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THE PREDICTION OF CORE-LEVEL BINDING-ENERGY SHIFTS FROM CNDO MOLECULAR ORBITALS

D. W. DAVIS and D. A. SHIRLEY

Department of Chemistry and Lawrence Berkeley Laboratory, University of California,
Berkeley, California 94720 (U.S.A.)

ABSTRACT.

A theory i$ described fér calculating éore-level binding-energy shifts
wifh potential models that employ "intermediate-level" molecular-orbital wéve-
functions. Thevfelaxation—energy term in atomic core-level binding energies
is considered firét° The ground-state potential model (GPM) and relaxation-
potential model (RPM) are developed for calculating core-level binding energy
shifts in molecules from CNDO wa?efunctions. It is shoﬁn'that neglect of
certain two- and three;center integrals iﬁ these models limits their accuracy
when unlike molecules ére compared. The models are modified by calculating
(r-l ) integrals, fo be sensitive to bond directions ofv P vorbitals. The
pp' modification, in which a subset of the neglected integrals is retained
to recover invariégce to coordinate transformationé, is thereby necessitated.
The GPM approadh‘yields shifts in very godd agreement with experimeﬁt when
comparisons sre restricted fo similar molecules. The RPM version gives better
agreement especially over wider classes of molecules. If also provides
relaxation enéfgiés VR that can be combiﬁed with ab initio orbital enérgies

to give binding energies. Several applications of these potential models

are discussed,

T
Work performed under the auspices of the U, 5. Atomic Energy Commission.
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INTRODUCTION

Chemical shifts in core-level biﬁding energies (ESCA shifts) have
received a great deal of attention recentlyl. Many wofkéfs have independently
contributed théoretical insights into the origin of thesé shifts. It is now
clear both that the shifts can be rather weil understood at several levels
of mathematical sophistication and that they are quite_ﬁséful in interpreting
chemical properfiés.' As yet, however, the theoretical litérature is rather
fragmentary, with each contribution tending to emphasiZe_a éingle aspect
of the theory of cdre;levél bindihg—eﬁergy shifts. The ﬁufpose of this paper
is to develop part.of the theory systématically in a way,thét will interrelate
the several apprbximations that are commonly made in ihferprgting ESCA shifts.
We do not presumé to give a rigorous preéentatipn. Insfeéd, we aim rather
directly to&ardisimple models ‘that any chemist can use fé interpret shifts
in terms of chemically ﬁéeful concepts such as charge.distributions in molecules.
It is our hope that this paper wiil serve ‘both as a badiy—needed introduction
to the theory end as a useful guide for anyone who wishes to use core level
shifts for chémical purposes.

The forﬁaﬁ'of this paper is the development of éOfe—level shift theory
in atoms and mblgcqles from the basic photoemission relétion K =hv + Ei - Ef
through several approximations to thevpotential models that can be used directly
in "atomic-charge" analyses, in which the charge distributions in molecules
are derived from core-level shifts. Many theoretical subieties are omitted,
but the physicael significance of the important approximations is discussed.
There is, in our opinion, a rather exclusive relationship between the rigor
of a given approach to binding-energy shift theory and the breadth of

applicability of that approach. It is important to establish whether in this
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hierarchy of theories there exists a range wherein the‘theories are both’
ﬁractable, in.fhe.éense of being readily usable by anyone measuring shifts,
and also sufficiently relieble and quantitative to yiéld really incisivé chemical
information. We bélieve that such a range does exist and’that "intermediate
level" molecular-orbital theories such as CNDO lie in this range. This is a
central theme of the paper, and much of the early develoﬁﬁent is aimed toward
the goal of appljing CNDO theory to core-level shifts.’ |

Core-hoie:states and the relaxation energy in atoms_are discussed in the
next sec¢tion, A.ﬁethodvis given for approximating the relaxation energy in atoms.
Potential modelé'aré introduced in the following section and the GPM (ground state
potential) approkimgtion is developed. The relaxation potential model (RPM) is
then discussed, Typical applications and a summary'of the @odel are giveﬁ in

the last section.

CORE HOLE STATES AND APPROXIMATIONS
In the x-ray photoemission of a core electron from orbital k of a
molecule M, the simplest procesé that can occur is a transition to an ion

M(E)+ in a "relaxed" core hole final state:

— - .
photon + M -+ M(k) + e . (1)

Here the ion M(E)+ differs from the molecule M in two ways: an electron is
missing from orbitél k, and the.passive orbitals have relaxed adiabatically
to adjust to this modification in the molecular potential. Other processes
are also possible. These include the "shake-up" and "shake-off" transitions,

in which (respectively) more highly excited or doubly ionized final states
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are reached, with the additional‘excitationbenergy being deducted from the

" photoelectron's kinetic energy:

photon + M. ~> M(E)T + e  (shake-up) - (2a)

photon + M' > M(KL)™ + 2¢” . (shake-off) . (20)

These processeS'CAn appear as'satéllites, at lower kineﬁi¢ energies, on the
main photoemission line arising ffom the process in Equéﬁidn (1), We will
not discuss theée two-electron processes but will be concerned only with the
photoemission éhanﬁel that reaches the relaxed_cdre—holé final state.

In considering the relaxétion aqcompénying photoeﬁission it is ugeful
to define a hypdthetical»"unrelaxed" ionic final state'lM(E);T > in which
an electron has been removed from the core level k of'the molecule M without
any relaxation in the passive orbitals. This stéte does.not exist in nature.

Its virtue is that, according to'Koopmans' Thebrem2 the binding energy for

the hypothetical process
Mo ML, 4 e o (3)
KT o

is exactly -e(k), where e€(k) is the orbital energy of the orbital k that
- . . [o} .

would be obtained from a Hartree-Fock calculation on M, 'Manne and Aberg showed3

that the binding energy EB in the Hartree-Fock approximation is related to.

€ by a sum rule

—e(e) = B )+ Y (O ®g ) (% - B) ()
. i
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where the sum is taken over all the excited states i . in the photoeiectron
spectrum. ThusAtﬂe "orbital" binding energy -€ is the weighted average energy
forvthese excited states plus the relaxed final state M(E}+. Since E% > EB(k)
for all i, it follows that - > EB(k). This is of course expected, as
relaxation of the passive orbitals toward the hole shoﬁld lower the energy.
Binding.energies are calculated in two ways. The.first is suggested
by Equation (l).’ The corresponding energy-balance equation can be rearranged

to

hv - K = E[M(E) ] - Em) = Eg(k) _ (5)

where K is the photoelectron's kinetic energy. This equation suggésts that
EB(k) could be obtained as the difference between the calculated total energy
of the initial state, E(M) and that of the final state,fE[M(I{)’L]. Although
there are some problems associated with using variational'methods on such
| highly—-excited states, this approach works rather well in practice. Bagus
demonstrated its applicability for calculating binding enérgies of core levels
in atomsh, and Schwartz extended it to molecules5. Recéntiy Moser, gz'g£o6
have refined this method to include correlation and have oﬁtained excellent
agreement with experiment for the Ne(ls) binding energy. While this approach
is thus capsable of yielding accurate results for small systems, the feasibility
of applying it to even medium-sized molecules is clearly limited at this time,
and we shall not discuss it further, |

The second way of calculating binding energies is to start from the

orbital energy -€ and correct for the relaxation energy ER of the passive

orbitals,
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By = -c - By . o (6)
This method hag:an.advantége in principle (prévided that ER‘can somehow be
estimated with. reasonable accuracy)-because a single SCF calculatién of the
molecular gro;nd étate yields orbi£al eneréies € for a;l ﬁhe one-electron
orbitals of the,ﬁolecule. Hedin énd Johansson7 have shown how this'aﬁproach
is related to direct hole~state calculations. They found.

,%(_ilv_,* - vy, | S (7)

(i)

to a good approximatidn, where ER

is the relaxation energy accompanying photo-
emission from orbital |[i), while V" and V are respectively the "Fock potential
operators for the ith orbifal‘in the relaxed hole state and in the ground state.
Specifically,
(ilv]i) = Z(&T, -~ K. .)= egz {2<i(u)'3(v)|r’l"|i(u) IR
. . T L iJ ig’ : uv
J J o

- {in) j(v)lr;\l)li(\)) 3(u) )} . - (8)

where Ji and Kij_are two-electron Coulomb and exchange integrals, ruv is an

J .
interelectronic distance, i(M) means electron W in orbital i, ete., and the

sum is taken over all'occupied orbitals je The physical meaning of Equations

(7) and (8) is that the passive orbitals J collapse adiabatically "toward"

‘the hole in the active orbital i during photoemission., Since each orbital

changes slightly, the relaxation energy is made up of differences between

¥

Coulomb and exchange integrals before and after relaxation,
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Miy =95y = Iiy

A-KiJ =»Kij.f Kij . | (9)

Equations (7-9) are useful in understanding the origin of.the relaxation energy,
but they offer no immediate advgntage in calculating binding energies, because
they require ﬁolé—state wawrefunctionso If one is going ﬁo carry out hole-state
calcﬁlations, one may as well deduce EB from the total énérgies. However, the
Hédin—Johansson model is a very useful starting point:for further approximations,
as discussed below.

In free atoms, relaxation toward holes can beftreated in three parts, If
the hole is in the shell with principal quantum number n, there is "inner-shell
relaxation", by electrons in orbitals with n' < n, "intrashell relaxation", n' = n,
and "outer shell relaxation", n' > n. Hedin and Johanssén found that inner-shell

2
eV). Intra-shell relaxation is somewhat

relaxation is rélatively very small (v 107
larger, Outer-shell reiaxation is by far the largest of the three in true
core levels, for‘Which there are a reagonably large number of electrons
present in outer sﬁells, with n' > n. This term can also be quite accuratgly
"estimated by a simple model8 that employs only ground—staté two-electron
atomic integrals,'whichihaye been calculated by Manng. In this model it is
recognized that electrons in the n shell shield electrons in the n' > n
shell from the nucleus very effectively. Thus the adiabatically relaxed n'
orbital in a hoié state ion A(Z;;)+ is well simulated by the n' orbital in the

ground state of the atom of next highest atomic number, A(Z + 1). The quantities

required in Equation (9) are therefore approximasted by



AT, (z)fesJij(z + l)‘-inj(Z)'

AKiJ(z) = Kij(z + 1) - Kij(z) . _ o :  o (10)

Two objéc£ions to thié,approaqh may be made; fifsf, the shielding
of the n' sheliﬂby'the n shéil ié presumébly not éqmpléte; Second, the
n orbitél is different in the Hole state ion A(i,ﬁ)f th;ﬁ in the atom
A(Z + 1), this'affects’fhe two—eleétron.intégfalé. The‘first objection is
partially answgred‘by the success of this "équ%vaient cérés" épproach in
predictiné bindihglenergiess; It is discﬁssed‘further‘Bélbw. The second
objé;tion is easily answeféd.v it.turns out that the gktra%atomic contribution
' to E, is very iﬁsénsitive to fhe.form of the hole-state orbital. This is
convinecingly demonétrated by comparing the values of |

ALy (2 (L)
Tht Z+1 T g

and

O

AF(mnt) = F(m',z + 1) - Fo(nn',Z): _;‘ o - : o (11)

The reason for this comparison is that the Slater intégfai FO accounts for
almost all (> 95%) of the outer-shell relakation energy. If the orbital n is

shrunk to a point at the nucleus, we have

Lim  Fo(nn') = <?i—> . | (12)
n »* point n!

'Thus a comparison of A <l/rn, ) and AFO(nn'),gives an indication of how much

ER would change if orbital n were altered in this drastic way. We have made
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such 'a comparison for a number of cases., The results fqr argon, which are
typical, are summarized in Teble 1. In addition to estimates of ER for the

1s, 2s, and 2p electrons from A (1/rn, >, and AFO(nn')-;the two quantities

that are directly comparable--we have also listed esfimates froﬁ the full
"equivalent cores" treatmenta, labeled A(F,G), from Hartree-Fock hole-state
calculations, from optimized Hartree-Fock-Slater (OHFS) hole-state calculationslo,
and from "experiment"; i.e., from a comparison of.expérimental binding energiesll
with orbital enefgies from OHFS célculationslz° The'<r_} ) values used for

Table 1 were obtéined from Mann's Harﬁrée-Fock calculationslB. Since the
estimates of ER‘from A (l/rn, ),_corresponding to orbitél. n being shrunk all
the way to a poigt, differs by only 2 eV.from AFO, we conclude that ER is

quite insensitive to small changes in this orbital. Thus wé need not be
concerned by the second objection given above to the usevqf Equation (10).
Incidentally, the comparison in Table 1 (and others that we have made) shows

only that total chénges in (1/r ) and FO from Z to ZI+ 1l are similar. The

actual values of (1/r ) and 7 can differ by larger amoﬁnts.

The equivalent—cores model appears to estimate binding energies of true
core levels as accurately as do the OHFS calculations, judged by cpmparison
with the available data. Compsarisons with'rare—gas dataB'showed this to be
true for Ar, Kr, aﬁd Xe. Since then core-level binding energies for the hf7/2,
states in gaseous Pb and Bi have become.availablelh. Table 2 compares these
results with theoretical estimates based on the equivalent-core ﬁodel8. The
very good agreement again supports the use of this approximate model for core
levels. We conclude that the equivalent-cores approach provides good estimates

of the total relaxation energy for core levels, although it only explicitly



TABLE 1

RELAXATION ENERGIES IN ARGON (IN eV)

: v | ER from
Orbital b
S VSR A AF© - A(F,G)€ i onrFs® "Expt. T
1s " 20.0 . 38.1 37.0° 302 31.8° U3h(7)
25 13.3 11.1 10.5 10, 9.9 9.7(5)
2p 13,3 11.3 11.1 11.5 11.1 ©10.5(5)

8Using (r~1) values from ref. 13,

_bUsing F0 values from ref., 9.
®See ref. 8.
dFi‘om ref, L,
e
From ref, 10,

R

-€ (ref. 12) - Ey (ref. 11).

=01~

0L6T~T4T
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THE.hff/g BINDING -ENERGIES IN ATOMIC Pb AND Bi (IN MeV)

- e b - | -

Level -€ ER _ EB(theo)- = EB(expt)
Po(Lf. ) "15h} 11 | 143 1kk.o(5)
Bi(hf7/2). 175‘ | 11 .16k }: _ | 164.9(5)

aRef. 12, The Pb value was interpolated..

bCalculated as ‘in ref; 8.

“Ref. 1h. .
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- considers outer—shell relaxation. - In fact it is not cleér why these estimates
are so accurate, Omission of inﬁra—sheli relaiatioh:ﬁayibé combensated in

part in this arprdach by systematic over—estimatioﬁ Qf:ﬁhé outer-shell con-
tribution. Thié point is illustrated in Table 3, in which the contribufions -
of various shells to the relaxation energies of the ls, 2s, and 2p holes in-
atomic potassium, calculated both foi hole statesT and by the equi?alent—cores
approachB, arevcompared; Since the latter model makes no éllowance for intra-
shell relaxgtioh, it is suitable only for core states."if:the equivalent-
cores model for relaxation works this well in atoms it sﬁould certainly be
valid in moleculés, becaﬁsé the edditional (extra-atomic) elecfrons'are further
removed from thé aétive core., Thus in thé'nekt section we shall use it with

confidence in connection with chemical shifts and relaxation in moclecules.

CHEMICAL SHIFTS AND THE GROUND-STATE POTENTIAL MODEL (GPM).

In progressing from atoms to molecules we encounter qualitatively more
difficult probiems:in,calculating cqre—level binding energies. From a purely
computational point of view the straightfor&ard approach of‘takingvtotal energy
differences quickly‘becomes impractical as molecules bécome larger, and it
is necessary to séek viable approximations. In doing.so it is very important
to remember the physical priﬁciples that emerged in considering the binding,.
energies of coréflevels‘in‘étoms. One.could regard'those-binding energies
as being affected by two factors: the electrostatic potential energy V experienced
by the core electron in the ground state before ionization, and a relaxation

* : .
potential energy V. - V (Equation (7)) that arises from redistribution of electronic

charge during ionization., Both of these factors are more complex in molecules
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10.82 -

TABLE 3
'%ON?RIBUTIONS.OF INDIVIDUAL SHELLS TO HOLE-STATE RELAXATION ENERGY IN POTASSTUM
o) | _ ,
Passive Active Orbital
Orbitals lsa , lsb 2Sa st epa 2pb
1s 1.&3; - 0.00 - 0.01. -
2s 3.17 5,31 0.26 — 0.52 -
op 15,32 18.99 1.73 - 2.2k -
3s 2.27 2.77 1.40 2.33 1.58 2.36
N 9.39 9.51 6.30 8.10 6.65 8.30
Ls 1.25 0.84 1.13 0.80 1.18 0.81
Total  32.83 37.42 11.23 12.18 11.47

8pprom ref. T.

bCalculated as in ref. 8.
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than in atoms.. CQnSideration of only the first'factor'leads with several

approximations to formulation of a ground—state'poteﬁtiél_ﬁbde1 (GPM), discussed

below, that appears to be quite reliable in predicting binding-energy'shifts

among restricted sets of molecules. If both factors are
approximations_yield a relaxation potentisl model (RPM),
Section IV,

The grbuhd—sfate electrostatic potential affects

of a core'level‘li_) directly through the orbital energy

_ o
€ =&+ .Z(zJiJ '_Kij) .
' J .

Here the one-electron energy eg is the expectation value

nuclei

. . 0
In an atomic system there is only one nucleus and €; can

constant. Atomic core level binding-energy shifts would

considered, the same

which is treated in

‘the binding energy

(13)

of the operator

be regarded as essentially

thus arise (in the

GPM approximation) through alteration of the sum in Equation (13). For example,

to estimate the shift in binding energy ofbthe-i#h core level in going from

. . .
an atom A to a unipositive ion A formed by loss of a valence electron from

the kth orbital, one could simply delete from the sum the term corresponding

to that valence ofbital. Thus the difference

bE. = EL(A") - EL(A) = -, (A7) + &;(A)

IR

1
ik 2 Kk o
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_ is a rather good estimate of the binding-energy shiftls. In molecules the
distribution of_electronic’charge is less clear-cut,‘ahd the estimation of
shu » . - ; o ) §

ifts ;s a priori much more 1nvo;ved.‘ The sum I Zn/rn must be made over all
' the nuclei in each molecule. Also, the sum Z(2Jij'; Kij) may be taken over
entirely different orbitals from one molecule to another. Thus there is no
procedure analogous to omitting a single orbital as was done above for the
atomic case. Instead shifts must be estimated by calculating differences in
the electrostatic.potential of a given core orbital from one molecule to

17

another, 'Baséhl6 and Schwartz showed that shifts in the orbital energy of

level i and in its potential energy are quite accurately reldated by
im: ’ - : . i
Ae™ = AV . : (1k)

Basch further showed that it isn't actually necessary td‘cdlculate the
potential energy shifts of core electrons: shifts in the potential energy of

an electron at the nucleus, AVn, provide a very good approximation to'AVl, and
UL SN ' :
Ae™ =AV . , » - | - (15)

The use of AVn.is equivalent to allowing the core orbital 1 to collapse to.
a point at the:nucleus in.galculating electrostatic repulsion integrals. The
latter then become.one—elecﬁron, rather than tWOéeléctroﬁ, integrals (and the
exchange integrals are neglected), and the computation'ié gfeatly simplified.
It is simplified further by the use of a théory such as CND018, which assignsb
all of the electronic charge to specific atoms inva molecule. Siegbahn, 33_5;.11’19

used the host-atom charges q. lus the "external" molecular potential, V., as
ql’ p s Vi

determined from CNDO calculations, to fit experimental shifts GE; to the equation
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i_

SE; = kq, + V; +2 | : ’ — (16)

where k and & . are least-squares fitted constants. Latér, Davis, gi_gi.go’el,

realized that fiftinngas not necessary: the CNDO modél can be used directly
to estimate shifts:that are in quite good agreement with e#periment, as
.described belqw;

- Since CNDO theory already has sevefal sévere épprbximations, the way
in which v, is calculated using this theory is somewhat arbitrary. The problem
is to construct‘an appréach that is consistent with theTCNDO philosophy--neglect
of differentialbovérlap—;while still being tractable and'pﬁysicélly reasonable,

Other workers have Simply set
vV, = Zq e2/R ' ‘ | (17)
i 3 T o - |

where eq, is the net charge on atom j. This "point-charge".approach has much
to recommehd it. it is very easy to use, intuitively appealing, and a good
approximation. 'Thére is, however, a straightforward way to improve on the
point-charge.model: namely, the direct calculation of'rfl matrix elements.,
This leads, as aiécussed below,'to the "pp'" moaél fof_calculating Vi'

In CNDO theory molegular orbitals wi are writpen as lingar com-

binations of Sléter atomic orbitals ¢j

lp;i_ = Zcij d)j. ° ' , (18)
J

The zero differential overlap approximation
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<¢J|¢k'> =84 s o - (19)

- leads to the normalization condition

| ziicfj =1 , . | | ; ‘  (20)

J S _
for the (real) coefficientsicij; Now since the érrof intrbauced by Equation (19)-—
Slater orbitals.on‘different>centers_do not in fact havé:zero overlap--is not
automatically prdpagated through.new applicatidns of_thé theory, it beéomes
necessary to mgke compenséting apprqximations in applying_CNDO wavefunctions in
new wayé. Lef us write éut a generai expression for thé-contribution of the

electrons in a molecule to the potential at the nucleus of atom a,
e | - e2 |
v o= (Y| E —l¥) . (21)
a r.
i 1a . .

Here i refers to the coordinates of the ith electron in the n-electron molecule,

and ¥ is the antisymmetrized product of the molecular orbitals {wj}. Because
l/ria is a one-electron operator and the molecular orbitals are orthogonal
(they are eigenfunctions of the Fock operator, which is HermitianlB), one gets

for V°
a

n
2 .
v - -Z]‘Pi(” g—i-;wi(_i) .
~J

When the molecular orbitals {wi} are expanded in terms of the atomic orbitals

{¢J}’ VZ becomes
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k

| Ve Z chij Cix f¢j(i). (%/r;) o (5) ar,

V:‘ can be reduce'(.iAto three terms of the form

s A 2 o
AR B R L S G e R ED L P CO R
i, o

J‘ ia

K

i,

LY @ededee .
i’j#k"k i8a o .
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In ﬁhis notation the indices j and k refer_to atomic orbitele. The index
i refefs, for brevity, both to the individual occupied molecular orbitals and
to the coordinates_of electrons in those orbitals. The superscript b Vrefers
to atoms other than a, while ¢ refers to any atom. vThe first term in

Equation (22) is easily identified: clearly

Z (C?.j)z: Ze T % N , (23)
ij

where eZ; is the ‘core charge of atom a, given by the nucleer charge minue the
number of core eiectrone ﬁhat are not considered in CNDO fheofy, and eqa is the
net charge on & (see Equation (16)). VZ in Equation (22) is just e <l/ra )
evaluated for electrons in atomic orbitsals centered on atom a.

The second term in Equation (22) involves two-center integrals, but

only one atomic orbital in each integral. To a good appfoximation

<¢( |e2’| 2(1) ) E%Q— . (24)
Tia J ab '

In fact this relation is exact if ¢?(i) is an s erbifal.f'It also holds under
one of the usual assumptions of CNDO theory: that "other-center" integrals
are independeﬁt of symmetry type. In this approximation, to which we shall
return below, we would have the point-charge version of the CNDO potenﬁial
model. This second term in Equation (22) is related to the Vv, term in Equation
(16).

The thifd ferm in Equation (22) involves two- aﬁd three-center

integrals, with the atomic orbitals always on different centers. In the

point~charge Version of the CNDO-GPM approach, these integrals are all neglected,
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énd in the pp' Qersion ali'but a certain subset are neglééted.' This is él
very dubious appfoximation, becauée the integrals in this.fhird-term‘are not
all small: fof adjacent centers, the two;center integrals in.the thifd

téfm aré comparable to the largest intégrals in the secéﬁd'term. Iﬁ
rationalizingIthéiﬂeglect of the fhira'term one might argué thét this
approximation;fs'required forvconsistency since thélintegfalé iﬁ this term
invoive differehfial bVerlap. Let us study this stateménf more closely, by'
means of a siméle example.

| Consider a diatomic molecule AB with an ﬁnﬁolariiea bonding molecular
orbital |y which'is & linear combination of atomic 6rbitals centered on

A and B

lv> =cla) +clB)> .

In a rigorous theory the potential at nucleus A arising from an electron in
[ > would be given by

2 - - :
. . 1 . 1 Al s 1 .

where S = (A|B ) is the overlap integral and we have assumed spherical symmetry
for IB ) to obtain the second term in bfackets. "In fact the three terms in
brackets are related respectively to the three terms in‘EQuation (22). In

the CNDO approximation we would set S = 0 and (according to the approximation

now under discussion) (A(i)l(l/riA)lB(i) ) = 0, obtaining
CNDO ~ 2 HIE t R R
iA AB
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On comparing these two potentials, we find that the  CNDO approximatiOns.

incur an error of -

| | , |
Voo =V = =S [ﬁ (<A<i>t-—l—1A<i) ) L) S (Al =BG Y| .
CNDO | RIG (l + Ss 2 riA _RAB . riA

(27)

Ong'would expéct'fhis error to be émall 5ecause fhe last_ferm in square 5rackets
should tend to cancel with the 6ther terms. The canceliatioﬁ would be exact

“if fhe'off;diagoﬁal.element of 1/r were exactly the arifhﬁetic'mean of the two
diagonal'elements; times the overlap integrai. This soﬁnas.intuitively like

a reasonably good appfoximation:i in fact it turns out to be more accurate than
one might expeét; ‘To evaluate VCNDO - VRiG‘in an imporﬁant set of caseé, we
have evaluated the 1/r integrals for the electfostatic potéhtial energy at a
carbon nucieus,’arising from an electron in an unpolarized C - X bond, with

X=C, N, O, and F, and R = 1.48 A, using the standard CNDO/2 wavefunctions

C-X

in a 2pc - 2p6 orientation. The results appear in Table 4, The difference

\ Y in Column 5 is encouragingly small (< 0.6 eV), thereby supporting

CNDO ~ 'RIG »

in a quantitative way the approximation of dropping the third term in
Equation (22). We should also note from this example, however, that

VCNDO - VRIG is not zero, and that the above estlmate was based on the
potential arising from a single electron. Thus we might expect, and indeed
detailed comparisons with experiment have shown; that the CNDO potential
approximation will have good predictive value for binding-energy shifts among
similar molecules, because there can be considerable cancellation of

v V. terms. By the same token, we must not expect such good

CNDO ~ 'RIG

agreement when unlike molecules are compared, especially if the number of .



TABLE L

ESTIMATE OF THE ERROR INCURRED, IN THE POTENTIAL ENERGY OF AN ELECTRON AT THE C NUCLEUS DUE TO AN ELECTRON IN THE
C-X 2pg - 2pg BOND, BY THE CNDO APPROXIMATION, R = 1.48 A, ENERGIES ARE IN a.u. EXCEPT AS NOTED. -

s = A= | B =
D @) s aolen,m) fi-s-'[%<'-2pc<c->li—e-l,2é¢<»0> = ;_] omo ™ 'Ra

. . . C _ S ST X oo cX =B -4
C 0.332 ' 0.167 | _ | 0.1&5 -0.022(-0.59 eV)
N 0.319 f | 0.148  '0.1u1 ~ -0.,007(-0.20 eV)
o .0.291 0.128 - oz 0.00k(0.10 ev)
F 0.257 | 0.108 .0;119 - | | 0,011(0.30 ev)

—cc—.

0L6T-T1d1
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bonds to the céntral atom can vary."This is a general 655ervation about fhe

CNDO potentialuﬁodel énd'it applies to both.the GPM gnd»the RPM»modifications.
Retﬁrniﬁg ﬁow té the second term in Equation (22), thé usual point- .

charge approximation to theseitwo—center, one~orbital infegrals (i.e., Equation (24))

is ﬁnnecessariiy crude. 'With very little additional compufing investment

it is possible-tdvevaluate the 1/r integrals direétly. ‘This allows a much

more_realistic-evaluatidn of the contributioﬁ_to'the qqre—level potential

at the central atém that arises from ogcupied  j¢] orbitéié on neighboring

étoms, & matter_of'some chemical importaﬁce; In thé strict CNDO model (thé

point-charge mbdél) an occupied atomic orbital on & neiéhﬁé?ing atém:would

contribute a tefmbég/R tovfhe potential of the central atom whether the

orbital in questién'had s or .p character and (in the case of p character)

regardless of.its'ofientation. This result is exact for é orbitals or for

filled Shells,vif ekchange'is neglected. It is, howe#er, not very accuratev

for directed . p orbitals. The region of the P orbital nearer the central

atom will éontribqte most heavily to the 1/r intégrals,'aﬁd Py orbitals will

therefore contribute more heavily than‘pﬂ orbitals to the.potential. Thus ,

for example, fpr fwo carbdn atoms at an internuclear distance RAB = l.SO‘A,

the n = 2 orbitals on atom B contribute to the potential energies at atom A

in the amounts

v,(2p 2) =.<gpoB(i)|1/riA|2p0B(i) = 10.77 eV . |
) e?
VA(2SB) = (QSB(l)Il/riA|2SB(1) = ﬁzg = 9,60 eV.

VA(2pr) = <2pﬂB(i)ll/riA|2pnB(i) ) = 9,01 eV,
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These values were calculated using CNDO wavefunctions-_‘Wé note that

v (2POB) + QVA(Epr)]/B = e2/R 'y as expected in view of Unsold's Theorem. It.

A
is interesting to note the possibility of an atom B being slightly positively

charged and yet e#erting a repulsive’poﬁential on a‘corelélectron on atom A.
This could happeh.if the electron population in the p orbitals.of atom B were
iconcentrated on pd‘orbitals. To avoid situations of thié type and to
establish SOme.sensitivity t§ g versus T bonding, we have therefore modified
the CNDO potentiai model to include calculatéd i/r integrals rather than
Just using point-charge eétimates.

When l/r;integrais are cbmputed a ceftain subset of the integrals in
the third term of Equatién (22) must be refained if the calculated pdtentials
afe to be invafiant to coordinate transformatiohs. These.integrals are of the
form <pBll/rA|pé ) , where Pp and pé are two different P orbitals on atom B,
We have briefly alluded to this "pp' approximationﬁ eléewhere, but ha&e not
explained it in detail before. It can be understood eésily by referring to
Figure 1. Let ﬁs»calculate the potential at atom A arising from an electron in
an orbital Py centered on atom B and directed'téward A in_a Py orientation. If the
coordinate axes are chosen to correspond 'to O and T orientations as in Figufe 1(a),
only the diagonal elements (p#]r;llpx ) and (py!rzl[py > need be considered. In
this example pé = b anywayf‘ howeyer, even if by were a lipear combination of pX
and by the off—diégonal elements (pxlr;l,py > would vanish by symmetry.

Now suppose the axes were canted as invFigure l(b): this will nearly
always happen for some bonds in real molecules of any size. In this case the
occupied 0 orbital may be written as |

Pg = G P v G s
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and
-1 )

RIS SN D P SR
A ='CX (pxer IPX> + Cy (pyer lpy) + 2C-X.Cy <pX'rA .lpy > . (28)

The last term clearly does not vanish by symmetry (althdﬁgh it is Very small),
and it must be retained to preserve invariance'to coofdipgte transformations.
Although integrais Qf this fofm are technically a subset of the third term in
Equation (22), théir retention is consistent with our éthér apbroximations ir
. the‘r"l integréls‘arevcalculated rather'thaﬁ estimatedgaébpoint_charées. In
fact thé-calcuiation.of the r_l integrdls leéds‘tofaﬁ_ihééﬁivalence of

-1
|

-1 | -1y : . , |
(poBer IPGB ) apd <prer.lpﬂB ) which then requires phat (pxer P, ) be

' retained. Sin;é <PB|r£llva>.is’an absolute maximum in the 0 orientation

and an absolute minimum in the‘n orientation, it is obvioué that (er ? would
be too small if the thifd term were omitted in Equation (28) (note that

2 ) .

< + Cy = 1). In going from Equation (28) to the point-charge approximation,

however, the first two integrals ﬁust be_feplaced by l/RAB and the third by
- zero, |

This éompletesbour derivation of'the ground—staté,potential model (GPM) for
core~-level binding-energy shifts, using CNDC molecular orbitals. The next section
contains a summary of the approximations that aré ihvglvédvin thé GPM, togethér
‘with some célculaied results. GPM results»havevbeen éqmpared with experiment
elsewhere20_23. We will not reﬁeatTthese compé;isons here; but wiil simply
Summarize the results Ey noting: (1). the pp' modification of the GPM
usually shows agreemenﬁ with experiment superior to that of the point-charge

version; (2) the GPM shifts in C, N, O, and F usually show agreement with experiment

" to within & few tenths of an electron volt provided that comparisons are
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"restricted to similarly-bonded compouﬁds. Figure 2 shows as an example a
comparison of GPM predictions with experiment for C(1ls) and F(1s) shifts in

fluorinated methanés.

THE RELAXATiON PQTENTIAL MODEL (RPM)
In thefsécbnd sectioﬁ the effect of relaxation on atomic binding energies was
discussed, but the GPM appfoach'calculates binding—energy:shifts without regard
to relaxation, It is straightforward to include relaxétion in molecules by
‘using an "equivaleﬁt-cores" approximation similar to that described for atoms
in tﬁat sectiqn._ In CNDO theory this approximation is'ihﬁroduced very éimply,
by replacing the active atom witﬁ an atom of.the next element (thus N for C,
F for 0, etc.) ana répeating the calculation using the same molecular
geometry but one fewer electron. This appréximation éah.bé derived from a

result discovéréd by Libermangh and derived by Hedin and'Johansson6. In terms

of the 1s binding'énergy this result is
Eg(ls) = - 5 [e(1s) + e(1s) 1 | (29)

where €(1s) and €(1s)” are respectively the 1ls orbital energies in the ground
state and the ls hole state, Writing this relation in the form of binding enérgy

shifts between two molecules, we can make the following series of approximations:

‘AEB = - %-[Ae(ls) + Ae(1s)¥] | | . (30a)
AEB > . -:QL— [AV(1s) + Av(1s)*] | | 7(30b) ' .
AE, = - % [Av_ + AV:] - (30c)

IR

AEg

1 - |
-5 lav +av (z+1)] . o (304)
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. Here Equation (SOb) refers to the approximation df repiacing is orbifal—energy
shifts by shifts in the potential energies of the 1ls orbitals.  Equation (30c¢)
is the further approximation of using shifts in the potehtial at the nucleus,
and Equation (3Qd) is the équivalent—cores approximation. Combining the
relaxation corréction»with the péténtial mbdel,for binding~energy shifts,
'we'thérefore arrivé at expressioh Equatioh (304) for the Relaxation Potential

Model (RPM), to be compared with the GPM expression
LBy = AV ' | | o (31)

It is instructive to rewrite Equation (30d)

AE, = -AV - AV, . o - (32)
 where
vV = l-[v (z+1)-v]1] |, IR (33)
n n 3 o

R 2 -

is the relaxation energy in the RPM approximation. Table_S lists values of

VR(C 1s) for the fluorinated methanes, and compares them with estimates from

ab initio hole-state calculations. The good agreement of VR with ab initio
results (which are themseives apparently quite sensitive.to the basis set
chosen) is very eﬁcouraging: Of special note is agreement in the trend in

VR from CHh to CFh——a decrease of v 1 eV--which alone isbimportant in estimates

of binding-energy shifts., We shall discuss these two topics in turn.

The relaxation energies V

R estimated above are expected to be fairly

accurate for eséentially the same reasons that applied to the analogous atomic
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TABLE 5 | A S
CARBON 1s RELAXATION ENERGIES IN THE FLUOROMETHANES (eV)

b,e . o4 te

Molecule - ég;ggggig_lafc : :: 59;;513;9 11 A A

CH, | - . W o _'- 121 15.89 1h.k
,VCH3F‘ f"" ‘;f 13.78 ;" o1 15092 kL
_CH2F2 ' _: "'::: 13.69 18 L 15.73 142
CHF3 } '_ f_} ' 13.58 ‘ : 11.7 v- . S 15.38‘. 13.9
| cf14 o oazss ,  ”_ fe,“ - 14.91 13.5

®rrom E. Clementi and A. Routh, Tnt. J. Quantum Chem;:§ﬁ 5é§ (1972).

bFrom C. R. Brﬁnd}e, M. B. Roﬁin,_and H. Basph, J.'Chém;:Phys.'ggﬁ 2196 (1970).
“Ref. a employédbé'slightly lérgér.basis-set'than ref.tﬁ; the relaxation
eﬁergies were determined by subtracting the calculated binding energy

(Eion - Eground state) from the calculated orbital energy.

Yrom Equation (33).

eVé = 0.905 VR._ See Table 6 and related discussion.
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reiaxation energiés-estimates in Table'l. In fact these molecular estimates
miéhtibe expected to be somewha£ better because the errof‘incurred by substituting
A (i/r ) valués'fof changes in combinations of Coulomb and exéhange integrals

is maximal for‘&alénce electrons on the céntral atom. Thﬁs since exchange
between the cenfral atom's 1s electrons and electrons iﬁ.érbitals on other

atoms is negligible anyway, its neglect in the above A (1/r) approximation to

V, is of no conééquence. It should be emphasized that while the objections to

R

the_approximatibhs made in the GPM approach (see the discussion fdllowing
Equation (22)) are equally_yalid for the Vn(Z + l).ferm in the RPM approximation,
these objections éﬁply with mﬁch.less force to the RFM estimation of the
differencevVR in Equation (33). The reasdn for this is that the VR estimatg
is ciosely related to electrostatics in that it measufeé the response of é
charge distribution fo the sudden appearance of a pbsitivé charge. Errors
.in the charge distfibﬁtion are of less consequence in estimates of VR, for
which the molecular geometry is fixed, than in predicting AV from one molecule
to another;

From the aﬁove argument we may infer that it is worthwhile to»evaluate
the error incurréd in the RPM estimate of VR by the A (1/r ) approximation.
To this end we have compared in Table 6 the values of VR(ls) as calculated
2) 2,3

' 2
in the equivalent-cores approximation for atomic C(2s72p~), N(2s72p~),

O(2s22ph), and_F(2522p5), using Mann"s8’13 atomic integrals. This comparison

shows the RPM estimatesvto be 8 - 10% high. Applying the ratio

Vo (4F,G)

TRiEoy T 099

R
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TABLE 6

ATOMIC ls—ORBITAL RELAXATION ENERGIES FROM EQUIVALENT—CORES ESTIMATES (IN eV),
-USING MANN'S INTEGRALS (REFS. 8, 13) '

Method - ces?2p?)  N(2s%2pd) Coo(es®pt) - F(esPep?)
Aty . 19.0 235 . 218 32.2
AFT : o ,_17.75 - 22,0 ' 26.3 30.6
AFe® e 21,k 256 . 29.8
AFE)/A Y o905 0.911 0.921 0.925

aUs:i.ng 1s - 2s,p Coulomb integrals only.

bUsing Coulomb and exchange integrals.
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for atomic carbon in Table 6 to the RPM estimates of V_ in Table 5 (an admittedly

R

rather crude chrection), we obtain the values of V§‘= 0.905 shown in the last

column of Table 5., They agree quite well with the ab initio values, thereby
incréaSing our‘éonfidence in the RPM sapproach fpf estiméting.VR.

One possible application of VR (or Vé) values ébtained from the RPM
model would be iﬁvcalculafing Einding energies in moleculés for which ab initio
orbital energies in the ground state were available° Forva molecule containing
N inequivalent atoms , this approach would yieid all N core-level binding energies

" without the N édditional ab initid hole-state calculations that would otherwise

be required. The binding energies would be given by
_ Lo v ‘
Eg(i) = (i) - vp(i) ' : (34)

where 1 refers to any of the ineqguivalent core-level holes.

We turn now to trends in VR‘ These can be best understood if we establish
an intuitive pictﬁre of the dynamic relaxation process that accompanies photo-
emission., In atoms this relaxation occurs adiabatically, as discussed in the
second section, The relaxation energy is a consequence of the increase in the
repulsive contribution to the potential of the core level by electrons in
outer orbitals, due to their relaxing toward the core-level hole., The same
effect occurs in-.molecules, but with a lérger relaxation enérgy because
additional electrons can relax toward the hole through bonds. In'fact
calcglated values of VR’ which are set out for a numbef of molecules in
Table 7, show a marked tendency to increase with molecular size. A nice

intuitive way to think of this relaxation phenomenon is to consider the

fate of the unbalanced "positive'" hole-state charge that is created on



-3

LBL-1970,
w7 | | -
| CALCULATED POTENTIALS (IN ev) AND CHARGES (IN UNITS OF |e|)
Molecule vz v(z + i) VR - . a(2) a(Z + 1)
Carbon Nuclei
co 88.21 112.03 11.92 +0.0k +0.58
~co, 82.31 108.02 12.86. +0.5h +0.76
HCN 88,57 117.36 14,40 +0.03 +0.21
cF, T7.75  107.56 191 +0.81 +0.73
HCdOHv 8L4.37 11k.98 15.31 +0.38 +0.37
CF H 80,3k 111.10 15.381v- +0.61 +0.51
C_H, 88.89 119.74 15.43 ~0.06 -0.01
C_H, 89.27 120;h2 15.58 -0.06 -0.08
CFH, ‘83.06 114,52 ©15.73 +0.k0 | +0.30
CH, - C'Fy 80.8k 112,56 15.86 +0.60 4054
CH), 88.88 120.65 15.89 ~0.05 -0.09
CFH3 85.89 117.73 15;92__ | +0.18 +0,10
c*ﬁ3CH2NH2' 80.89 112.88 16,00 +0.60 40,5
HyC - c*FZH' 83.22 115.44 16.11 -~ +0,k2 +0.36
CH JOH - 87.01 119.27 1613 £0.14 - +0.07
CFy - CFy 79.18 111.56 16.19 +0.56 +0.48
HC = C'F, 83,02 115.51 16.25 +0. Lk +0.40
H.C - C"FH, 85.82 118,42 16.30 . -0.05 -0.06
C*F, - CF, - CF 79.11 111.94 16,42 058 +0.50
CH, - CHy 88.54 121.56 16.50 0.00 -0.03
CH, = C*HF 85.93 118.97 16.52 +0.21 40.18
C*Hy - CHF 88.10 121.15 »16Q53 +0.21 +0.16

{continued)
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TABLE 7 (continued)

Molecule o v(z) V(z + 1) | v a(2) q(z + 1)

Carbon Nuclei

HQC/ZQ:\CHE - 86.95 120.01 16.53 +0.09 +0.06
CHF = C*F2 82.57 115.73 _16,58  +0.39 +0.3k
CYHyCHNH, : 88.69_  121.9k 16.65  -0.03 -0.05
c*H3 ;»CHF2 | - 87.70 121.12 16.71; . -0.08 -0.10
c*Hy - CF 87.18.  120.68 16;?51_ -0.11 -0.11
C*Hé - ciF 88.66 122.42 16.88 ~0.11 -0.10
(c*H3)2CHNo2 ' 87.50 121.35 1 16.93 . -0.02 -0.05
C*HF = CF, '. 85.28 . 119.20 ,v 16;96' 40,07 . +0.05
c*H2'= CF, o 88.30 122,28  16.99 ~ -0.18 -0.16
CH,NO,, 85.87 . 119.86 . 16.99 - -0.03 -0.09
CF, - c*F, - CF | 80.93 1;5.52 17;36 | +0.28 +0.22
1,3,5-CcH;Fy (Cp carbon) 84.50 . 119.36 17.43 . +0.28 +0.26
(CH,) ,C¥HNO,, 85.79 120.92 17.57 +0.05 +0.03
cyclo CF¢ (CF, carbon)  80.85 116.10 17.63 +0.37 +0.29
cyclo C)Fg o 81.16 . 116,45 17;65> +0.33 +0.2k
para CgH)F, (cf carbon)  85.%0 $120.70 17.65 ¥0.22 +0.19
CeHe | 88.31  123.68 »17.69 40,01 +0,01
para C ) F, (Cy carbon)  87.63 123.23  17.80  -0.03 -0.03
1,3,5-CcFoHy (Cy carbon) 87.91 123.79 17.9% ~0.14 -0.12
CeFe ‘ 83.68 119.58 17.95 +0.16 = +0.13
cyclo C)Fg (Cp carbon) 84.03 119.96 17.97 +0.13 +0,08

(continued)
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TABLE 7 (continued).

Molecule | : v(z) . v(z+1) ‘_Vé‘” - a(2) a(z + 1)

Nitrogen Nuclei

NO | . 13043 1163.89 -15.73,: +0,042 +0.50%
N, o | S 13322 16656 o 16.67 0.00 +0.38
NN O o 124,82 16126 | 18.22 4047 +0.56
 HCN L . 13k.b7 171.46 18.50 - -0.10 . +0.21
N, 135,54 173.56 19.01  -0.23 ~0.10 .
N*'NO o 132,52 - 170.99 - '197éh ~-0.15 +0.15
NF, L 125,31 163.98 19.32 +0.36 +0. bk
CHJNH, - 135.17 17467 19;75’  2019 -0.05
HN - NH, L 13k, 46 17k b1 19.98 -0.13 1-0.03
NF, 1312k 171.35 . 20,00 +0.23% +0.53%
CH N0, -,> 124,22 164.22 20.00 +0.50 +0.48
NO,, _— '125.58 , 166.36 | 20439- ' +o;u8? +0.63%
(CH,) ,CHNO,, 124,67 - 165.61 2047 4047 +0.L6
CaHSNO,, o 1250k 166.26 20,61 +0.MT +0.UT
NOF . ;} 119,16 160.71 20,63 +0.70 +0.58
NF), | 12776 173.73  22.99  +0.16 +0.07

Oxygen Nuclei

%2 ) 185.30 - 214.06 k.38 0,00% +0.30°%
NO . 185.95 - 226.63 20.35 ~0.0L® +0,30%
No, | 188,29 228.98 20.35 -0,24*% +0.12%
H,0 o 192,22 233.47 20.63  -0.41 0.0
NNO : 191.02 233.80 21.39 ©  -0.32 +0.15
o _ 187.39 230.31 21.46 -0.0k +0.25

(continued) -
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TABLE T (continuea)
Molecule v(z) V(Z +1) 'V§  a(z) a(z + 1)
Oxygen Nuclei
CH 0H 189.97 23k, 32 22:18  -0.26 ~0.U7
HCO*OH 191.38 237.97 22.36 -0.30 0.00
~ CH,CH,O0H 190.12. 235. 4k 22.66' 5o.é6 +o.o3
C_H),0 189.79 235.42 22.82  -0.21 +d.11
cnéNOé 191.33 237.60 23.iu . -0.33 +0.03
HCOO™H 188,16 232,88 23.30 0.2k +0.07
(CH3)20HN02 191058' - 238.65 .23.5ﬁ - -0.33 +0.01
CeHsNO, 191.88 239,L5 23.79 - ~0.34 0.00
(CH4CH, )0 189.92 238.2h 2Lh,16 -0.23 +0.,02
C)H,0 (furan) 189.10 237.6k4 2k, 21 -0.19 +0.05

aThe values were calculated by R. L. Martin for ref. 27 using INDO orbitals.
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photoemissipn. :Thé.inward polarizétion of neéative eléc@foﬁiéfchafge to:
shield the core holevis approxim@tely describable as outward éxpansion Qf a‘
unit of positiveléﬁarge dﬁe to Sélf-repulsion‘ ~ Thus #é.woﬁld expect thé

final state of a_diatomic_moleCﬁle to shoﬁban:electron poﬁplation distribution
_similar to the iniﬁiai state; but with an additional'chérge'of N+ oe/2 on each
atom (this does'nét imply that the core hole is delocalized: it is not).
Similarly in éISjmmetrical ﬁoleéule such és CHM Or'CFh fhé C(ls) hole staﬁe
Should'haVe N+ e/l additiohal charge on each liéand; :Thié’picture is only
quaiitative: it:déesn't accounf for subtle chemical effeéfs in a highly-polar
molebule._‘Neveftheless it.gives a pefhaps,surprisinély’écéurate pfediction

of chargé'distributiéns in final states. Table.Tvlisté; in addition to Vg,
Vv, and Vn(Z + i)} the RPMAestimates'of initial- and final-state central-atom
charges in ﬁhe.méléculés listed. From.these charges wéfcén déduce that thé
additional chargéslafter'ls photoemission on the two afoms.of N, and CO are

2
+0.38) - N(40.62), c*(+0.54) - o(+o.h6),_and c(+o.71) - 0%(+0.29), in rough

N
agreement with the above estimates of +1/2 for each atom. In CHh and CFh the
ligand atoms gain +0.26 and +0.27 units of charge, respécfively, in excellent
agreement with the prédictions. .. | |
‘Entriés-iﬁ Table T are 1isted in order of increasiné VR. The predicted

=23 -

shifts have been_éompared with experimenﬁﬂelsewherego . For brevity we

shall simply note hére that agreement is vefy gbod, especiélly for the RPM
approximétion., A few applications of the results in Table 7 are made in the next
| section., To indicate the importance of the relaxatién enérgy term, we note

the total range of 1ls binding-energy shifts for these second-row elements is

Vv 12 eV or less, while VR can vary by up to 10 eV (although exclusion of

di- and triatomics reduces this range to 4 eV). Relaxation therefore cannot
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be neglected in assessing binding-energy shifts. Even ab initio orbital energies

.should ﬁot correl@te well with experimental binding energies if molecules with
very different relaxation energies are compared.

We close this section by noting from Table 7 three additional trends
in VR for C(ls).holes, apart'ffom the major trend of én'inqrease of VR'with

molecular size. These are a {related) increase in V

R.as_ligands are added to

an atom, a slight decrease in VR on substitution of F‘forvH, and a tendency

 for unsaturated or cyclic systems to have large values of VR'

APPLICATIONS AND SUMMARY
The principle cobject of this paper was to describe the calculation
of core-level binding—energy shifts from potential models that were applicable
to "intermediate-level" molecular wavefunctions. Comparisons with experiment
. Lo . 20-23 . . . L s
are described in detail elsewhere . In this section we simply indicate

some of the applications of both GPM and RPM thebry. Finally a brief summary

is given of the approximations entailed in these two approaches.

Some Applications of the GPM Method

DetailedICOmparisons with experimentgo_23

have shown that GPM pre-
dictiohs based on CNDO/2 wavefuﬁctions giv¢ core-level shifts in excellent
agreemént with experiment, provided that only similar.molecules are compared.
From the discussions in the last section and following Equation (22) we may infef
that "similar" in this context would preclude comparisoﬁ OfAlarge and small
molecules, of molecules wifh different nuﬁbers ofvbonds to £he central atom,

~of cyclic or unsaturated molecules with saturated, straight-chain molecules,

and perhaps of fluorine-substituted with unsubstituted hydrocarbons. In fact
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only the firsf'three'restrictions are quahtitativély‘very impbrtanf. - Thus
standard deviations of from 0.1 to 0.4 eV in comparisdns between theoretical
. ' - j v I 2
GPM C(1s) shifts and experiment were obtained for fluorinated alkanes 2, , .
21 ., - 23 23 , . . ‘
benzenes =, ethanes ~, and ethylenes ~. The advantages of comparing only
molecules with the same number of bonds to the central atom have been noted
- | o
for 0(1ls) shifts 3,
o L2 - o
The atomic-charge (or ACHARGE) analysis l, which has been reported
L , L ) 21,25,26
in several very similar variants , is closely related to the GPM model
in its point—charge Version.A The difference is that ACHARGE yields an experi-

mental set of atomic charges {q } from the measured blndlng—energy shifts {5 }

through solutlon of the equatlon

=

H>

where the matrix elements Aij depend oﬂly on_molecular'geometry and the atomic
integral Va in Equation (22) (or k in Equation (16)). ACHARGE atomic charges

generally show very good to excellent agreement w1th CNDO charges. We have discussed

this conclusion'elsewhere21’23 and will simply illustrate it here by plotting

27

in Figure 3 the two sets of charges for H, C, and F as derlved from fluorinated
hydrocarbons21 23. These values of q (ACHARGE) were 'all obtained from binding
energies measured in gases. We believe that they are to be preferred over

25,26

results from solids ,» for which lack of a suitable reference level precludes
a rigorous determinatien of shifte. The good agreement>in Figure 3 suggests that
chemists may have in binding-energy shifts an operational means for determining
that elusive quantity, the atomic charge.

The GPM method is also useful in calculating diamagnetic shielding

corrections for NMR spectra. Basch showedl6 the connection between the average
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diamagnetic shielding constant 02# and binding-energy shifts. This can be

.writtenl

_ VA '
. ) : 2
a0% (in ppm) = o.os(Ava(z ‘ Z%) inev) (36)
v : aj
J
after substitution bf appropriate values for physical consﬁants.
Since this pp' GPM calculation predicts binding energies to v 1 eV,

it follows that this equation gives diamagnetic shielding constants to

v 1 ppm or better in most cases.

Typical Applications of the RPM Method

The RPM method is likely to be of particular value.in calculating shifts
for cases in which variations in VR can affect the observed shifts., Thus the
N(1ls) shifts in several small molecules are predicted much better.by RPM than
by GPM éalculations, with standard deviations of 1.3 eV-and 2.35 eV, respectivelyEz.
The C{1ls) shift in carbon monoxide is very badly predicted by the GPM
method because CO is compared with larger molecules. The predicted value for
EB(C ls;CO) is relati?ely too lowbin GPM becauée Co hasba mﬁch smaller value
-of VR than the other molecules. The RPM approach bripgs CO into reasonable
agreementzg. |
Thefe are also cases in which poor'agreement be£ween GPM predictions

and experiment is obtained even though chemically similar compounds are being

compared, Ammonia and the methylamines provide an example., The GPM theory
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5 to (CH3)3N, wherea§ it ;n fagt
decreases by 0.8 eV in exéellent agreement with RPM predictionses. Similar

27 .

behavior has been cobserved and explained in nitroxides“'.

predicts EB(N 1ls) to increase by 1 &V from NH

A solid-state problem of some interest is the relative c(1s) binding
energies in graphite and diamond. The most accurate experimental values of

E5(C 1s) for these two cases_are28’29.

Eg(c 1ls, diamond) = 284 . LL(T7) eV

EE(C'ls, graphite) = 284.68(20) eV .

| o .
Since the graphite work function is known to be L.6 v3 ,» we also have its

binding energy relative to the vacuum level,
Vv .
EB(C 1ls, graphite) = 289.3 eV- .

CNDO calculations'fér these (infinite) lattices are of éourse not poésible,

but we have calculated C(1s) relaxation eﬁergies using the RPM ﬁethod for a.
number of two-dimensional hexagonal arrays of carbon atoms, to simulate the.
graphite lattice? The outer carbons were faken as being bbnded to avoid
"dangling bondsﬁ:and open orbitals, so this calculation Qas in fact done on

the most central'carbon atoms in the planar éromatic mbleéules benéené,
anthracene, etc., as shown in Tablé 8. There is a clear tendency for VR(C(ls))
to increase with:increasing molecular size. We plotted VR_against (nc = number

/2 -1/2

of carbons)-l , and extrapolated to n, = 0 to obtain the limiting value

VR(graphite) = VR(C6H6) + (1,6 + 0,2) eV .
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'POTENTTAL AT CARBON ATOMS IN MOLECULES SIMULATING GRAPHITE ENVIRONMENT (IN eV)

Moleculeaﬁ' _ ng, v(zZ) V(Z + l)" Vﬁ
6 88,31 "u3123.68 17.69
10 87.79 123.93 18.07
13 88.03 - 125.36 18,66
16 87.77 125.03 18,63
32 87.91 126.18 19.14

®potential is calculated at carbon indicated by "C".
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The n_l/2 plot was chosen in the expectafion'that the excess positive charge

c
1/2°
C

in the relaxed final state would‘go to a radius R « n © on the outside of the

/2

oo . : . 2 i
molecule, when it would exert a potentigl V " e2/R N oe /né. on the hole state.

A‘l/nC extrapolaﬁion would'yiéld essentially fhe same result. OSince the
meésured'C(ls)-binding energy in benzene is 290. 4 eV21, an.additionai relaxation
energy bf 1,6 eV would give EB(graphite, theory) ='288;8"eV. Aﬁ alternative esti-
mate of 289.3 evswas obtained by extrapolating the RPM es#imates of EB’ and comparing

with the benzene value. Thus we estimate a "best value" of
EB(graphite, theory) = 289.0 = 0.3 eV

in good agreement with the experimental value of 289.3 eV. Thus it is possible
to make an estimate of a core-level binding energy in a solid from RPM theory.
A similar estimate was made for diamond, based on only methane and neopentane.

The result was
EB(diamond, theory) = 288.2 + 0.5 eV .

This could be compared with experiment if the work function of diamond were

known.

Summary of thevGPM,and RPM Approximations
| The two models for calculating cpre-level binding-energy shifts from
CNDO wavefunctions may be summarized as follows:

1. In both cases the core-level shifts are approximated by shifts in
the potential at the nucleus: AEB = -AVn; Thus the spatial extent of the core
state is neglectea, as are shifts in exchange terms involving it.

2., In the point-charge modification of GFM or‘RPM, the potential due
to other atoms is approximated by a term of the form iq/R. This version is

most directly comparable with the ACHARGE model.
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3. Iﬁ-tﬂé bp'.modifiéationbof GPM or RPM, rbl”iﬁﬁegrélé are calculated.
For invariance.to coordinate tranSformations this'neceSSitéﬁes retention of
certaiﬁ édditiéﬁalA(pp')'terms in the potenfial. | |
| 4, 1In fﬁé'RPM_approach, the éffect of_é'éore hbie'state on the potential

is.simulated bj rebeating.thelCNDO caicuiation wiﬁh the'nuélear charge on the
central atom ihcfgéSed by one unit. Bindiﬁg energy shifts are then given by
| -(1/2)A[vn(z)'+ yﬁ(z + 1)], and the relaxation ehergy by (1/2)[v (2 +.1) - v (2)].

. A1l theéefﬁpdifications are remarkably successful in predicting'core_
level‘binding—energ&.shifté.'*The-pp' modification of RPM_is the soundest

theoretically and it also agrees best with experiment.
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FIGURE CAPTIONS

Figure 1. Illustration of the necéssity for retainiﬁg:the <p|r-lTp")_matriX
elements; ih (a), the x coordinate axis is collinéér.with the A - B bond;
thus p; = p_ aﬁdvonly <px|r-l|pX ) matrix elements need be considered in
calculating the potential at A due to this orbital.  Ip (b) the axeé are
tilted and (pxlr—llpy ) are nonzero and must be retained. |

Figure 2. Comparison of C(1ls) shifts from variéus GPM calculations with
experimenf for the fluorinated methanes.

Figure 3. ‘Atomic‘charges on C,VF, and H in units of Iel from CNDO/2 calculsations,
versus chafges derived from ACHARGE analysis of binding eﬁergy shifts, for
27 fluorinated hydrocarbons. The range of,chargesvfound on the following

s to

types of atom are indicated: F, H, and carbon bonded to H (CH),

fluorlne_(CF) and to two, three, or four fluorines (CF2’ CF3’ CFh)’
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