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Jolly's thermochemical model of core-level binding energy shifts is 

shown to depend on the same approximation that was made by Schwartz 

in deriving the potential model. Several implications for the calculation of 

these shifts are pointed out. 

l. Introduction 

· Shifts in core-electron binding energies (ESCA shifts) are· closely· 

··; 
't 

connected to charge distributions in molecules, and are therefore of consider!ible 

value in elucidating chemical structures. Because of this fundamental connection~ 

ESCA.shifts can be correlated with almost any chemical parameter that varies r· 
''· 

systematically through a series of molecules. Indeed, many such correlations 

have been made. It is sometimes useful to compare two or more types of 

correlation in detail, both to assess their relative accuracies and to gain 

further understanding of both the ESCA shifts themselves and the parameters 

with which they are correlated. In this Letter we demonstrate the near-

equivalence of the potential model and the thermochemical model, both of which 

have been eminently successful in predicting ESCA shifts. 

It is well understood that variations in the electrostatic potential 

experienced by core electrons from one molecular species to another play the 
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major role in ESCA shifts. The potential model has seen early and extensive 

application in explaining these shifts. 
. 1 2 I 

Basch and Schwartz independently 

discussed the basis of the model in some detail, showing that it reproduces 
• 

rather well shifts in both orbital and binding energies. 

Jolly and co-workers 3-
6 

introduced a "thermochemical model" which 

allows the prediction of ESCA shifts from thermodynamic data on molecules and 

ions in their ground states. The model was derived by combining a series of 

reaetions for each compound. All the reactions except one were empirical: 

therefore their energies could be added rigorously. This one reaction was a 

hypothetical "core-exchange" reaction, which was necessary to get rid of the 

( ) 5+ core electron hole in each compound. In this step a C ls core is replaced 

by a (N ls2 ) 5+ core, for example. This reaction is the key to the thermochemical 

model. That its energy, o, is very small is a statement of the concept of 

"equivalent cores". The thermochemical model has been stated in two ways: 

the "strong form" (6 = 0), and the "weak form" (6 is invariant to molecular 

surroundings). Its validity requires only the weak form. 

In the next section the energy change accompanying a core-exchange 

reaction is expressed in terms of integrals that have been used previously to 

discuss the potential model. The near-equivalence of the two approaches is 

then proved (the expression "near equivalence" is used advisedly. While the 

approximations made in the two cases are exactly the same in form, the actual 
• 

integrals r~fer to the initial state in potential model and to an "equivalent ' 
ion" in the thermochemieal model.) In Sec. 3 several con'clusions are drawn. 

'' 
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2. Discussion 

Let us consider as an example the hypothetical reaction 

(1) 

Here a charge 5+ core, consisting of a carbon nucleus plus a single ls electron 

* in the excited ls hole state M produced by photoemission of a C ls electron from 

the molecule M, is replaced by another core of the same charge, i.e., a N5+ ion 

in its ground state. This exchange of equivalent cores yields a hydrogenic c5+ 

core plus the molecule-ion M in its ground state. Host-atom atomic numbers are 

given explicitly both for clarity and to facilitate generalization to other 

* + elements. If M is the hole state of CH4 formed by ejection o.f a C ls electron 

+ . 
from methane, for example, then M would be the NH4 ion in its ground state. At 

this point we encounter the first approximation in the equivalent-cores approach. 

* The molecular geometry of the hole-state ion M is essentially that of the parent 

molecule M ( CH4 in this example), rather th1fin that of the molecule-ion M (e.g., 

NH4+) in its ground state, because photoemission of a core electron is too fast 

to allow relaxation of the nuclei to their equilibrium positions. However, M 

and M should have very similar geometries, with bond distances being slightly 

shorter in Mo Any effect that this difference might have on the magnitude of o 

will tend to cancel out in the shift between two compounds. The thermochemical 

', model is easily generalized to employ the total energy E(M) as obtained from a 

Hartree-Fock calculation, rather than from thermochemical. data. In this case 

the molecular geometry of M could be constrained to equal that of M. 

We can calculate the energy oM of the core-exchange reactions from the 

- * total energies of each of the four species involved, E(M), E(M ), E(C ls,5+), 

and E(N ls
2

,5+). Let us consider E(M) first" It is convenient to express this 

energy in terms of Hartree-Fock integrals" Interactions between any two part'icles 

in orbitals outside the N ls
2 

core will be negligibly affected by core exchange; 
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that is, the integrals formed from such orbitals alone will be essentially 

* identical in M and M. Because they will ultimately cancel out in evaluating 

oM' these integrals will be noted collectively as "(othe~ integrals)" rather ,. 

than being displayed explicitly. For simplicity we shall consider only the 

case in which the ion M has n doubly-occupied orbitals. We can write 

n 

E(M) = 2E
0

(N ls,M) + J(N ls,N ls)M + 2 L [ 2J(N ls,i) 

i#ls 

- K(N ls,i)J - 2 L Zm (N ls(l) lr~!IN ls(l) ) 

m#N 

n 

- 2 L: 
i#ls 

+ (other M integrals) ( 2) 

Equation (2) is written in the standard Hartree-Fock notation: J and K denote 

Coulomb and exchange integrals, E (N ls) is the sum of the one-electron potential 
0 

and kinetic.energies of interaction of the ls orbital arising from theN nucleus 

alone, and ~. is a molecular orbital. Electron-nuclear distances are denoted 
~ 

by rim or rlN' while rmN is an internuclear distanceo The sum on m extends 

over all nuclei other than that of the host atom. 

* The expression for E(M ) is similar to that for E(M), differing mainly 

in that only one ls orbital is occupied: 

n 

* E(M ) = * £ ( C ls ,M ) + 
0 L: (2J(C ls,i)- K(C l~,i)] 

i#C ls 

• 
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n 

-L zm <c ls(l)jr~lc ls(l) > - 2 L zc <cpi(l?lr~~lct>i(l) > 

m~C i~C ls 

* (other M integrals) 

The energies of the other two species can be written 

E(C ls,5+) = 

E(N ls
2

,5+) = 

E: ( C ls) 
0 

2E: (N lsf + J(N ls,N ls) 
0 

( 3) 

( 4) 

Evaluation of the equivalent-cores approach is straightforward provided that 

the terms in Eqs. (2) - (4) are arrayed to facilitate comparisons. Thus we can 

write t.E as 

t.E = 2e: (N ls ,M) 
0 

2£ (N ls) + E: (c ls) 
0 0 

+ J(N ls,N ls)~- J(N ls,N ls) 

* e: (c ls,M ) 
0 

+ L: 
i~N ls 

l 2[2J(N ls,i}- K(N ls,i)]- [2J(C ls,i)- K(C ls,i)] 

(or C ls) 

+ [ zm[::- :~c- 2 <N lslr;:!l• ls) + <c l
1

slr~!lc ls >] 
m~N 

(or c) 

I 

II 
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* + (other M integrals) - (other M integrals) ( 5) 

Term IV consists of differences between pairs of Coulomb integrals, 

exchange integrals, etc. Each pair consists of one member from M and one from 

* M , and no integral involves a host atom (i.e., Nor C) ls orbital directly. 

* If the molecular geometries of M and M are identical, the two terms within a 

pair will be very accurately equal, and the differences will easily be negligible 

in comparison with other terms in Eqo (5). If the molecular geometries of M 
* and M were radically different (if, for example; the symmetries were different), 

then the error introduced by neglect of IV could be very large" However, the 

* rapidity of the photoelectric event assures that the geometry of M is that 

of M, and the geometries of M and M should be very similar, because 

these two species are isoelectronic and differ by o_nly one unit of charge on 

the host nucleus. Thus term IV can usually be safely neglected, 

Term III involves the host-atom ls orbitals directly. It is therefore 

potentially more of a problem. However, the terms are arranged so that the 

coefficients of Z will exhibit a neat cancellation. The physical interpretation 
m 

of this result is that other nuclei (labeled by the subscript m) are attracted 

2 ~ * essentially equally toward the two cores N ls and C ls in M and M , respectively. 

Since the ls orbitals are spherically symmetrical and are centered on the N 

(or C) host atoms, the two integrals in III have the values 

(N ls(l) lr;:!IN ls(l)) = 

( C ls ( l) I r ~ I C l s ( l) > = 

-l 
RmN 

Thus if RmC = RmN, term III will vanish identically • 

. • 

(6) 
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What if RmC and RmN are not exactly equal? From the structure of III 

alone, this would appear to pose a serious problem. Supp9se, for example, that 

RmN were smaller than RmC by a fraction x, i.e., RmN = (1- x) Rmc· Substitution 

into III would yield 5x/RmN as the coefficient of zm. For x = 0.01, Z = 6, 
m 

and RmN = 1.5 A, the zm term would contribute an energy of 0.1 aoUo or 2.7 eV 

to the sum in III. A shift of this size could not be neglected. It is, 

however, only an artifact of the way that the terms in Eq. (5) were arranged. 

Term III was set up to demonstrate that electrostatic interactions between the 

equivalent cores and other nuclei will vanish if RmN = Rmc· Specific consideration 

of the total electrostatic interaction of these cores with all other charges 

in the molecules (including electrons) would have the effect of 

replacing the set {Z} in Eq. (5) by numbers very close :to zero. 'l'his follows 
m 

because differences between Coulomb integrals involving the host atom ls 

electrons and electrons on other centers (from Term II), as well as differences 

between host nucleus--other electron interactions (from Te~m IV) would tend to 

cancel corresponding differences in III. This is a result of the fact that 

charges on atoms in molecules tend to be small. Thus for most cases Term III need 

not be considered further" 

Term I likewise presents no problem. It can be looked upon as the difference 

between the total ls internal energy of aN ls
2 

core, 2£ (N, ls) + J(N ls,N ls), 
0 ' 

in free space and in M, plus a similar difference in the C ls core energy, £ (C ls). 
0 

These ls internal energies are very insensitive to molecular 

environment. 
2 Schwartz found by direct calculation that the C ls internal energy 

. . -4 var1ed by only 3 x 10 

internal energy varied 

a.u., or o.oo8 eV, between CH4 and CH
3
F, while the F ls 

-4 by less than 10 a.u. between HF and CH
3
F. The magnitude 
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of Term I will be substantially larger than these, because this term is made 

up of differences between energies of bare cores and those of cores within 

molecules. However, the variations of Term j: from onemolecule to another will 
' . 

be just the same as those found by Schwartz, because the bare core terms will 

cancel exactly, and therefore negligible. 

Only Term II remains. In studying it we can profitably refer to 

Schwartz's discussion of the potential model. Schwartz 

divided the set of n molecular orbitals <f>. into "distant" and "local" orbitals. 
l 

Because the ls orbitals are highly localized, it is a good approximation to set 

K(N ls,i) = 0 (7) 

for distant orbitals. Furthermore, it is always a good approximation to set 

( <P . ( 1 ) I r :-Nll <P • ( l ) } ~ ( <I> • ( 1) I r :-ell <I>. ( 1 ) } 
l l l l l l 

(Sa) 

J(N ls,i) ~ J(C ls,i) (8b) 

K(N ls,i) ~ K(C ls,i) (Be) 

* for distant~ local orbitals, provided that the corresponding orbitals in M 

and M are being compared. These approximations were not discussed by Schwartz, 

but they follow readily from his numerical results. He found that even for local 

orbitals the Coulomb integral J(ls,i) and the nuclearattraction integral 

( i I r -ll i } differ by only 2-4%. Since the N ls or C ls electrons provide very 

effective shielding of one unit of nuclear charge, the equivalent orbitals <f>. 
l 

J 

.. j 
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* in M and M will be essentially identical, and (8a) should be a very good 

approximation. Because of this result and the fact that the ls charge,. 

distributions in the N ls
2 

and C ls cores in M and M* differ much less from one 

another than either differs from a point charge, it follows that the approximation 

embodied in (8b) should be much better than the 2-4% found by Schwartz in comparing 

J( ls ,i) with ( i I r -ll i ) • ~is should also be true for (8c) although this 

approximation is much less critical because K(ls,i) is typically a factor of 

20-30 smaller than J(ls,i). Combining (5), (7), and (8), we find that the 

contributions of "distant" orbitals (for which (5) is valid) to Term II will 

vanish. For local orbitals, the approximations of Eq.(8) lead to considerable 

cancellation, but the residue 

local 

R- L 
i¥N ls 
(or C ls) 

J 

I 

[2J(N ls,i) - K(N ls,i) - 2 ( cpi (1) jr~~~cpi (1) ) J 

i 

(9) 

remains. Before discussing R, we note that accuracy in the approximations of 

Eq. (8) is required only to eliminate contributions other than R to Term II. 

If there should be a small systematic error in these·approximations (for example 

if J(C ls,i) were always a little larger than J(N ls,i)), such an error would 

tend to cancel in taking shifts between two compounds, anyway. Thus it appears 

that R is the most important contributor to oM. 

The expression for R in Eq. (9) is exactly equivalent to the difference 

between two sums considered by Schwartz, with one important qualification. 

These sums were his "Eq. (1)", 

L (2Jl . - Kl . ) 
Sl Sl 

i=loc 



-10- LBL-653 

andhis "Eq. (2)", 

[ 2 ( L. ( 1) ll/ r
1 

I L. ( 1) > 
1 n 1 

i=loc 

In demonstrating the near equivalence of these two sums, and especially of 

their variation from one compound to another, Schwartz performed the crucial 

step in establishing the validity of the potential model of core-level binding-

energy shifts" By showing that R is the most important contributor to oM' we 

have now derived the result that the thermochemical model and the potential 

model revresent the same level of approximation, with the validity of both 

hinging on the near-constancy of a residue of the form given by Eq. (9) from 

one compound to another. 

The qualification alluded to above is that the potential model as 

discussed by Schwartz invoked only the initial molecular state and.thus 

referred to the orbital energy rather than the binding energy. The thermo-

chemical model allows for relaxation, thus giving the binding energy itself. 

While this could be construed as favoring the thermochemical model if R were 

strictly invariant from one compound to another, the inequivalence of ~ 10% in 

the variation of Schwartz's two sums is perhaps too great to permit making such a fine 

distinction. 

We can use Schwartz's numerical results to estimate the approximate size 

of o for a typical core-exchange reaction. Using his integrals for methane, 

we find 

L [ (2J
1
.- K

1 
.) -2 <L.(l)ll/r

1 
!L.(l) >] = 0.2228 

s1 s1 1 n 1 
a.Uo 

i=loc = 6.0 eV 

) 
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This should be a reasonable estimate of R, and thus of o, for the corresponding 

core-exchange reaction. Thus o is too large to be neglect~d. 
I 

I However, 

the same combination of integrals for CH
3

F gives an estimate of o ~ 5.9 eV 

for this molecule, indicating the constancy of 0 from one molecule to another. 

Thus the thermochemical model is valid in its "weak" form o ~constant, but 

not in the "strong" form o ~ 0. 

Finally, we note that with a little insight one could go from Eq. (1) 

to Eq. ( 9) directly. The .essence of the "equivalent· cores" approach is that 
I I 

the interaction of the rest of the molecule with a ls electron should 'be 

practically equal in magnitude to its interaction with one unit of nuclear 

charge, provided that the total charge of the core is the same for the two 

cases. After differences between the interactions of othert nuclei and distant 

orbitals with these cores have been shown to be small, the residual interactions 

involving local orbitals are compared in R (Eq. (9)). Thus R could have been 

written down ~priori. 

3. Conclusions 

I 
The following conclusions follow from this discussion: 

1. Given identical geometries in the initial molecules M and the 

comparison ion M, the thermochemical model has essentially the same validity 

as the potential model, with each depending on the invariance of a residue R 

of the form given in Eq. (9). 

2. The thermochemical model has the conceptual advantage of dealing 

with final states, wherein the passive orbitals are relaxed. The potential model 

as originally· conceived deals with initial states only, although it can be 
I 
I 

extended to account for relaxation. 7 
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3. The thermochemical model can be generalized. For cases in which 

thermochemical data are unreliable or unavailable, or in which the molecular 

geometries of the ground-state molecule M and the comparison ion M differ, 
) 

total internal energies from Hartree-Fock calculations on M (with bond distances 

and angles constrained to be those of M) can be used in place of thermochemical 

data. It might also be desirable to use the equivalent-cores concept, together 

with Hartree-Fock ground-state energies of equivalent ions M in their ground 

states to calculate core-level binding-energy shifts for cases in which hole-
8 . . 

state calculations were in doubt because hole states are not protected by the 

Variation Principle. 

J 

r, r 
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