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It is shown that the concept of atomic charge in molecules is a useful tool in studying electro-
static potentials at the nuclei which in turn are closely related to a number of molecular
properties. Calculations executed on a selected set of widely different compounds provide
extensive evidence that the semiempirical SCC-MO (self-consistent charge) atomic charges are
equally successful in this respect as the ab initio DZ ones.

1. Introduction

The electrostatic potentials exerted at the nuclei
in molecules involve high content of chemical infor-
mation [1]. They are closely related to inner-shell
binding energy shifts revealed by the XPS (or
ESCA) technique [2—6], diamagnetic shielding of
the nuclei [7] and to the total molecular energies
[8, 9]. Consequently, it is desirable to have at the dis-
posal an efficient, inexpensive and reliable method
of calculating the intramolecular electrostatic poten-
tials. It is the purpose of this work to show that the
semiempirical self-consistent charge MO (SCC-
MO) method provides such a simple tool. This is
not surprising because the SCC-MO method proved
very useful in discussing properties of the ground-
state charge distribution in molecules as evidenced
by the calculation of molecular dipoles [10], quadru-
pole moments [11] and ESCA chemical shifts [6].
Conclusive evidence will be given here which shows
that the electrostatic potentials at the sites of the
nuclei can be satisfactorily accounted for by using
the simple and transparent point-charge concept.

2. The Calculations

The expectation value of the 1/r, operator is
given by

=0/ 1/ra |0y == P, L, 1/ra|®)y, (1)
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where the sums are extended over all AOs @, of the
basis set. Employing the Mulliken approximation
®,®,=(1/2) S,,(d+ @2) and Taylor-expansion of
the operator 1/r, terminating after the first term,
one obtains straighthforwardly the following appro-
ximate formula

A
=0 1/rp 10y == Q, (D, 1/ry|®,)
M

= %' Os/Ras., (2)

B
where Q,=P,,+>. > P, S, and Qg= Q, are
B v "

gross orbital and atom populations, respectively.
Here, the provision is taken for the difference in
screening of s- and p-type of AOs. The second term
in (2) is customarily called the Madelung potential
in analogy with the term appearing in solid state
theory. Taking into account the influence of the
nuclei (B # A), the electrostatic potential at the site
of the atom A reads

A (3)
VAz_Z Ql‘ <d)/‘ 1/ra ‘(Du>+ZB:’ (Zs— QOg)/raB -
i

Thus the potential is expressed in terms of formal
atomic charges which combine the computational
and conceptual advantages. The most direct way to
check the point-charge approach is to compare the
results for both sides of (3) calculated within the
same set of approximations. We shall use for this
purpose the ab initio DZ results of Snyder and
Basch [13] for two reasons. It is the largest compen-
dium of ab initio calculations performed on the
medium size molecules obtained at the same level
of sophistication. Secondly, DZ quality of the wave-
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functions ensures that the {0/ 1/r5|0) expectation
values are close to the true ones because this one-
electron property is little affected by electron cor-
relation and use of the larger basis sets involving
polarization funcions etc. [14]. However, before we
employ (3) a short analysis of the Mulliken approxi-
mation is in place. It is known that it works very
well for two-center 1/r4 integrals. The DZ Gaussian
basis set, however, has two primitive Gauss-type
functions per AO which are strongly coupled, i.e.
have large one-center overlap integrals. The accura-
cy of the Mulliken one-center approximation will be
measured by the entity 4,

A=A Ppu| Vra|Pay
= (1/2) SI“’(<¢AH! l/rA }¢A,u>
+ <¢Av‘ l/l‘A ‘ ¢Av>) . (4)

The integrals appearing in (4) are rigorously com-
puted by using Snyder-Basch basis set functions,
which in turn are denoted in pairs by: sl, s2; s3, s4;
x1, x2; yl, y2; z1, z2. It should be pointed out that
4,,=0 if the overlap integral between @4, and @4,
vanishes due to the difference in symmetry proper-
ties since the 1/r5 operator is totaly symmetry. The
first two functions describe “1s” orbital, the second
pair belongs to the “2s” type orbital and the rest
corresponds to three “2p” type orbitals. The rigor-
ous treatment of the one-center term in (1) yields
the slightly more involved expression for the elec-
trostatic potential than (3)

&)

A
Va==2 Pu{®au| 1/ra|®a)+ D (Zs— Op)/Ras.
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Inspection of the (3) and (5) shows that an error
introduced by the Mulliken approximation for the
basis functions @, and @4, residing on the nucleus
A are given by

4 ((pA;u (DAV) = 2 Pyv A;xv. (6)

They are examined for the carbon potentials in a
series CHy4, C,H, and CHOOH (Table 1). Perusal of
the displayed data shows that the largest correction
i1s comming from the appreciable overlapping of sl
and s2 Gaussians. It is, however, constant along the
series. The second largest error is related to
4 (s2,s3) but it varies very slowly. The corrections
arising due to overlapping of valence one-center
orbitals are small while all others, e.g. sl and s4
coupling, are negligible and left out of the Table 1.
It is noteworthy that “Is” contribution (in Mulliken
approximation) is practically constant. It is roughly
three times larger than the one-center contribution
of the complete carbon valence shell. The latter
varies because there are significant differences in
populations of the valence AOs between the mem-
bers of the series. The rigorous (DZ) one-center
contributions of the inner-shell given by “ls” +
4 (s1,s2) + (4 (s2,s3) are compared with the num-
bers obtained by the Slater and Clementi-Raimondi
[15] Is orbitals assuming that Is shell is perfectly
localized and populated by 2 electrons. One ob-
serves that ab initio DZ inner-shell contributions
are constant in the first approximation indicating
that treatment of closed shells as highly localized
unpolarizable cores in semiempirical methods is a
resonable one. Closer look, however, reveals that
“1s” 4+ 4 (s1,s2) + 4 (s2,s3) contributions do de-

Table 1. One-center 1/rc integrals over Snyder-Basch basis functions calculated in the Mulliken

approximation and their corrections (in a. u.).

Molecule “Is” “28”+“2p” A4 (s1,s2) A4(s2,s3) 34 (x1,x2)
+4(s3,s4)

CH, —11.236 —3.876 —0.125 —0.071 0.

CH, —11.238 —3.538 —0.125 -0.079 0.007

CHOOH —11.236 —3.253 —0.124 —0.088 0.005

Table 2. Contributions of the 1s, inner-shell electrons to the {1/rc) electrostatic potentials by

using various AOs (in a.u.).

Molecule “1s” “1s”+ 4 (sl,s2) Slater Is Clementi-
+4(s2,s3) Raimondi 1s
CH, —-11.236 —11.434 -11.4 —11.345
C,H, —11.238 —11.442 —-114 —11.345
CHOOH —11.236 —11.448 —11.4 —11.345
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Table 3. Comparison of the potentials at the nuclei calculated in the point-charge approximation by using ab initio DZ
and semiempirical SCC-MO wavefunctions (in a. u.).

Compound Point-charge approximation Ab initio DZ
expectation value®

ab initio? ab initio® SCC-MO* SCC-MO®

H,0

H - 1.194 — 0.985 - 1.130 - 0.960 - 09727

(6] —22.166 -22.313 —=22.327 —22.303 —22.3409

NH;

H — 1.248 — 1.085 - 1.182 - 1.062 — 1.0463

N —18.293 —18.389 —18.292 —18.349 —18.3709

N,H,

H, - 1.216 — 1.052 — 1172 - 1.059 — 1.0428

H, — 1.223 — 1.086 — 1.166 - 1.053 — 1.0353

N —18.322 —18.345 —18.288 —18.335 —18.3431

H,0,

H - 1.144 - 0934 - 1.079 - 0.898 — 0.9361

o -22.127 —22.251 —22.275 —22.233 —22.2740

CH;0H

H, - 1.185 - 1.072 = 1.137 - 1.037 - 1.0992

H, - 1.186 — 1.091 - 1.131 - 1.032 — 1.1030

H; - 1.218 - 1.020 - 1.191 — 1.049 — 0.9832

C —14.734 —14.708 —14.542 —14.647 —14.6800

o —22.263 —22.397 —22.428 —-22.370 —22.3515

CHOOH

H, — 1.069 — 0.958 — 1.076 — 0.966 — 1.0235

H, - 1.116 - 0.890 - 1.077 - 0913 — 0.9067

G —14.657 —14.611 —14.504 —14.563 —14.5401

0O, —22.182 —22.302 —22.377 —22.332 —22.3201

0, =22.170 —22.298 —22.238 —22.226 —22.2735

HCN

H - 1.089 - 0911 = 1111 — 0.986 — 0.9490

(® —14.672 —14.675 —14.564 —14.682 —14.6686

N —18.228 —18.360 —18.299 —18.350 —18.3110

CH,

H = 1.252 = 1.131 - 1.199 — 1.106 - 1.114

C —14.755 —14.760 —14.607 —14.754 —14.7545

CyHg

H - 1.236 — 1,133 - 1.199 - 1119 — 1.,1223

C —14.787 —14.764 —14.604 —14.740 —14.7453

GH,

H - 1.210 - 1.099 — 1.195 — 1.105 — 1.0950

(@ —14.735 —14.728 —14.607 —14.738 —14.7271

GH;

H - 1.141 - 0.981 - 1.178 = 1073 — 1.0158

C —14.698 —14.708 —14.614 —14.758 —14.7152

N,H,

H - 1.167 - 1.011 — 1.140 - 1.007 — 1.0078

N —18.294 —18.356 —18.270 —18.313 —18.2961

H,CO

H - 1.117 - 1.016 - 1.101 - 0.986 — 1.0508

& —14.665 —14.657 —14.520 —14.611 —14.6096

O —22.199 —22.323 —22.382 =22.351 —22.3181
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Table 3. (continued)
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Compound Point-charge approximation Ab initio DZ
expectation value®
ab initio? ab initio® SCC-MO? SCC-MO®
CO,
C —14.591 —14.561 —14.459 —14.500 —14.4675
O —22.086 —-22.207 —22.228 —22.230 —22.2335
CO
C —14.554 —14.574 —14.536 —14.636 —14.5945
(0) —22.153 -22.277 —22.256 =22.273 —22.2262
NNO
N, —18.107 —18.165 —18.148 —18.178 —18.2000
N, —18.239 —18.228 —18.082 —18.083 —18.0722
(6] —22.141 —22.260 —22.303 —22.290 —22.2494
N,
N —18.207 —18.322 —18.205 —18.239 —18.2326
H,
H — 1.166 — 1.098 - 1.200 — 1.092 — 1.0981
Atoms Weighting factors Standard deviation
ky ka ks
H SCC-MO —1.474 —1.009 0.684 0.046
DZ¢ —1.606 —1.006 0.779 0.032
C SCC-MO —1.253 —0.994 0.672 0.033
Dz¢ —0.933 -0.979 —0.298 0.029
N SCC-MO —1.106 -0.997 0.475 0.022
DZz¢ —0.843 —0.949 —1.024 0.056
(6] SCC-MO -0.719 —0.993 —2.003 0.032
Dz¢ —1.049 —0.995 0.210 0.031

2 Unscaled point-charge values.
b Correlated point-charge values.

¢ Double-zeta ab initio values of Snyder and Basch, Ref. [13].

crease along the series by ~ 0.008 a.u. showing
clearly that some empirical adjustants in the final
point-charge formulae for the intramolecular poten-
tials are necessary. Consequently, we shall use the
weighted point-charge formula

A
VA=_kAl;Q;t<¢#1 1/ra|®uw
+kp2 D (Zs— Qp)/rap+ kas. N
B

where adjustable constants k,;(i=1, 2, 3) depend
only on the nature of the atom A. They are deter-
mined by the least-squares method fitting the rigor-
ous {1/ray expectation values of Snyder and Basch
[13].

The concept of point-charge is more useful within
the framework of the ab initio theory for interpreta-
tive purposes than for the actual computation of

one-electron properties. In contrast, its role is much
more important in semiempirical description of
chemical bonding. Therefore we examined the per-
formance of the SCC-MO method in the calculation
of the potentials at the nuclei. A discussion of this
semiempirical method was given previously [11] and
is not to be repeated here. It should be only pointed
out that Clementi-Raimondi AOs [15] were employ-
ed in the calculations.

3. Results and Discussion

The intramolecular electrostatic potentials cal-
culated by using SCC-MO and ab initio formal
atomic charges for a selected set of widely different
molecules are compared with {1/r,) expectation
values in Table 3. Both formulas, scaled (7) and
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unscaled (3), were utilized. The agreement with ab
initio DZ results is quite satisfactory particularly for
the weighted point-charge approach. This is evi-
denced by the averaged absolute errors which drop
from the 0.11 (unscaled) to 0.03 (scaled) for ab
initio DZ atomic charges (in au). The corresponding
values for the SCC-MO calculations read 0.08 and
0.03, respectively. Thus, the simple SCC-MO meth-
od has on average the same performance as the ab
initio DZ one within the limits of the point-charge
approximation. It is interesting to examine the
quality of the results for particular nuclei. Ab initio
values are better for H and C whereas SCC-MO
results are superior for nitrogen. Both approaches
have about equal performance for oxygen. Another
point of interest are k, constants which are in abso-
lute value very close to unity irrespective of the
atom A. This shows conclusively that the Madelung
term describes quite accurately the many-center
contributions to the {(1/rny expectation values. It
also supports our contention that widely different
weighting factors of the Madelung terms in the
semi-empirical treatments of ESCA chemical shifts
describe in fact a part of the relaxation process
taking place upon photoionization [6]. It should be
mentioned in this connection that ESCA shifts are
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