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Abstract Several criteria for determining self-consistently the magnitude of point charges employed in the embed-
ded cluster modeling of metal oxides have been proposed and investigated. Merits and demerits of these criteria have
been compared. Ab initio study has been performed to show the influence of the values of point charges chosen on the
calculated electronic properties of the embedded MgO cluster. The calculation results demonstrate that the electronic
properties of the embedded cluster are of great dependence on the magnitude of the embedding point charges; that the
employment of the nominal charges, +2.0, would cause overestimation of the crystal potential even in the case of the
so-called purely ionic oxide, MgO; and that certain requirements for the consistence between the embedded cluster and
the embedding point charges should be reached. It is further found that errors for the calculated properties of the em-
bedded cluster still exist with respect to those of bulk solid even in the case that self-consistence in terms of charge,
dipole moment, or electrostatic potential was met between the cut-out cluster and the embedding point charges. As far
as spherical expansion is performed upon the embedding point charges, which furnishes the embedding point charges
with a continuous distribution of charge density, a global agreement is reached between the calculated properties of the
embedded cluster model and those of the bulk solid.
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Metal oxides are one kind of material of important applications'!*2}. For the cluster modeling
of metal oxides with quantum chemical methods, the ways go into three groups[3’4] , 1.e. the bare
cluster model, the saturated cluster model and the embedded cluster model. The bare cluster mod-
el is simply a small portion of substrate atoms, cut out from the bulk solid. In the saturated clus-
ter model, the possible dangling bonds in the bare cluster are terminated with hydrogens, pseudo-
hydrogens, or some other atoms; while in the embedded cluster model, the bare cluster is embed-
ded in the point charge array which adopts the periodic lattice position of bulk solid. Although
rigorous calculations of a bare cluster can give reasonable results for highly localized properties of
these systems, the appropriate treatment of the influence of the bulk solid is vital for an overall
quantitative agreement with experiments. lt is generally believed'> 5! that the embedded cluster
model is more suitable for modeling of an ionic oxide where the orbital overlaps and orbital interac-
tions are smaller; while the saturated cluster model is better for a covalent oxide in which the dan-
gling bonds are eliminated by saturators like hydrogens. In fact, on one hand, hydrogens would
be located at lattice sites so as to fulfill the “geometric requirements” of the bulk, the “electranic
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requirement” can hardly be fulfilled owing to the differences in the electronic properties between
hydrogens and the lattice atoms to be replaced by hydrogens; on the other hand, the embedded
cluster model can give reasonably good description of an ideal ionic surface, would, however, re-
sult in an overestimation of the electrostatic interaction between the metal oxide surface and the
polar adspecies. When the embedded cluster model is used to study chemisorption, the replace-
ment of lattice atoms with point charges would lead to a biased description of the stability of the
ionic adspecies. Thereby, it is of great importance to find a way suitable for describing the effect
of lattice field. What is more, since most of metal oxides are intermediates between purely ionic
and covalent solids, it is urgent to develop new embedding techniques which could be applied to
the modeliflg of an ordinary metal oxide.

In the viewpoint of cluster model methods, a bulk solid can be regarded as a summation of
two fragments. One is a cut-out cluster which will be explicitly treated in quantum chemical cal-
culations, the other is the surrounding of the cut-out cluster. Accordingly, in order to establish a
reasonable embedded cluster model, one has to answer two questions: (i) how to cut out a clus-
ter, and (ii) how to suitably account for the cluster-lattice interaction. For the first question, we
have proposed three principles, namely neutrality principle, stoichiometrical principle and coordi-
nation number principle, according to which a neutral, stoichiometrical cut-out cluster with the
minimal amount of dangling bonds is preferred. Our ab initio case study for ZnO solid has shown
the efficiency of these principlesl). For the second question, when the surrounding of a cut-out
cluster is approximately simulated by a point charge cluster (PCC), the cluster-lattice interaction
can be described by means of the Madelung potential. In principle, the magnitude of Madelung
potential is proportional to the values of point charges. So far, however, no systematic work has
been found in the literature regarding how to determine the values of point charges. It is common
to assume the full ionicity of a metal oxide and use the nominal charges for the respective
ions!® 7). Since most of the metal oxides are not purely ionic, but covalent to some extent, the
choice of full ionicity is apparently not justified. Therefore, how to determine the charges of ions
in metal oxides is not only of key importance for a successful embedded cluster modeling of metal
oxides, but also a basic subject in chemistry.

This paper investigates several ways of determining the values of point charges in the embed-
ded cluster model, and proposes the so-called SPC cluster model.

1 Theoretical background for the embedded cluster model

The heart of cluster model methods is how to suitably introduce the influence of bulk solid.
Suppose that the solid could be localized into two parts, i.e. a cut-out cluster (index C) and its
surrounding (index S). The wave functions of bulk solid, Wy, could be represented in terms of
@ and Pg. That is

Vo = MA | &¢) | Dg), (1.1)
where M is a normalization factor and A is an antisymmetrizer. Supposing that ®¢ and @g fulfill
the strong orthogonality requirement

(P | Pg) = dcs- (1.2)

1) Ly, X., Xu, X., Wang, N. Q. et al., Cluster modeling of ZnO: coordination number principle for cluster modeling of
metal oxides, Chem. J. Chin. Univ. (in the press).
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Then the total energy of thg bulk solid can be expressed as
E=Ec+Es+ECs. (1.3)
In the cluster modeling of an ionic oxide solid, the surrounding of a cut-out cluster can be

represented approximately by an array of point charges. The total energy of such an ideal system,
consisting of the PCC and the embedded cluster, can be expressed as

Z,
E=(oBr-2 3 L-55 %, 5 Lo
ieC i€C a€C 1 i€C pES 1p i>jeC 1)
3 Lk, S L%y 5 DQ (1.4)
a>pEC Raﬁ 2€C pES Rnp p>qes Tpa

in which 1 and j label the electrons in cluster, C, a and B label the nuclei in cluster C, while p and
q label the positions of point charges in surrounding S, T;is the electronic kinetic energy of elec-

. . Z, .
tron i; Z, refers to nuclear charge and r refers to distance. So — — is the electron-nuclear at-
ia

traction in cluster C; while — ;—2 corresponds to thé interaction between the point charge Q, in
ip
surrounding S and the electron i in cluster C. The value of point charge Q, modifies the core

Hamiltonian of the cluster in terms of one-electron integrals — 2 2 % Thus different Q, of
iec pes "ip
surrounding S will deduce different ®¢ of cluster C. The charges used for embedding and the

charges derived from the wave functions of the embedded cluster should be self-consistent. Previ-
ously, we studied the CO chemisorption on NiO(100) surface with the DV-X, embedded cluster
method!®!. We found that a better description of the chemisorptive behavior could be obtained
when charge-consistence between the embedding point charges and the in-cluster Ni and O ions

was accomplished by reducing the embedding point charges from the nominal values of +2.0 to
+1.72.

2 Self-consistence criteria for determining the values of point charges

In the framework of MO-LCAO method, molecular orbital @(7) can be expressed as linear
combinations of atomic orbital y(r); that is

Dulr) = 23 D Chiyalr), (2.1)

A €A
where m labels molecular orbitals, i and j label atomic orbitals, A and B label atoms. Performing
Mulliken population analysis, we have

P%E anC'}.; C’gj, SAi,Bj = JxAi(T)xBj(r)d‘t. (2.2)
n = Enm npy = ZZPESA'I-B}’ (23)
A €A

where 7 is the total electron count of the molecule and 7, is the electron count of atom A. Then

the Mulliken charge on atom A is QA= Z, — na4.
If the point charge Q, is equivalent to atom A in lattice, charge consistence requires that Q,

= Q..

Mulliken population analysis is widely used in the literature due to its simplicity. However,
it divides the overlap populations S; p; equally, adding half to A or B atom, and thus is frequently
criticized. For an ideal ionic solid, the overlap populations between atoms should be zero or
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negligible. In such a case, the Mulliken charges obtained by well-balanced basis sets should be
able to describe an ionic crystal reasonably.

Based on eq. (2.1), one may further perform a density analysis as

p() = D nn@i () Bulr), n = [oryaz. (2.4)
Similar to Mulhken population analysxs, Mulliken electron density of atom A can be defined as
pa(r) = 23 D Piyn(r) xu(r). (2.5)
€A j
The charge density of atom A can be expressed as
. qa(r) = Zp - pa(r). (2.6)
Therefore, the charge of atom A is obtained as
Qa = JQA(r)dT- 2.7

Apparently the intrinsic difference between a real atom and a point charge lies in the fact that
the charge of a real ion possesses a radial distribution, while a point charge is only a point.

Since charges on the atoms are not eigenvalues of wave functions, they are intrinsically non-
measurable. In other words, charge is a theoretical construct which cannot be defined unambigu-
ously in terms of experimental observables. In this paper, we have investigated several ways of
determining the values of point charges in terms of charge consistence, dipole moment consis-
tence, potential consistence and charge density consistence. Fig.1 schematically presents a com-
parison between the attractive potential curves produced by a real ion and its equivalent point
charge for the above four cases.

2.1 Charge consistence
Define charge consistence as that the point charge in surrounding S is equal to the charge on
its equivalent atom in cluster C, i.e. Q,= Q4. It is derived from eq.(2.7) that Q,> g4. Since

the attractive .potential produced by point charge Q, has the form of — %2, and the attactive po-

qa(r)
r

tential produced by atom A with charge density of g5(r) is in the form of - , the two at-

tractive potential curves could never coincide in such a case as shown in fig. 1(a) . When the atoms
of an embedded cluster are located at the equilibrium lattice positions, the embedded cluster suf-
fers a non-balanced interaction with its environmental PCC. In other words, charge consistence
would still lead to an overestimation of the influence of the surrounding.

2.2 Dipole moment consistence
The dipole moment of a discrete set of point charges Q, is given in classical physics by

ps = P (2.8)

pES
For a cluster having a discrete set of charges Z, from the nuclei and a continuous charge den-
sity p(r) from the electrons, the dipole moment is

pe = D) Zore — Jp(r) . rdr. (2.9)
a€C
Assummg | us | =1 uc |, we will have Q,. Again, different Q, will induce different pc,

we need to reach the dipole moment consistence. It should be noted that overlap densities like
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Fig. 1. Simulation of attractive potential in bulk with point charge. (a) Charge consistence: Q, = Qa; Q, > qalr) .
Dipole moment consistence: | ps | =1 gc 1, Q, > Qa. (b) Potential consistence: - % =- q—"f‘—rl(r =R Q<

Q.. (c) Charge density consistence: Q, = Qa3 g,(r) = ga(r). (d) Comparison among PC, SPC and a real atom.

X ai X aj make a very important contribution to the dipole moment but no contribution to popula-
tions because Sy;, aj = 0. So choosing dipole moment consistence as a criterion will always en-
counter Q, > Qa, as shown in fig.1(a). Therefore dipole moment consistence would also lead to
an overestimation of the influence of the surrounding.

2.3 Potential consistence
Since in the cases of charge consistence and dipole moment consistence, the attractive poten-
tial produced by the point charges differs from that produced by the substrate atoms, the opti-
mized geometry for cluster C would differ from that for surrounding S. Thereby, we have to con-
sider potential consistence, i.e. the attractive potential produced by point charges is forced to be
equal to that produced by the equivalent atoms at the equilibrium lattice position (R.) after choos-
ing a suitable value of Q,. That is
- Q,/r ==qalr)/r (r =R.). (2.10)
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Unfortunately we now have Q,< Q4. The corresponding attractive potential curves are presented
in figure 1(b).

2.4 Charge density consistence

From fig.1(b), one may notice that in the case of potential consistence, the two attractive
potential curves do not coincide at non-equilibrium positions. This drawback would be attributed
to the basic difference between a point charge and a real atom, i.e. a real atom possesses a contin-
uous distribution of charge density, while a point charge does not (fig.1(d)). We try to spheri-
cally expand the point charge, so as to furnish it with a continuous distribution of charge density.
Since in principle, chemical properties of a system are intrinsically dependent on the electron den-
sity distribution, we expect that charge density consistence will help us to construct a better clus-
ter model. The spherical expansion of point charge Q, can be processed as follows.

The spherical function is

3/4

p(r) = (27“) e (2.11)
We then have a spherically expanded point charge with charge density g,(r) in the form of
2,(r) = Q,(g,(r))?, (2.12)
Q.= Jqp(r)dt- (2.13)

When Q,= Qa, comparing eq. (2.13) with eq. (2.7), we have
gp(r) = ga(r). (2.14)

Since the radii of the spherical charge and the exponent a satisfy
2

@ = N (2.15)

substituting the ionic radii {(R), which can be easily found in a text book, for the radii of spheri-
cal charge {r), we have
a = B/(R)%. . (2.16)
Taking MgO'®! as an example, when B=1.5, we have (Ry2*) = 0.084 4 nm, apyg =
0.589 7 and (Rg*) = 0.126 nm, ag = 0.264 6.

3 Ab initio calculations for the embedded MgO cluster——Influence of the magnitude of point
charges on the embedded cluster

MgO solid is a NaCl-type crystalline with the nearest Mg-O distance of 0.210 4 nm!%. In
the calculations, a MgO dimer was cut out from MgO lattice and was embedded into a (10X 10 X
10 —2) point charge cluster (PCC). The values of the point charges Q, changed from 0.0 to
+2.0, in order to investigate the influence of the magnitude of the point charges on the calculated
electronic properties of the embedded cluster. Table 1 presents the results of our ab initio RHF
calculations for the embedded MgO cluster model. The results show the following points:

(1) For a free MgO molecule, the Mulliken charge on Mg atom is far smaller than 2.0, indi-
cating that the free MgO molecule would be quite covalent. The optimized Mg-O bond length
(0.179 9 nm) is far shorter than that in MgO crystal (0.210 4 nm).

(2) When the MgO dimer is embedded into the electric field of PCC, the Mulliken charge of
Mg increases considerably, indicating the increase of the ionicity of Mg-O bonding. Notably, the
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Table 1 ab initio RHF calculations for the embedded MgO dimer®

Mulliken populations

Q, EE HOMO AG #e “s Rumgo

(a.u.) (a.u.) (a.u.) Mg o Mg-OY /C*m /C'm /nm

+0.0 -19.106 6 -0.262 0.211 +0.748 -0.748 1.367 . -21.21 - 0.210 4
-19.6459 -0.284 0.227 +1.021 -1.021 1.531 —-28.82 0.179 9"

+0.5 -19.7462 -0.272 0.233 +1.301 -1.301 - 1.243 -51.54 16.84 0.2104
-20.0625 -0.285 0.255 +1.359 -1.359 1.167 -47.67 0.186 3"

+2.0 -21.9178 -0.440 0.472 +1.784 -1.784 0.316 -65.84 67.41 0.210 4
-22.2232 -0.427 0.444 +1.820 -1.820 0.341 -90.76 0.2926"

+1.75 -21.5467 -0.404 0.435 +1.750 -1.750 " 0.480 -65.08 59.01 0.210 4
-21.5190 -0.402 0.431 +1.749 -1.749 0.477 -71.05 0:2321'

+1.40 -21.0308 -0.351 0.372 +1.682 -1.682 0.604 -63.41 47.20 0.210 4
-21.0297 -0.351 0.372 +1.682  —1.682 0.604 -63.51 0.2107"

+1.95 -21.8431 -0.433 0.465 +1.778 -1.778 0.428 -65.71 65.74 0.210 4
-22.0961 -0.417 0.434 +1.810 - -1.810 0.359 -90.03 0.2912"

+1.67 -21.3916 -0.392 0.363 +1.668 -1.668 0.419 -62.78 62.81 0.210 4

(10spc) -21.3954 -0.393 0.365 +1.667 -1.667 0.421 -62.38 0.208 8"

a)Mg: 3s?, O: 2s*2p*. Basis sets; CEP-31G!!) (calculated with Gaussian 921!} and Hondo8''?)). b) Hondo8 bond order
(EE, Electronic energy; AG, HOMO-LUMO gap; * results under optimized geometry).

electronic properties of the embedded cluster, e.g. atomic populations, total energy of electrons,
energy level of the highest occupied molecular orbital (HOMO), the energy gap between HOMO
and the lowest unoccupied molecular orbital (LUMO), and dipole moment, etc., show large de-
pendence on the magnitude of the embedding point charges.

(3) When Q, is set to be the nominal charges, *2. 0, owing to the overestimation of the
external field, the interaction between the cluster and the lattice point charges is non-balanced.
The influence of the surrounding electric field is so strong that the optimized Mg-O distance is far
longer than that in crystal. However, the calculated Mulliken charges on Mg and O atoms are
smaller than the nominal value 2.0.

(4) Reducing Q, from 2.0 to £1.75, we found that the calculated Mulliken charges of
Mg and O were also +1.75, meeting the requirement of charge consistence. The calculated prop-
erties of the embedded cluster only differ slightly from geometry optimization, implying that re-
sults from charge consistence are more reasonable than those from the nominal values * 2.0.
However, the Mg-O bond stretches slightly longer upon optimization, showing that the effect of
embedding electric field is still overestimated.

(5) When Q, is chosen to be equal to £1.95, the calculated dipole moment of MgO dimer is
equal to that of the PCC array (65.71%X107*° C-m), meeting the requirement of dipole moment
consistence. The calculated Mulliken charge on Mg atom is lower than the value of the point
charge. Q, is just slightly lower than the nominal value. This suggests that taking dipole moment
consistence as a criterion would overemphasize the ionicity of a metal oxide.

(6) When Q, is set to be £ 1.40, potential consistence is encountered. The optimized Mg-O
distance is in good accordance with that in MgO crystalline. But, as expected, the value of point
charge is lower than the calculated Mulliken charge of the in-cluster Mg atom, i.e. Q,< Qa,
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and | Q,| =1.40 is far lower than the nominal value 2.0. This may be attributed to the differ-
ence between a point charge and a real ion, i.e. a real ion possesses a continuous distribution of
charge density, while a point charge does not.

(7) When spherical expansion is performed on the nearest 10 point charges neighboring the
MgO dimer, we furnish these point charges with a continuous distribution of charge density.
Then when charge consistence is encountered between the embedded cluster and its surrounding,
we have | Q,| = £1.67. The optimized geometry is in accordance with the experimental result,
fulfilling the requirement of potential consistence; while the calculated dipole moment of the em-
bedded MgO dimer is also close to that of the surrounding, reaching the dipole moment consis-
tence. As expected, a global agreement is reached between the calculated properties of the embed-
ded cluster and those of the bulk solid when the charge density consistence is met.

4 Conclusions

In this paper we have proposed and compared several criteria for the self-consistent determi-
nation of the magnitude of point charges employed in embedded cluster modeling of metal oxides.
Ab initio study has been performed to show the influence of the values of point charges chosen on
the calculated electronic properties of the embedded MgO cluster. The calculation results show
that the electronic properties of an embedded cluster depend largely on the values of the embed-
ding point charges; that even for MgO which is believed to be in full ionicity, the choice of nomi-
nal values will lead to the overestimation of the crystal potential, and a certain consistence criteri-
on between the cut-out cluster and the embedding point charges should be required; and that the
employment of point charges to represent the surrounding lattice will give biased description of the
embedded cluster with respect to the bulk solid, even if charge consistence, dipole moment consis-
tence or potential consistence is accomplished. Considering that a real ion possesses a continuous
distribution of charge density, we performed spherical expansion of the point charges in the vicini-
ty of the cut-out cluster. A good simulation of bulk solid or solid surface is encountered when
charge density consistence is encountered.

We have studied several representative chemisorption systems, e.g. CO/MgO, CO/ZnO,
H,/ZnO, H,/TiO, with SPC cluster model method and have investigated the effects of basis sets,
electron correlation, size of cluster model, size and symmetry of point charge cluster on the theo-
retical description of chemisorptive bonding. Based on the findings in this paper and those pre-
sented elsewhere!, the main points of our so-called SPC cluster model can be summarized as fol-
lows: a stoichiometric cut-out cluster embedded in a symmetric PCC, and a spherically expanded
point ‘charge surrounding with charges being self-consistently determined. Our studies of

chemisorption on the metal oxides of different degrees of ionicity demonstrated the efficiency of
the SPC cluster model.
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