﬁation‘the splitting goes as (28+1)Hx_(Eq. (58)), these authors

noted that an atom i upon which a fraction fi of the unpaired spin resides

will show a splitting of approximately
AET & £ H (25+1) . ~ (60)

" They therefore interpreted the di-tertbutyl nitroxide results as indicating
that the pm antibonding orbital of NO (in which the unpaired spin resides)
expandé from nitrogen over the aikylggroupS'in the larger molecule; thie'the
oxygen atom retains most of its pobulation in this orbital. 'At;thé éame fiﬁe
the decreased Nls binding energy (406.5 eV in dtb-NO &g hlo.s_ev in NO) and Ols
binding energy.(536.3 eV in dtb-NO v 543.2 eV in NO) indicate considerable
electron transfer from the:alkyl groups to the NO group. Thus core level
binding energies can prdfide useful information about spin and chérge migfafion
in free radicals. In comparison with ESR studies, ESCA is much 1ééé sensitive

but also less ambiguous.

IV.D. Multiplet Splitting in Salts
105

first observed multiplet.splitting ih‘transitibﬁfmetal

98

© discussed this work in more detail. In

Fadley, et al.
jons in salts. Fadley and Shirley
2+ 3+ : . . > SRS S

Mn or Fe the outer electrons have the configuration d” and form a S ground
state with 5 unpaired spins coupled to S = 5/2. The exchange integral’Hx bétwéen

a 34 electron and a core nf electron depends o n but is nearly independent
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of L. The factor (2S;l)ﬁx(3d;n2) would give splittings.of "N 12 eV for n =3
orbitals and " 3 eV for n-= 2.orbitals. Linewidths and the expectation that
both correlation.effectsvand spin ﬁigration to anions_would reduce the split-
‘tingvfrom*thisifiéure.dictated that;early experimentSvshould'conoentrate.onl):

the n =3 orbitals. The & priori obvious choice was the more 1ntense 3p peak,

but it showed a complicated spectrum with no clearly-defined, simple splltting

The reason for thls result is stralghtforward. After eJectlon of a.3p ‘electron-

the remaining open-shell configuration 3p5[3d5( s)] can couple to form a Tp

.final state in only one way (51nce the spin conflguration is stretched"; with .
all six spins‘parallel).' The complementary 5P state can be formed in three
ways, however, from dsvterms of 6S, hE, and uD. Thus the less intense °p "peak"
intensity is”invfact_distributed among the three eigenstates formed from these
levels; Theseveigenstates are spread over 20 eV, and their intensities are'.
low enough to obv1ate the immediate advantages of studying the 3p peaks on the
basis of total 1ntens1ty The 3s peaks are 31mpler, however: there are two .

final states; 58 and 7S, split by 6Hi(3d'3s) ~The splitting of these peaks '

95 105 with results given in Table XXI.

was observed 1n several materlals,
. In interpreting these results several points werelmadeu First, the

splittings in,.MnF2 and FeF. were smaller by half than estimates based on free

3
atom spin-unrestricted Hartree-Fock, on restricted Hartree-Fock, or on
multiplet hole theory estimates. 0 Agreement was good with estimates based

on unrestricted_Hartree—Fock calculations on MnF6h~ clusters, however, sug-

gesting that spin migration'to ligands is important;l‘The slightly'smaller;v

2 2
only three 3d.electrons. The single 3s lines in KhFe(CN)6 and NauFe(CN)6 may

L+
splitting in MnO, than 1n MnF,_ may be a consequence of the fact that Mn  has

be attrlbuted to covalent bonding 1nfﬁhese compounds.

I




Table XXI. Multiplet Splitting in 3s peakS'(aftér Fadley and Shirley98)

3s(1)=3s(2)

3s(1):3s(2)

Atom v'Compéund“ coﬁiigzizzion Sep?zsgion In:::iity‘ -
Mn MoF,, 3a° % 6.5 2.0:1.0
MO 3a° % 5.7 1.9:1.0
MnOé 33 l‘F 4.6 2.3:1.0
Fe FeF3‘ 33° 05 7.0 1.5:1.0
Fe (3a%4s°) (h.4) (2.6:1.0)
Ky Fe(CN) (3a%) > 10:1
NéhFe(CN)6 (335 >.10:1
Ni Ni - (3a%s?) (h.2) (7.0:1.0)
: (v3dloh8.l) . >20:1

Cu

Cu
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At first sight, multiplet-Splitting studies .in transition metais

:appears to be a powerful diagnostic tool for elucidating spin distributions,

and this may yet prove to be true. There is;;ﬁowever, a very severe technical

problem;“'Manyfcompouhds aré'hotfstable'in'a;vacuuﬁuat'rooﬂ temperature{

Oxides can lose QXygen, hydrates'can lose water, and halides can undergo

readtions of the type

MnCl, + O, > MnO_, + C1_ K

2+ 0, 2 2 e

by reacting with residual oxygen. Only fluorldes appear to possess adequate

thermodynamlc stablllty for such studles at room temperature.98 -In splte'of

'these 11m1tat10ns a number of studles of mult1plet spllttlng in the 3d group

i

106~ 108 109

have been report ed. Recently Werthelm et al. have reported a very

definitive multlplet spllttlng of over 8 eV in the Ubs peak of Gd in G4F In thls -

3°
8
case seven unpaired f electrons in the S state couple to the bs electrons

o

to_produce 7S and “S components;'

.IV;D. Multiplet splitting iﬁ"Metals

The effects of multlplet structure on valence-band spectra, as reported
by Hagstrom gtigi.,YB -T6 was dlscussed in Section III.B. »Fadley and Shlrley98
showed that core;level splittings cah serve as a diegnosticvtool'for detecting
1ocalizea;ﬁaghetic moments. vTheir results for the 3d ferromagnets are shown'
in Fig. 26. The;unique_power of photoemiSsioﬁ for this'kind of work lies in
its speed. aBecausefthe photoemissionlprocess takes only )" 10“16 sec, maltiplet
splitting caﬁ,detect_iocalized moments‘that are reiaxiogAtoo fast to'be'observedA
by any other.proce355 or in iron'above its Curie point (Fig.v26).'-Thus‘ESCA

appears to have significant potential for studies in magnetism.

P
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