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ABSTRACT: Calculations of topological properties of the Laplacian of the electronic
density function [ —V%(r)] evaluated with a parametrical (CNDO) and full-electron ab
initio HF methods were performed. Results for CH,, CH,Cl, CCl,, H,S, and PH,
molecules show that the use of the symmetrical transformation to the basis set is
adequate to build the CNDO electronic density functions that reproduce, in a qualitative
way, the topology of —V?%(r) obtained from full-electron ab initio calculations. The
topology of —Vzpspin(r) was evaluated using CNDO calculations. An analysis of the
critical points was carried out on modeled catalysts (Nis and Mo,S;,H, clusters) to
study the adsorption of C on Ni; and dissociation of H, on Mo;S,,H,. The location of
critical points was associated with the most reactive sites on the cluster surface and used

to predict the C adsorption path and the most convenient orientation of H, for
dissociation. © 1998 John Wiley & Sons, Inc. Int ] Quant Chem 700: 113-123, 1998

Introduction

T he topological properties of the negative of
the electronic density Laplacian V(@ [1]
have become an important tool for the interpreta-
tion of results obtained from quantum chemistry
calculations. Reactivity and catalytic active sites [2]
can be characterized without a tedious analysis of
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the molecular orbitals. The characterization can be
done using only the topological properties of the
electronic molecular density p(r) and its Laplacian.

It is well known that ab initio calculations for
transition-metal compounds are highly demanding
in computing resources, even at the Hartree—Fock
level, due to the great number of electronic inte-
grals involved. Semiempirical and model Hamilto-
nian methods, by their own nature, reduce the
computational costs considerably. These methods
usually are parametrized in order to obtain a good
agreement between the experimental and the cal-
culated geometries and binding energies; never-
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theless, it is not clear if the p(r)’s derived from
these methods can be used in the analysis of the
topological properties of —V%(x).

Previous work [3, 4] using model Hamiltonians
with ab initio core potentials (ECP methodologies)
have shown that the topological properties, such
as geometrical locations of critical points CPs and
their relative values, of p(r) and —V%(r) in the
bonding and valence regions are similar to those
obtained by full-electron HF calculations. Edge-
combe et al. [5] showed also that the semiempirical
AM1 method reproduces the full-electron HF 6-31G
results for the bond critical points.

Since there are numerous sites on a catalytic
surface and different ways to orientate an adsor-
bate, the location of valence electronic charge con-
centrations and depletions in the adsorbate and on
the surface can be very useful for the determina-
tion of the reaction pathway in catalytical pro-
cesses. For example, the H, interaction with the
sulfur atoms of small MoS, clusters (Mo,S; and
Mo,S,) was analyzed in a previous work [6].
Results showed that the maxima of — V(1)
and not the maxima of —V?%(r) give the correct
answer for the H,-dissociation actives sites. H, on
MoS, is dissociated on sites that contain two
neighbor S atoms, leading to the formation of two
—SH groups.

The aim of the present work was to show for
the first time that it is possible to use the topologi-
cal properties of electronic densities extracted from
quantum chemical methods based on parametric
functionals, such as the complete neglect differen-
tial overlap method (CNDO) to characterize the
reactive sites of molecules and modeled catalysts.
The CNDO method has been used to study some
catalytic reactions [7-9].

Background

Bader and other authors [1, 2, 10-13] have
shown that the analysis of the topology of the
Laplacian of the molecular electronic density gives
detailed information about the charge distribution
and reactivity. The regions where the electronic
charge is locally depleted are characterized by
—V%(r) <0, and those where charge is locally
concentrated, by — V(r) > 0. The critical points of
—V%(r), ie, the points where the gradient of
—V%(r) is zero, are classified according to their
type (A, o). The rank (A) is equal to the number of

nonzero eigenvalues of the Hessian matrix of
— V() evaluated at the critical points. The signa-
ture (o) is the algebraic sum of the signs of the
eigenvalues. Only four types of critical points are
possible: (3, —3), a local maximum; (3, +3), a local
minimum; and saddle points, (3, —1) and (3, +1).

According to Bader’s theory [1], the reactive
sites in a molecule are associated with the type
and number of critical points of —V?%(r) at the
outer valence shell of charge concentration OVSCC.
In an acid—-base reaction, the largest (3, —3) critical
point of the base reacts with the deepest (3, +1)
critical point of the acid. For example, it has been
shown [11a] that the active sites on O—Mg or
O—Li for hydrogen abstraction from CH, corre-
spond to the (3, +1) critical points of the —V7(r).

Methodology

The calculations were performed using the
HONDO-8 program of the MOTECC-90 package
[14] and the modified semiempirical CNDO-UHF
method from the GEOMO program [15]. The topo-
logical properties of —V?(r) were calculated with
a modified version of the BUBBLE program
[16, 17]. Full-electron ab initio HF calculations were
carried out with the 6-31G [18] basis set. For Cl, P,
and S atoms, the atomic basis set of the CNDO
method include d atomic orbitals; therefore, d or-
bitals were also used in the full-electron
calculations.

The single-zeta Slater-type atomic basis set of
the CNDO library was used as the atomic basis to
construct the semiempirical electronic density. The
molecular orbitals that arise from semiempirical or
parametric Hamiltonians are expressed in an or-
thogonal atomic basis set that is unknown, because
in the SCF process of these methods, the overlap
matrix is assumed to be diagonal. Three sets of
molecular orbitals were employed to construct the
electronic density functions. The first set was ob-
tained from the final SCE-CNDO molecular or-
bitals, in which the nonorthogonalized single-zeta
Slater-type atomic basis set was employed. For
the second and third sets of molecular orbitals,
symmetric and canonical orthogonalization are as-
sumed; therefore, the final SCF-CNDO molecular
orbitals are changed to the nonorthogonalized ba-
sis set, using the corresponding transformation
matrix.
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Results and Discussion

In this section, the topological properties of
—V%(r) at the OVSCC of the atoms are analyzed
(a) in CH,, CH,Cl, CCl,, H,S and PH; molecules;
(b) for a Nijy cluster; (c) for C adsorption on Nig;
and (d) for H, dissociation on a Mo,S,,H, aggre-
gate, by comparing the CNDO with the full-elec-
tron HF results.

TOPOLOGICAL PROPERTIES OF —V?2p(r)
FOR MOLECULES

The values of the maxima of —V%(r) (—=V%,..)
at the OVSCC region of the carbon atom and the
distance from the nuclei to — V%, (Rc,) using
full-electron HF pp:(r) and CNDO electronic densi-
ties for CH,, CH,Cl, and CCl, molecules are listed
in Table I. The results show that the same spatial
localization and number of maxima of — V(1)
are also obtained with CNDO nontransformed and
symmetrically transformed orbital densities. In the
CCl, molecule, according to the full-electron re-
sults, the C atom has four equally and symmetri-
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cally spaced —V?,,. values. The CNDO densities
show, however, a small spread in the values of
Rep and — Vpmax- This spread may be due to the
low quality of the semiempirical basis set (single-
zeta) or to the use of a noncomplete appropriate
orthogonal transformation. In the case of canonical
orbital orthogonalization, a completely different
picture was obtained. Two maxima, instead of
four, appear in the OVSCC region of the C atom
for all molecules.

The behavior observed in the topology of
—V?%(r) for the C atom (full electron vs. CNDO)
was also found for the —V?%(r) of the Cl, P, and S
atoms in the CH,;Cl, CCl,, H,S, and PH,
molecules (see Table II). Again, there is a spread
between the values for the symmetrically trans-
formed case that does not appear in the full-
electron results. For example, the — V% (r) of the
P atom in the PH,; molecule presents three max-
ima of equal magnitude (—V%,,, = 0.422) in the
regions of the P—H bonds and one of lower mag-
nitude in the opposite region (—V%,,, = 0.311).
The topology of the —Vop(r) using the CNDO
density, shows two maxima of equal magnitude
(—V3 = 0.328) and one somewhat different
(= VPmax = 0.292) in the P—H bond regions. In

max

max

TABLE |
Topological properties of —V2p(r) at the VSCC of the C atom.?
Not
Full electron orthogonalized Symmetric Canonical
Molecule: CH,
Re.cp (au) 0.980(4) 0.685(4) 0.686(4) 0.487(1)
0.479(1)
—Vhmax (@u) 0.834(4) 1.714(4) 1.064(4) 8.550(1)
8.592(1)
Molecule: CH;ClI
Rc.cp (au) 0.956(3) 0.670(3) 0.679(3) 0.464(1)
1.060(1) 0.703(1) 0.659(1) 0.465(1)
—Vmax (@u) 0.953(3) 1.744(3) 1.069(3) 8.934(1)
0.279(1) 1.254(1) 0.995(1) 7.324(1)
Molecule: CCl,
Rc.cp (au) 0.978(4) 0.670(2) 0.653(2) 0.569(1)
0.674(1) 0.657(1) 0.568(1)
0.675(1) 0.656(1)
—VPmax (@u) 0.600 1.413(2) 1.032(2) 3.167(1)
1.397(1) 1.038(1) 2.568(1)
1.423(1) 1.023(1)

#No. in parentheses means the no. of maximas of equal value.
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TABLE I

Topological properties of —V?2p(r) at the VSCC of the Cl, P, and S atoms for CH,ClI, CCl,, PH,, and

H,S molecules.?

Not
Full electron orthogonalized Symmetric Canonical
Molecule: CH,CI (ClI atom)
Rey.cp (au) 1.171(3) 0.930(2) 0.941(2)
1.262(1) 0.950(1) 0.949(1) 5 critical
1.017(1) points
— Vmax (@u) 0.853(3) 1.845(2) 1.664(2)
0.614(1) 2.031(1) 1.524(1)
0.947(1)
Molecule: CCl, (Cl atom)
Rei.cp (au) 1.167(3) 0.929(2) 0.941(2)
1.281(1) 0.946(1) 0.948(1) 6 critical
0.961(1) 1.058(1) points
—Vhmax (@u) 0.899(3) 1.864(2) 1.660(2)
0.561(1) 1.547(1) 1.540(1)
1.827(1) 0.697(1)
Molecule: PHg (P atom)
Rei.cp (au) 1.617(3) 1.204(2) 1.269(2) 0.644(1)
1.439(1) 1.229(1) 1.286(1) 0.884(1)
1.167(1) 1.204(1) 0.993(1)
1.043(1)
—VPmax (au) 0.422(3) 0.878(2) 0.328(2) 0.366(1)
0.311(1) 0.762(1) 0.292(1) 0.824(1)
0.492(1) 0.389(1) 1.974(1)
1.645(1)
Molecule: H,S (S atom)
Rey.cp (aU) 1.290(2) 1.010(2) 1.027(2) 6 critical
1.404(2) 1.107(2) 1.184(2) points
—Vmax (@u) 0.576(2) 1.352(2) 1.107(2)
0.496(2) 0.971(2) 0.416(2)

#No. in parentheses means no. of maximas of equal value.

addition, the maximum of higher magnitude is
located in the opposite region (—V? = 0.389),
contrary to the full-electron results.

The CNDO'’s orbitals transformed canonically
give a distinct number of maxima of —V% with
different spatial directions than those obtained with
FE densities. For example, when the canonical
transformation is used, the OVSCC of the S atom
in the H,S molecule presents six maxima instead
of the four that appear in the full-electron case. For
all molecules studied here, the symmetric transfor-
mation of the CNDO orbitals produces p(r) and
—V%(r) whose topological properties (type, num-
ber, and spatial locations of critical points) are
qualitatively correct. The nontransformed CNDO
orbitals reproduces in most of the cases the full-

max

electron picture, except for Cl in the CH,CI
molecules where three maxima (two —V%,, =
1.845 and one —V%,,, = 2.031) instead of four
were observed.

The CNDO densities produce higher values of
—V%,.., and shorter distances R A-p than those
obtained with the full-electron densities. These fea-
tures are characteristic of the only valence-electron
densities [6] and are a consequence of the absence
of the core electrons. The core electronic density
not only pushes out the valence one by the elec-
tron—electron repulsion effect and by the shielding
of the nuclear charge, i.e., by the dynamic inter-
action between core electrons and valence ones
(radial correlation), but also makes an important
contribution to the OVSCC of the atoms. As a

max
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matter of fact, full-electron densities, where the
core electron molecular orbitals are removed by
hand, present behavior similar to the only-va-
lence—electron densities such as lower R, and
higher —V?%,.. values than those of the corre-
sponding all-electron ones [6]. These results show
the convenience of using the symmetric transfor-
mation in parametric Hamiltonians in order to
produce electronic densities that qualitatively give
the same topology as that of all-electron calcula-
tions.

VALENCE SHELL CHARGE CONCENTRATIONS
ON Ni ATOMS OF A Ni; CLUSTER

Previous works using MINDO /SR methodol-
ogy [19, 20] have shown that one carbon atom can
be adsorbed into the surface of a square-base pyra-
midal Ni;(4,1) cluster. We performed here calcula-
tions for this cluster with a spin multiplicity of 5
and 7 and for Niz;—C systems with a multiplicity

TOPOLOGY OF ELECTRONIC DENSITIES

of 3, but using the CNDO method. According to
the results obtained in the previous section, only
the symmetrically transformed orbitals are used,
because their derived densities have a quali-
tatively correct topology. In addition, this type
of transformation is able to give very reasonable
Mulliken populations on metallic atoms [21]. Be-
side this, the not-transformed orbitals usually give
wrong charges on the metals [7]. We also analyzed
the topology of the Laplacian of the spin density
—Vzpspin(r). The spin density p,,;,(r) is calculated
as the difference between the electronic density
corresponding to alpha electrons p,(r) minus the
electronic density for beta electrons pg(r) [ pypin(1)
= p (1) — p(M].

The values of Ry; ., and — V7, at the OVSCC
of the Ni atoms are reported in Table III. Starting
with different electronic configurations for the ini-
tial guess core Hamiltonian, two electronic states
(7-1 and 7-1I) were found for the septuplet elec-
tronic state of the Nis(4,1) cluster. The electronic

TABLE Il
Topological properties of —V?2p(r) and V?2p spin(r) at the VSCC of the Ni atoms in a Ni; cluster.?
Electronic AE Ni Rni-cp —VDmax Net
state (kcal / mol) atom (au) (au) charge
7- 0.00 1,2, 4 0.380(2) 254.9
0.385(2) 234.3 0.00
0.381(2) 4435
3 0.385(2) 210.2
0.402(2) 152.1 0.00
0.401(2) 212.0
5 0.404(4) 130.6
0.382(2) 548.9 0.00
7-1 +244.9 1,2,3,4 0.380(2) 241.8
0.387(2) 218.2 0.01
0.385(2) 378.7
5 0.404(4) 130.6
0.328(2) 549.0 —0.04
Electronic AE Rui-cp — V% (Spin) max Spin
State (kcal / mol) Ni atom (au) (au) population
7- 0.00 1,2, 4 0.366(2) 86.9 +2.00
0.360(2) 221.2
3 0.258(2) 69.7
0.312(2) 123.3 0.00
0.326(2) 117.0
7-1l +244.9 1,2,3,4 0.360(2) 86.4 +1.52
0.359(2) 173.0

#No. in parentheses means no. of maximas of equal value.
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FIGURE 1. Schematic representation of the
square-base pyramidal Nis(4,1) cluster showing the
position of the Ni atoms and of the —V2 p(r),,,, (small
gray spheres). ltalic numbers correspond to the 7-|
electronic state. Nos. in parentheses correspond to the
state 7-II.

state 7-1I is 244.9 kcal /mol higher in energy than is
the electronic state 7-I. For both states, the Ni
atoms present an octahedral distribution of max-
ima of —V%(r) as displayed in Figure 1. Even
though all the surface atoms [Ni(1), Ni(2), Ni(3),
and Ni(4)] are equal by geometry, the state 7-I
exhibits an asymmetry in the distribution of the
local charge concentrations. The —V%, . values
for the Ni(3) atom are different from those ob-
tained for the Ni(1), Ni(2), and Ni(4) atoms. This
asymmetry is reflected more strongly in the atomic
spin population and in the maxima of — V7, (r)
[ — V%(spin),,,], where the Ni(3) atom has three
different pairs of maxima, whereas the others only
have two, as displayed in Figures 2 and 3. These
results show that a spin polarization exists for the
electronic state 7-1. This symmetry breaking may
be due to the use of single determinant as a varia-
tional trial function or to the fact that 7-I corre-
sponds to an excited electronic state.

For both states 7-1 and 7-II, the maxima of
— Viin(0) for the Ni(5) atom were not found. This
shows that the local spin concentrations are highly
localized over the top layer of surface Ni atoms.
In general, the magnitude of the maxima of

221.2

FIGURE 2. Schematic representation of the Nig(4,1)
cluster showing the position of the Ni atoms and of the
— V2 p(spin),,.« (small gray spheres) for the electronic
state 7-1. Nos. correspond to — V2 p(spin) ., Values.
See Table lIl.

—Vp(spin),,, are lower than that corresponding
to — V., because p; (r) is associated with a
lower number of electrons than that of the total
molecular electronic density [ p(r)].

Table IV displays the values of Ry;..,, — Vs
and the net charge of the Ni atoms for the quin-
tuplet electronic states. As in the case of the sep-
tuplet, two electronic states were found. The elec-
tronic state 5-II, which is higher in energy by

173.0

Ni(») A

N\ Ni@)

Ni(5)

FIGURE 3. Schematic representation of the Ni5(4,1)
cluster showing the position of the Ni atoms and of the
— V2 p(spin) . (small gray spheres) for the electronic
state 7-Il. Nos. correspond to —V?2 p(spin),,., values.
See Table Il
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TABLE IV
Topological properties of —V2p(r) at the VSCC
of the Ni atoms in a Ni; cluster.?

Electronic AE Ni Rnicp  —VPmax Net
state (kcal/mol) atom  (au) (au)  charge
5 0.00 1 0.376(2) 480.0
0.378(2) 263.3 0.00
0.384(2) 241.2
2,4 0.381(2) 4423
0.382(2) 245.0 0.00
0.384(2) 243.2
3 0.378(2) 458.8
0.380(2) 256.6 0.00
0.384(2) 236.5
5 0.382(2) 548.9
0.404(4) 130.2 0.00
5-1l +201.4 1,2 0.380(2) 254.0
0.381(2) 448.2 0.01
0.385(2) 234.4
3,4 0.380(2) 2533
0.381(2) 445.7 0.02
0.385(2) 234.0
5 0.382(2) 549.0
0.400(4) 164.8 —0.06

#No. in parentheses mean no. of maximas of equal value.

+201.4 kcal/mol than the 5-1 one, presents one
small spread between the values of —V?%,,, for
the set of atoms 1,2 and 3,4. As discussed in the
previous section, this spread may be due to
the quality of the basis set used and the use of a
single-determinant wave function. Again, the
lower-energy electronic state (state 5-I) has an
asymmetric distribution of the OVSCC. This asym-
metry is reflected in the spin density (see Table V)
which shows not only that the maximum of spin
population is localized over the Ni atoms 2 and 4,
but also that the number of maxima of — V7% 5pin(1)
is different for both electronic states 5-I and 5-1I
(see Figs. 4 and 5).

For the four electronic states found in this work,
the order in energy, in respect to the most stable
electronic state 5-I, is as follows: 5-1(0.00) <
7-1(+0.4) < 5-11(4201.4) < 7-II(+245.3) kcal /mol.
Even though the electronic state 7-I is only +0.4
kcal/ mol higher in energy than is state 5-I, their
topologies of —Vzpspin(r) are quite different. These
results show that Laplacian density topology can
be used to characterize different states, even those
that are very close in energy.

TOPOLOGY OF ELECTRONIC DENSITIES

CARBON ADSORPTION ON Ni; CLUSTER

One of the most important challenges in the
topological theory of the electronic density is to
predict a priori the reactive sites for a given reac-
tion. This has been done frequently using the topo-
logical properties of —V%(r) [1] but also can be
done using the local spin concentrations [6].

At the restricted open-shell HF level ROHF,
when the spin multiplicity is different from 1,
Pepin(t) is associated with the higher-energy elec-
trons; i.e., with the HOMO orbitals. Then,

*p(spin),,,, must show the local charge concen-
tration of the frontier electrons that are involved in
the chemical reactions and, therefore, the location
of the active sites.

At the UHF level, the situation could be differ-
ent: The cancellation of the electronic density of
the nonreactive beta electrons with the correspond-
ing alpha ones could be incomplete. As far as
the cancellation differs from zero, maxima in
-V} oin(1), related to the nonreactive electrons
(tightly bound electrons), can appear. Besides this,
for some electronic states, the set of frontier elec-
trons could be composed of alpha as well as of
beta electrons. In these cases, according to the
definition of p,;,(r), not only the maxima or the
(3, —3) critical points of — V%, (r) are expected
to correlate with the reaction sites, but also the
(3, +3) CPs or minima of — V3 Papin(t)-

To investigate the relation between the 3, -3
critical points of —V,;,(r) and the active sites,
the adsorption of one C atom over a Nis(4,1)
cluster was studied on four-center (FC), two-center
(TC), and one-center (OC). Only the position of
the C atom was optimized, and no relaxation
of the cluster was done. According to our results,
the adsorption occurs preferentially on the FC site
following by the adsorption on TC, with the OC
site being the less favored one.

Since the initial electronic state of the cluster
can change due to the interaction with the C atom,
calculations of the N15(4,12—C system with the C
atom at a distance of 10 A were performed. This
calculation shows that the initial reactive state for
the Ni;(4,1) cluster corresponds to the electronic
state 5-1. Figure 6 exhibits a schematic representa-
tion of the three final equilibrium positions of the
C on the adsorption sites and the local spin con-
centrations of the electronic state 5-1 of the Ni
cluster. The FC adsorption takes place in the direc-
tion of the maxima of the highest magnitude of the
Ni atoms (see Fig. 5). In this position, the C atom
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TABLE V
Topological properties of —V?2p spin(r) at the VSCC of the Ni atoms in a Nig cluster.?
Electronic AE Ni Rui-cp — V% (spin) max Spin
state (kcal / mol) atom (au) (au) population
5-1 0.00 1 0.265(2) 76.7
0.272(2) 116.0 0.00
0.313(2) 146.5
2,4 0.356(2) 442
0.358(2) 220.7 2.00
0.366(2) 91.1
3 0.261(2) 80.5
0.273(2) 121.3 0.00
0.311(2) 149.0
5 0.292(4) 1.2
0.353(2) 15 0.00
5-Il +201.4 1,2,3,4 0.360(2) 218.4 1.52
0.364(2) 87.7
5 — — —2.07

#No. in parentheses means no. of maximas of equal value.

can interact with four local spin concentrations.
For the OC site, the less reactive one, the C atom
can interact only with one local spin concentration
and its final equilibrium position coincides with
the direction of one of the maxima of — Vzpspin(r) of
the Ni atom. Similarly, the equilibrium position of
the C atom for the TC adsorption is located in the
direction of two —V%(spin),,,, CPs that belong to
two Ni atoms, as displayed in Figure 6.

146.5

1.2 — 1.2
15_’@ Ni(5)

1.2

FIGURE 4. Schematic representation of the Nig(4,1)
cluster showing the position of the Ni atoms and of the
— V2 p(spin),,. (small gray spheres) for the electronic
state 5-1. Nos. correspond to — V2 p(spin),,,, values.
See Table V.

The above-mentioned results show that it is
possible to predict qualitatively, by using the
_Vzpspin(r)/ the final geometry of one atom that
interacts with a catalytic surface, provided that the
reactive electronic state is known. For some cases,
the interaction can be so strong that it changes
the initial electronic state of the modeled catalytic
surface. In these cases, the reactive site is not the

87.7<4 > 87.7

Ni(5)

FIGURE 5. Schematic representation of the Nig(4,1)
cluster showing the position of the Ni atoms and of the
—V2 p(spin),,.x (small gray spheres) for the electronic
state 5-1l. Nos. correspond to — V2 p(spin) ., values.
See Table V.
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C(TC)

FIGURE 6. Schematic representation of the Ni5(4,1)
cluster showing the equilibrium position of the C atom
and of the — V% (spin),,.x (small gray spheres) for the
FC, TC, and OC adsorption sites.

ground state but an excited one. Therefore, the
Laplacian of the spin density of excited states must
be analyzed.

H, DISSOCIATION ON A Mo,S,,H,
AGGREGATE

Molybdenum sulfide is a well-known catalyst
used in the hydrodesulfuration processes. This cat-
alyst reacts with the H, molecule to produce an
anionic vacancy on the metallic atoms. The details
of the mechanism are not known yet, in spite of
the importance of this surface reaction [22]. Rela-
tively little theoretical work has been done in this
area [6, 23]. Nevertheless, it is well known that the
H, molecule is dissociated by this catalyst. The
aim of this section was to show that the analysis of
the topology of —V,,;,(r), using the symmetri-
cally transformed semiempirical densities, can be
used to shed some light on the dissociative pro-
cesses of H, on MoS,. The catalyst was modeled
here by a molecular aggregate of Mo,S,,H,.

All the calculations were done at the UHF level
using the CNDO method. For the S atom, a
value of 27.225 eV and the core integral values of
17.6469, 6.989, and 0.71325 eV for the 3s, 3p, and
3d orbitals were used. For the Mo atom B(5s) =
7.500, B(5p) = 7.500, and B(4d) = 11.50 eV, and
the corresponding core integrals for the 5s, 5p, and
4d orbitals (3.930, 0.710, and 1.530 eV) were
employed.

Figure 7 shows the molecular geometry of the
Mo,S,,H, aggregate and the position of maxima
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-0.420

0.593 0.527 0.593

(b)

0.593 -0.590 0.593

FIGURE 7. Schematic representation of the Mo,S,,H,
showing the positions of — V% (spin) ., (small gray
spheres) on S,,.;, S, and S, atoms. Nos. correspond
to — V% (spin) . values. (a) Front face. (b) Back face.
See Table VI.

and minima of — V%, (r) at the valence shell of
the S atoms. The —V%,,; (1) for the S, atom
shows two maxima that correspond to (3, —3) CPs.
One lies in the front face of the Mo,S,,H, aggre-
gate and whose value [ —V%,,;,(r) = 0.597 au] is
greater than the other one [ —V? Spin(r) = 0.527 au]
that faces inside the aggregate. The — V(1) of
the S, atoms presents two maxima whose magni-
tudes are greater than the corresponding ones in
the S, atoms [see Fig. 7(a) and (b)].

The values of —V?%,,, . (r) at the critical points
of the sulfur valence shell, the distances of the S
nuclei to the critical points Rg.,, the spin popula-
tion, and the net charge are reported in Table VL
The S, atoms have a greater spin population
than, and similar net charge to, the S, atoms.
However, this is not correlated with the corre-
sponding maxima of the local spin concentration.
For example, the S, ; and S, atoms present spin
populations of 1.43 and 0.50, respectively; how-
ever, the corresponding two maxima of — V7, (r)
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TABLE VI
Topological properties of —V?2p spin(r) at the VSCC of S atoms in a molecular aggregated of Mo,S,,H,.?
- Vzp(spin) max

S atom CP type Rs.cp (au) (au) Spin population Net charge

Sy 0.931(2) —0.590(1) —0.60 -0.13
(3, +3) 0.944(1) —0.420(1)

S 0.965(1) 0.597(1) 1.43 —-0.08
(3,-3) 0.970(1) 0.527(1)

Sz 0.907(1) 0.721(1) 0.50 -0.18
(3,-3) 0.922(1) 0.593(1)

#No. in parentheses means no. of maximas of equal value.

exhibit average values of 0.58 and 0.66 au, respec-
tively. The spin densities around these maxima are
very reactive since they come from the highest
occupied molecular orbitals, which in open-shell
systems correspond to unpaired electrons. These
high-energy electrons are able to interact with the
antibonding o* orbital of the H, molecule to
dissociate it. The geometrical disposition of the
maxima of —VZpspin(r) indicates that the most
probable dissociation path involves two maxima of
—Vi,in(®) belonging to two S, or S, atoms.
Our calculations show that, in fact, H, is dissoci-
ated by two neighbor S_; or S, atoms when it is
approximated by the Mo;S,,H, aggregate in the
direction of the two maxima of — Vi, (r).

For open-shell RHF, the function p,,;,(r) is al-
ways greater or equal to zero, but in open-shell
UHF, there is not an exact cancellation of p_(r)
with pg(r); therefore, p,,;,(r) can be positive or
negative. Besides this, the set of HOMOs can be
composed of alpha electrons as well as of beta
electrons. Then, not only do the maxima of
—Vi,in(1) indicate the possible actives sites, but
also the minima or (3, +3) CPs, which are related
with the surplus of beta electrons over the alpha
ones.

For the S,-type sulfur atoms (see Fig. 7), the
function —Vzpspm(r) exhibits two (3, +3) critical
points or minima instead of two maxima. As in the
previous cases, the H, molecule is dissociated by
two neighbor S, atoms when the approaching is
done in the direction of the (3, +3) CPs. The final
position of the H atoms and the initial distribution
of the critical points of —V7,,;,(r) are displayed in
Figure 8. Similar results were obtained for the
modeling of H, dissociation on Mo,S, and Mo, S,
clusters using the ab initio semicore effective core
potential with an expanded basis set [6].

FIGURE 8. Schematic representation of the Mo,S,,H,
showing the positions of —V% (spin) ., (small gray
spheres) and the final positions of the H, dissociated.
The H atoms corresponding to the Mo;S,,H, are not

shown.

Conclusions

The application of Bader’s theory using para-
metrical methods such as CNDO has proved, for
the first time, that it is possible to obtain valuable
information with respect to the reactivity, analyz-
ing the critical point of —V%(r) at the valence
region. It is necessary, however, to transform
the semiempirical molecular orbitals back to a
nonorthogonal basis set by using a symmetric
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transformation. Good qualitative topological prop-
erties of the —V’(r) (type and number of critical
points and their spatial orientations), with respect
to full-electron ab initio HF calculations, were
found. The topology of —V7,,;(r), using densities
from CNDO, can be also employed for the evalua-
tion of chemical reactivity of actives sites on cata-
lysts. For example, it is possible to predict cor-
rectly the actives sites for C adsorption on a Nij
cluster and for H, dissociation on a Mo,S,;,H,
aggregate.

Due to that the semiempirical methods are
parametrized with respect to geometries and/or
experimental binding energies and not with re-
spect to the electronic density, we expect that not
all parametric methods can give reasonable elec-
tronic densities. Studies with others parametric
methods are in progress.
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