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Abstract:

energies (ABE) is considered for CNDO wave functions.

direct consequence of the analysis.

The use of changes of the average potential at a nucleus to measure the changes of core electron binding

The often used equation ABE = Kg + V + Lisa

Here g is the charge of the atom whose core electron is considered, ¥ is the

potential at that atom due to charges at other atoms, and K and L are well-defined quantities, instead of empirically

adjusted ones as in previous studies.

Earlier applications are considered in light of this analysis, from which only C

1s ABE’s are seen generally to correspond to the potential changes and from which the deficiency of CNDO in
describing the electronic structures is inferred. Further calculations using the potential produce only modest gains

in accuracy, as is also the case for calculations in which both g and ¥ are allowed adjustable parameters.

and suggestions for further work are given.

In the rapidly developing field of X-ray photoelectron

spectroscopy (XPS or ESCA) there have been many
useful correlations of shifts in core binding energies
with various quantities, as reviewed in previous pub-
lications.=* One of the more common has been the
point-charge potential model?

ABEs = kqa + V + 1 (1

where k and [ are adjustable parameters, g4 is the cal-
culated charge at the atom A of interest, and ¥V is the
potential at A due to calculated point charges at other
atoms.

V = > gs/Ras
BEA

From a more fundamental viewpoint it has been
shown?®¢ that ABE’s depend linearly (with slope near
unity) on the change of the potential at the nucleus on
which the core orbital sits, when the potential
is the quantum mechanical average calculated from
an accurate ab initio SCF-MO wave function. The
contribution to the potential from the core MO’s at
the home nucleus is insensitive to environment, and po-
tential changes are the same as changes in the potential
with the local core contribution removed. Further-
more, because the core MO’s at other nuclei screen
their home nuclei completely as far as the potential
at the given nucleus is concerned, these other core MO’s
can be ignored in the potential calculation if their home
nuclear charges are appropriately reduced. Thus one
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Discussion

need only consider the potential at atom A dye to
valence electrons

Bear = —2 2, {pi|l/rald) + 2 Zs*/Ran @3]

i#core B#A

where ¢; are doubly occupied MO’s, r, is an electronic
position from A, and Zg* are the effective reduced
nuclear charges. Detailed analysis® suggested that
the observed ABE — A(®,.1) relationship should be
general. Since ®,. can be calculated from valence-
only MO theories, there thus exists a possibility of
finding core ABE’s by explicit consideration of valence
electrons only. We have investigated this approach
using the extended Hiickel theory,” and Davis, et al.,*
have recently published similar work on fluorinated
methanes and benzenes, using CNDO theory.

In this paper we discuss a ABE expression which is
a direct consequence of using the valence potential
&$,q1 of eq 2 to measure ABE’s when the CNDO approx-
imation® is systematically applied® and which has the
same form as eq l. In contrast to previous applica-
tions of eq 1, however, the quantities corresponding
to k and / are well defined. We consider previous
applicationsinlight of this fact and present some further
related calculations and discussions.

Substitution of LCAO expansions for the ¢; in eq 2
and application of the CNDO approximation® ! sepa-
rate the electronic part of @, into 1- and 2-center parts.
The 1-center part reduces!® to — KP4, where P, is the
valence electron population at A, and K, is the nuclear
attraction integral of a valence STO at A for nucleus A,
with value {a/na for an STO of principal quantum
number 74 and orbital exponent (4. Great simplifica-
tion also occurs for the 2-center parts if all relevant nu-
clear attraction integrals for nucleus A are given a value
1/Ras. This choice is dictated by the requirement that
®$,.1 be invariant to arbitrary orientations of the basis
functions,! as in the formulation of CNDOQ;® and it
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seems to introduce negligible error.® The resulting 2-
center electronic contributions are —Zp«aPs/Ras,
where the Pp are valence electron populations at the
other atoms B. Since gg = Z* — Pp, combination of
these electronic terms with the nuclear contributions in
eq 2 produces the simple result

@0 = —KaPa + ¥V

which can be written in terms of the charge via addition
and subtraction of K Z*

®oa1 = Kaga + V — KaZy* 3

The form of eq 1 is directly obtained by assuming
ABE = A®,,; and using a reference potential ®,,® from
which shifts are measured

ABE = Kuga + V + L (4)

where the identification L = — K, Z * — &,,® is made.

Previously? k in eq | was identified with the Coulomb
repulsion integral (ksc) between a core and valence elec-
tron at atom A, rather than the nuclear attraction inte-
gral K, which enters the potential, but in practice it was
treated as an adjustable parameter. Table I summar-

Table I. CNDO Defined Quantities in eV, Ks and L of eq 8,
Coulomb Integral kac, and Least-Squares Parameters
k and/of eq 1°

Ka kact kb Le 14
C  22.108 22.0 21.9 0.769 0.8
N 26.530 26.4 21.5 0.0 -1.7
0  30.951 30.7 25.8 0.0 ~0.4
F 35373 35.1 27.6 3.248 1.7
S 16.477 16.5 13.8 0.237

a All in electron volts, * From ref 3. ¢ Calculated by us using
eq 7 and data from ref 3. 94 Calculated by us using eq 1 and
the data of ref 3. Because of round-off, these / values are the
average of a small range of / values found for each atom. For S,
however, values ranging from 0.12 to 3.2 were found. There
appear to be mistakes somewhere in the S data of ref 3,

izes Ky, kac, and the least-squares k values for C, N, O,
F, and S atoms.? While K4 and kac are similar, only
for C s does the adjustable parameter k¥ nearly equal
these defined quantities. Table I also presents the
parameters / and L. Again, only for C Is do /and L
have about the same value, and it is clear that the
CNDO correlations using eq 1 do not correspond to the
use of the potential except in the case of C 1s. This is
not surprising, since even ab initio MO wave functions
do not give good ABE’s unless they are in terms of an
accurate basis set,®° and one could not expect a priori
that a minimum basis semiempirical MO scheme would
do better.”: 10

We might inquire whether an accurate description
could be found by consideration of families of quite
closely related molecules, as Davis, et al., have done.?
There are a few such groups for O, N, and F in Table 11,
where for all molecules we summarized our calculated
®..1 and the experimental ABE’s, based on ref 2. The
molecules H,O, CH;OH, and C;:H;OH are one set for O
Is, but ABE and A®,. are not the same. Similarly
CH;CHO and (CH;),CO are not relatively well de-
scribed. In fact, CNDO seems rather poor for O Is
and has led to an incorrect ordering of the O 1s BE’s in
acetic acid.® But C¢H;NH, and NH; for N 1s, and

Table II. Valence Potentials at the Nuclei and Various
ABE Calculations, Based on CNDO-MO Theory®
—®yal Eq 1® Eq 5¢ Eq 64 Exptl®

CH, 89.201 -0.1 0.3 0.3 0.0
*CH,;CH.OH 89.019 -0.0 0.4 0.4 0.2
*CH,COCH; 88.706 —0.2 0.7 0.7 0.5
*CH;COH 88.597 0.5 0.8 0.7 0.6
*CH,COOH 88.499 0.4 0.9 0.8 0.7
CH;OH 87.064 2.1 2.3 2.4 1.6
CH;*CH:OH 86.848 2.3 2.5 2.6 1.6
CS, 85.215 3.9 4.1 4.0 2.4
CH,;*COCH; 86.010 3.2 3.3 3.4 3.1
CH*CHO 85.920 3.3 3.4 3.5 3.2
CH,;*COOH 84.714 4.5 4.6 4.7 4.7
CO 88.310 0.9 1.1 1.2 5.2
CO: 82.476 6.8 6.8 6.8 6.8
CF;H 80.919 8.4 8.3 8.2 8.1
CF, 78.930 10.4 10.2 10.1 11.1

rms error 1.23 1.218 1.215
C¢H;NH, 136.294 —-3.8 —3.7 —3.8 —4.4
NH, 136,339 -39 —3.8 —3.8 —4.3
*NNO 132.835 -1.0 -1.7 —-1.5 —-1.4
N: 132.650 —1.7 —1.6 —-1.6 0.0
C¢H:NO. 126.410 1.9 2.2 2.1 1.7
N*NO 125.344 2.9 2.8 2.8 2.6

rms error 0.78 0.763 0.760
CH,CHO 190.374 -3.7 -—-3.2 -3.9 -5.5
CH,CO*OH 191.490 —-4.5 —-3.7 —4.3 —4.9
CH,C*OOH 190.390 —-3.4 —-3.2 -2.5 -3.1
C,;H;OH 190.892 —4.1 -3.5 —4.0 —4.5
CH,;0H 190.323 —-3.6 —3.2 —-3.4 —4.2
CH;COCH; 191,152 —-4.4 —-3.6 —4.6 —4.1
SF.0 194.340 —-6.2 —5.0 —4.6 —3.7
S0, 192.974 -5.5 —4.4 —4.4 -3.5
H.0 191.030 —-3.9 —3.5 -3.4 —3.4
CO. 189.341 —-2.6 —2.8 -1.2 —-2.3
NNO 190.999 —4.0 -3.5 -3.1 -1.9
CO 186.005 —-0.7 —-1.2 —1.3 —-1.0
0. 185.706 —-0.4 —1.1 -1.2 0.0

rms error 1.22 1.095 0.889
SOF: 253,237 -1.5 -—-0.7 -0.9 —0.8
CHF; 250.859 0.2 0.3 0.2 0.0
SF¢ 251.716 0.6 —-0.1 0.2 0.2
CF, 250.019 0.9 0.7 0.7 0.8

rms error 0.84 0.215 0.121
CS, 99,099 0.2 0.7 0.0 0.0
H,S 99.534 -0.1 0.5 0.4 0.4
SO. 93.127 4.7 4.3 5.2 5.0
SOF. 90.993 6.6 5.6 6.1 6.4
SFg 81.736 14.0 11.1 10.7 10.6

rms error 1.55 0.625 0.174

ad..1 in volts, ABE ineV. ¢ Fromrel 3, ¢Parameters (a, b) of

eq 5: C (0.967, 0.252); N, (0.597, —1.567); O (0.457, —1.101);
F, (0.445, 0.317); S (0.601, 0.752). ¢ Parameters (a, b, c) of eq 6:
C (20.051, 0.858, 1.030); N (17.018, 0.681, —1.609); O (30.678,
1.633, —1.249); F (16.984, 0.566, 1.379); S (—3.150, —0.787,
0.986).

CHF;and CF,for F 1s, are well described.  Clearly one
needs to examine larger sets of experimental and theo-
retical values for such families.

Although generally ABE = A®,,;, a previously used
approach” might still be useful; the potential is used,
but it is adjusted by least-squares parameters a and b in
a trial correlation

ABE = aA®,. + b (5)

This utilizes the same number of adjustable parameters
as eq 1, with “ideal” valuesa = 1, b = 0. In the re-
sults summarized in Table II, eq 5 for C, N, and O gives
only slightly smaller rms errors than eq 1, with the
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rather small sets of F 1s and S 2p ABE’s being a bit
more accurately described. The formally more well-
grounded approach of eq 5 thus offers little practical
improvement over the eq 1 method, and the deficiency
of CNDO for these systems is still obvious.

But one further possibility may be considered here.
This is noticed if one examines eq 4 and 5; in both
equations the relative weights of the local charge con-
tribution (Ksga) and the other-atom contribution (¥)
are fixed. Notice further that in the approach of eq 1,
the local charge contribution is adjusted via the param-
eter k, while the other-atom contributions in ¥V al-
ways get their full unit weight. Both observations
suggest that one might more accurately describe the
ABE’s by letting both the local- and other-atom contri-
butions be adjustable in the form

ABE = aqs + bV + ¢ (6)

Of course ga and V are not independent variables since
the sum of the charges in the system (ga and all gs)
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must equal the net charge (zero for all cases here); but
inasmuch as the CNDO theory is approximate and we
seek ‘‘empirical” relationships, the approach merits ex-
amination. (The older atomic-charge-only correla-
tions?—* are a special case of eq 6 if b = 0 is required.)
Fits according to eq 6 are also summarized in Table II,
the results being similar to eq 5 applications. Only the
calculated F 1s and S 2p ABE’s are essentially more ac-
curate than before, but these cases fit just four and five
pieces of data, respectively, with three adjustable param-
eters, and we should really look at larger data sets to
make proper comparisons.

We conclude with two remarks. First, if CNDO is
to be used for ABE’s, one should focus attention on
families of closely related molecules® and try the more
rigorous potential approaches of eq 4 and 5 or the
more flexible adjustment of eq 6. Second, there is a
need for more accurate valence electron description by
approximate MO schemes and other MO schemes
should be considered ! in connection with ABE’s.

Molecular Orbital Theory of the Electronic Structure of

Organic Compounds.
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Abstract;
of protonated benzene.

Simple ab initio molecular orbital theory is applied to the study of the possible geometries and energies
Using the STO-3G minimal basis set the optimum form of the ion is found to be one in
which the proton is bonded to a ring carbon which assumes approximately tetrahedral coordination.

The form in

which the proton bridges a carbon-carbon bond is found to be less favored, and structures corresponding to edge

and face protonation are found to be poorer still.

The calculated proton affinity of benzene is in good agreement

with experiment, and a theoretical value is proposed for the energy required for the proton to migrate from one

carbon to another through a bridged intermediate.

In previous papers in this series we have considered
the application of ab initio molecular orbital theory
to the study of the electronic structure of simple organic
molecules and ions. We extend our applications now
to consider the species C¢H;t, the ion formed upon
the protonation of benzene.? This system is interesting
and warrants special consideration primarily because
it and ions of similar type have long been implicated in
processes of electrophilic aromatic substitution. Any
structural information derived theoretically on this ion
could in principle lead to a more thorough understand-
ing of the possible mechanisms of such reactions. A
further motive for this research is to enable us to test
whether or not the structure for protonated benzene
resembles to any extent the structures of simpler car-
bocations, in particular the ethyl cation. It is likely
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that any serious direct attempt to elucidate the transi-
tion states involved in aromatic substitution reactions
by ab initio methods can only be carried out realistically
on model systems.

It must be cautioned at the outset that the results
of our technique, as well as the majority of others that
have been applied to this problem, should really be com-
pared only with experimental measurements performed
on the dilute gas. We make no pretense of understand-
ing at this time the effect of solvent media on the struc-
ture and energetics of ionic species, and hope only that
the model we present might be useful as a starting point
for detailed treatments of such effects.

Quantum Mechanical Method

We have applied single-determinant ab initio molec-
ular orbital theory throughout. Unless otherwise
specified, a minimal basis set of functions closely re-
lated to Slater-type orbitals is used. In this basis (STO-
3G), each atomic function is replaced by a least-squares-
fitted sum of three Gaussian functions. These are
associated with the standard molecular set of expo-
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