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Abstract

Surface-molecule interactions and reactions are important elementary steps of catalytic reactions.
Since they involve interactions between infinite and finite systems, modelings are necessary for theoretical
investigations of catalytic reactions on a surface. The cluster model (CM) is most frequently used for
quantum chemical calculations but neglects the effect of the bulk solid. For including such effect, (1)
embedding the cluster onto a surface (actually into a larger cluster) is a method proposed by Grimley
and Pisani, and (2) dipping the adcluster (admolecule + cluster) onto the electron bath of the solid and
letting the system be at equilibrium for electron and spin exchanges is another model proposed by
Nakatsuji. We show some applications of the embedding cluster model (ECM) and the dipped adcluster
model (DAM). We will also report in the lecture on the study of the photochemical decomposition
reaction of MnOj into MnO3 + O,. © 1992 John Wiley & Sons, Inc.

Introduction

Chemistry and physics of surface-molecule interaction and reaction systems are
of much interest from both purely scientific and industrial standpoints. Since these
interactions involve finite and infinite systems, modelings are necessary for theo-
retical investigations of these systems. Since the results of the investigations are
largely dependent upon the nature and the quality of the model adopted, we have
to carefully examine the models for surface-molecule interactions and reactions.

Electron correlations are very important since we are mostly interested in the
system involving transition metals. Since surface has many dangling bonds, it usually
has several lower excited states and further the catalytically active state is not nec-
essarily the ground state, so that our theory should be able to deal with both ground
and excited states in a same accuracy. Moreover, electron transfer is sometimes of
crucial importance for surface electronic processes and therefore should be described
accurately.

Cluster model (CM) has been most frequently used by quantum chemists for
investigating chemisorptions and catalytic reactions on metal and semiconductor
surfaces. It also has a direct implication in the field of cluster chemistry growing
up very rapidly in recent years. However, as a model of surface reactions, this model
has a defect that it neglects the effect of bulk metal. For including such effect,
Grimley, Pisani, and others proposed the embedded cluster model [1-3] and Nak-
atsuji the dipped adcluster model [4,5].
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Figure 1. Conceptual sketch of the cluster model (CM ), embedded cluster model (ECM),
and dipped adcluster model (DAM).

Figure 1 is a sketch of the concepts of the embedded cluster model (ECM) and
the dipped adcluster model (DAM) in comparison with the cM. We define the
combined system of admolecule plus cluster in the CM as adcluster. Then, the CM
is a free adcluster model. In the ECM, the cluster part of the adcluster is “embedded”
onto the shaded cluster of atoms which are thought to represent the bulk. The
direct interaction between the admolecule and the shaded part is neglected but its
effect is taken into account effectively, using the Green’s function formalism, in
the calculation of the adcluster. On the other hand in the DAM, the adcluster is
dipped onto the electron bath of the solid and is let to be in equilibrium for the
electron exchange between the adcluster and the solid. This equilibrium is governed
by the chemical potentials of the adcluster and the solid.
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Figure 2. Schematic representation of the embedded cluster model. 4 is the adsorbate,
B the cluster, and D represents the solid.
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Figure 3. Lioand Li4 clusters interacting with H,, and Li, embedded onto Lig and L,
and interacting with H,.

In this lecture, a brief account of our studies on the ECM and the DAM is given.
More details will be published somewhere in the literature [ 5-9].

We also give in this lecture some results of the theoretical study for the photo-
chemical decomposition reaction of permanganate ion [10,11].

Embedded Cluster Model Applied to H, Chemisorption on a Lithium Surface

We use here the moderately large embedded cluster (MLEC) model of Pisani,
Ravenek, and others [2,3]. Figure 2 illustrates the definition of the model. 4 is an
adsorbate, B is the cluster directly interacting with 4, and D represents the solid.

In the closed-shell Hartree—-Fock-Roothaan approximation,

FC=SCe (1)

the Green’s function G and the matrix Q are defined by
0(2)G(z) =1 (2)
0(z)=zS§ - F 3)

where S and F are, respectively, the overlap and Fock matrices. The Green’s function
G is further written as

G(z)=(zS—F)~! (4)

C)\iCdi
G\(2)= 2 —— (5)

i Z— &

where X and ¢ stand for the basis in the LCAO approximation and C)y; is the MO
coeflicient of the orbital ¢, with the orbital energy ;. The essential steps of the ECM
may be summarized as follows.

(1) Neglect the direct interaction between A and D

Qi QOu O Gy Gug O 1 0 O
O+ Oz QOpp || Gra Gz Gepp| =10 1 0 (6)
0 Ops QOpp/ \0 Gps Gpp 0 0 1

(2) Calculate the free B + D system without 4
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Figure 4. Reaction path for the H, adsorption on a Li surface. This reaction path keeps
the C,y symmetry and is the same for all of the five different cluster and embedded cluster
calculations except that some Li atoms are missing in some models. Points 13, 14, and
15 are the most stable structures for the Li,H,, Li,sH,, and Li,oH, clusters, respectively.

(Qg Q&MG& G$)=C 0) 7
Q{)B Qlf)D Ghs G£D 0 1

(3) Calculate only the 4 + B system using the equation derived from Eq. (6)
and approximate the interaction between B and D to be a constant which is given
from the second step above.

(QAA QAB)(GAA GAB) _ (1 0 ) (8)
Oss Ops/\Gpa Gzs) \O 1 - QhpGhp

We have adopted basically the calculational scheme given by Ravenek and Geurts,
but added some modifications for improving convergence in the Green function
calculation. Details are described elsewhere [6].

We have applied the embedded cluster model to an H, adsorption on a Li(100)
surface. The calculated model systems are as follows:

(1) Li4 cluster interacting with H,

(2) Liq cluster interacting with H,

(3) Li, cluster interacting with H,

(4) Li, embedded onto Li interacting with H,

(5) Lis embedded onto Lig interacting with H,

Figure 3 illustrates the systems. The Li clusters are taken out from the Li(100)
surface with the lattice constant fixed at 3.52 A. The shaded Li, is the smallest
cluster in the CM or the embedded cluster in the ECM. The gaussian basis is double-
zeta (31) set for hydrogen and STO 3G plus diffuse s function (¢ = 0.076) for
lithium.

The assumed reaction pathway is displayed in Figure 4. The ECM is applicable
only to the region from position 1 to position 10, since there the direct interaction
between H; and the region D may be neglected. In this region the ECM calculations
for the systems (4) and (5) above should simulate respectively the full-cluster cal-
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Figure 5. Potential curves for the H, adsorption on lithium.

culations for (1) and (2). As a cluster model calculation, we further perform cal-
culations up to the positions 13 to 15.

Figure 5 shows the potential curves obtained by the CM and ECM. The minimum
geometries and the corresponding energies are summarized in Table I. The following
results may be deduced.

(1) Embedding the Li, cluster onto the larger cluster, the curve for the Liy
cluster model is shifted up to those for the Li, embedded cluster models. This is
reasonable in comparison with the curves obtained by the full-cluster model cal-
culations.

(2) The value and the position of the barrier calculated by the CM is dependent
on the cluster size, but those of the ECM is less dependent on the size of the region
D. The barrier of the ECM is higher than that of the full cluster model, since the
approximation of the fixed electronic effect of D on B can not fully describe the
relaxation of the system.

TABLE I. Adsorption site, adsorption barrier, adsorption energy, and atomic population on H at the
most stable adsorption geometry calculated by the cluster and embedded cluster models.

Adsorption Adsorption Atomic
Adsorption barrier energy population
Cluster site (kcal/mol) (kcal/mol) on H
Lig cluster on-top 40.0 18.9 1.25
Lio cluster 3-fold-hollow 84.8 31.2 1.23
Li,4 cluster bridge 72.3 14.2 1.22
Lis embedded onto Li,o on-top 98.2 —-24.7 1.29
Li, embedded onto Lig on-top 100.8 -34.9 1.28
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Figure 6. Illustration of the concept of the dipped adcluster model.

(3) The ECM gives a minimum at the on-top geometry, though it is less stable
than the separated system. The corresponding full cluster model does not have
such a minimum. This minimum may be artificial because the present ECM is too
small for the regions of the points 9 to 12; the direct interaction between H, and
the D region is not negligible there.

(4) Inthe cM calculations, the most stable geometries are the bridge site (position
14) for Li,4, the three-fold-hollow site (position 15) for Li,,, and the on-top site
(position 13) for Li,. The stabilization energies are summarized in Table 1.

(5) The atomic charges of the adsorbed hydrogens are given in Table I and are
between —0.2 and —0.3.
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Figure 7. Potential energy curves for the ground states of dioxygen anion species, O3
and 03", calculated by the SAC/SAC~CI method.
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The criticism of the present result is rather difficult. If the results of the embedded
cluster model should reproduce those of the full-cluster model, the results shown
in Figure 9 are by no means favorable to the embedded cluster model. On the other
hand, if the D region of the embedded cluster model should be considered as rep-
resenting a boundary of the bulk metal instead of an outer part of the larger cluster,
the present result shown in Figure 9 is difficult to evaluate since there are no ex-
perimental estimations on the potential surface for the dissociative adsorption of
H, on a Li surface, especially between #1 and #9.

For doing ECM calculations, we have to calculate the B + D cluster, which is
Li, or Li,4 in the present calculations. For studying catalytic activity of a metal
surface, we have to deal with transition metals, and doing ab initio calculations for
even this size of cluster is still a hard job. Further, accounts of electron correlations
are very important for dealing with such systems. Therefore, satisfactory applications
of the ECM to transition metal surfaces are rather difficult at present.

Dipped Adcluster Model

For surface-molecule interacting systems in which electron transfer between sur-
face and admolecule is important, the CM and the ECM are insufficient as far as the
cluster size is not large enough. However, there are many cases in which the electron
transfer seems to be very important; oxygen and halogen chemisorptions on a metal
surface, the roles of alkali metals and halogens as promoters, and the activity of
electropositive metals for dissociative adsorptions of CO, N,, and so forth. The
dipped adcluster model (DAM) [4,5] has been proposed for dealing with such sys-
tems. Since this model has been published 5 years ago, the accounts are given only
briefly for being pertinent to the following applications.

Figure 6 illustrates the concept of the DAM. The adcluster is a combined system
of an admolecule and a cluster and it is dipped onto the electron “bath” of the
bulk metal. Then, electron and spin exchanges occur between the adcluster and
the solid until the equilibrium is established for the exchange. The equilibrium
would be established when the chemical potential of the adcluster becomes equal
to the chemical potential of the surface,

_OE(n) _
an

m (9)

or more generally when the following condition is satisfied,

dE(n)
on

min(E(n)) in the range — =pu (10)
where E(n) is the energy of the adcluster as a function of n, the number of electrons
transferred into the adcluster and u the chemical potential of the surface. We note
that n may be a noninteger since we are dealing with a partial system. In this model,
the cluster atoms need not to supply all the electrons transferred into the adcluster:
some are supplied from the electron bath of the solid.

Previously, we explained several general behaviors of the E(n) curves and their
implications [4]. Depending on the shape of the E(#) curve, either a partial electron
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transfer or one or two (integral) electron transfer may occur. We have proposed
the molecular orbital model of the dipped adcluster [4]. We have assumed that
only the active MO of the adcluster, like HOMO, LUMO, or SOMO, is partially filled
in the electron-transfer process. There are two extreme ways of spin occupation in
the active MO. One is the highest spin coupling in which « spin electron is first
occupied and after the occupation reaches unity, the 8 spin electron is then added.
The other is the paired spin coupling in which equal number of « and § spin
electrons occupy the active MO. The former model is locally paramagnetic and the
latter always diamagnetic. Energetically, the former is more stable than the latter.

When an electron is transferred from a surface to an admolecule, the electrostatic
interaction between them would become important. For a metal surface, the so-
called image force would occur and its inclusion was described in Ref. [5]. For a
semiconductor surface, the interaction should be more localized and such treatment
was described in Ref. [4].

Potential Curves of Dioxygen Anion Species

In the next section, we study O, chemisorption on an Ag surface. On a metal
surface, oxygen is adsorbed in molecular and dissociative states and they are neg-
atively charged as superoxide, O3, peroxide 0%, and atomic anions O~ and O?".
Here, we investigate the bondings and the potential curves of the dioxygen anion
species O3 and O3~ in their isolated free states for giving a comparative basis [12].

The gaussian basis is the Huzinaga-Dunning (9s5p)/[4s2p] set [13] plus diffuse
s,p functions (« = 0.059) and polarization d functions (a = 0.30), which gives the
electron affinity of oxygen atom as 0.97 eV, after electron correlation is included,
in comparison with the experimental value of 1.31 eV.

We calculate the potential curves of O3 and O3~ by the SAC (symmetry adapted
cluster)/SAC—CI method [14-16]: O3~ is calculated by the SAC method, since it is
a closed-shell molecule, and O3 is calculated by the SAC-CI method as a cation
produced from O3 . Figure 7 shows the result. Table II gives a summary of the
spectroscopic constants. The superoxide O3 is a stable molecule with the dissociation

TABLE II. The bond length R,, vibrational frequency w,, dissociation energy D,, electron affinity EA,
and gross charge of the Oz and O3~ molecules in a gas phase and of the superoxide O3 and peroxide
O3 species on a silver surface.

R, We D, EA Gross charge
Species Method (A) (ecm™) (eV) (eV) (per O,)
(033 SAC—CI 1.44 1010 4.00 —6.24 -1
exptl. 1.35 1090 4.09 -1
03~ SAC 1.67 545 —2.94 (0.70)* -2
O3 on Ag surface  SAC-CI, DAM 1.47 974, 1055 —0.54, —0.65
exptl. 1053
0O} on Ag surface  SAC-CI, DAM 1.66 689 —-1.4
exptl. 1.47 £0.05 628, ca. 697

2 Hump height.
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energy of 4.00 eV (experimental value is 4.09 eV). The calculated equilibrium
length and the vibrational frequency are 1.44 A and 1010 cm™! in reasonable agree-
ment with the experimental values 1.35 A and 1090 cm™'. On the other hand, the
peroxide O%" is only a transient species though it has a minimum at Ro—o = 1.67
A with the hump height of 0.703 eV. The repulsive tail in the longer region is
shown to be entirely due to the electrostatic repulsion between the negatively charged
oxygen atoms [12].

Dipped Adcluster Model Applied to O, Chemisorption on an Ag Surface

O, chemisorption on an Ag surface is of interest to many investigators because
this system shows very efficient catalytic activity for partial oxydation of ethylene
giving ethylene oxide [17]. Several theoretical studies have been published using
M with inclusion of electron correlations [18-20]. Though they could describe
the geometry and the vibrational frequency of the adsorbed O, in good agreement
with experiment, they failed to reproduce the adsorption energy and the dissocia-
tively adsorbed states. Actually, most calculated adsorption energies were negative.

We think that the reason of the failure lies in its model, that is, the CM. The
effect of the electron transfer from the bulk metal to the adcluster and the electrostatic
image force interaction between O, and an Ag surface, which are included in the
DAM but not in the CM, are expected to be important for this system.

We first take Ag,0, as an adcluster and consider side-on bridge form interaction.
The Ag-Ag distance is fixed at 2.8894 A, which is the equilibrium distance in the
solid. The gaussian basis set for Ag is (3s3p4d)/[3s3p2d] set with the effective core
potential for Kr core [21]. For oxygen, the basis set is the same as that used in the
preceding section.

Before doing electron correlation calculations, we have applied the molecular
orbital model of the dipped adcluster using the highest spin coupling model. The
resultant E(n) curve has shown the occurrence of one electron transfer from the
bulk Ag solid to the adcluster. We have therefore performed electron-correlation
calculations for the Ag,O, anion as the adcluster using the SAC/SAC-CI method
[14-16], which is applicable to the ground and excited states of both neutral and
electron transferred states. We have included all the valence electrons, together with
the d-electrons of Ag, into electron correlation calculations.

Figure 8 is a display of the potential curves for the process of O, approach onto
Ag, dipped onto the metal bulk. The broken lines are the results without the electron
transfer (n = 0) and the solid one with the electron transfer (n = 1). Without the
electron transfer, the potential curve, denoted by 3B, (n = 0), is repulsive so that
the chemisorption does not occur. Another broken line, denoted by 3A, (n=0),
corresponds to the electron transferred state within the adcluster from Ag; to O,.
Though this state is attractive, the minimum is less stable than the separated system
which is B,. Though these curves include the image force corrections, they essen-
tially correspond to the CM calculations and do not explain the occurrence of the
0, chemisorption. On the other hand, the potential given by the solid line, which
is for the electron transferred state of the DAM, stabilizes as O, approaches Ag,.
The asterisk at about 2.5 A is obtained by the optimization of the O-O distance
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and corresponds to the superoxide state. The calculated adsorption energy is 3 kcal /
mol. Near 2.0 A, there are another minimum corresponding to the peroxide state
and the adsorption energy is 16 kcal/ mol. The experimental molecular adsorption
energy is 9.2 kcal/mol [22]. Thus, the adsorption energy calculated by the DAM
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Figure 8. Potential energy curves for the approach of O, onto Ag, in the Ag,O, adcluster.

n denotes the number of electrons transferred from the bulk metal to the adcluster.

is positive and agrees well with the experimental value.
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We next study the potential curve for the O-O stretching on a silver surface
using again the Ag,0, adcluster. Figure 9 and Table II show the results. The lowest
solid curve is for the peroxide and the upper two curves for the superoxides. As
shown in the figure, the calculated vibrational frequencies agree quite well with the
experimental values [23], showing that the molecular adsorption states expressed
by the DAM correspond well to the actual systems observed experimentally. The
equilibrium O-O distance is 1.47 A for the superoxide and 1.66 A for the peroxide.
In comparison with the spectroscopic values of O7 and O3 in their free states, the
peroxide state on an Ag surface has very similar vibrational frequency, through the
charge on O, is only —0.54 ca.—0.65. The peroxide on an Ag surface has a larger
vibrational frequency than that in a gas phase, because the former is a stable species
in contrast to the transient nature of the latter.

In Figure 9, a point of dissapointment at a first glance is a lack of the dissociatively
adsorbed state. Up to the O-O distance of 2.8874 A, which is the distance of the
Ag lattice, the potential monotonously increases. However, at this distance, we
found that the gross charge on oxygen is —0.72, so that the electrostatic repulsion
between the two oxygens amounts as large as 60 kcal/mol. Therefore, we expect
that if we further elongate the O-O distance, we should get a stabilization which
might lead to the second minimum corresponding to the dissociatively adsorbed
state. For this purpose, we undertake the DAM calculation for O, on the linear Ag,.

The results for the Ag,—O, adcluster are displayed in Figure 10. We certainly get
two different potential minima. The minima at around 1.5 to 1.7 A correspond to
the molecular adsorption states (superoxide and peroxide) and another minimum
at about 6 to 7 A corresponds to the dissociatively adsorbed state. The dissociative
state is obtained from the peroxide molecular adsorption state. After the optimization
of the O-O and Ag-O distances, the dissociated state is calculated at the asterisk
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Figure 10. Potential energy vs. the O-O distance in the Ag,O, adcluster.
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at the O-O distance of 5.78 A. The dissociative state is calculated to be more stable
than the molecular adsorption state by about 40 kcal/mol: the corresponding ex-
perimental value is 31 to 33 kcal/mol [22].

Thus, using the DAM and the SAC-CI method, we could successfully describe the
O, chemisorption on an Ag surface. The inclusions of the electron transfer from
the bulk Ag metal to the adcluster and the electrostatic image force correction
described by the DAM, and the electron correlations for several lower surface states
described by the SAC-CI method are the reason of the success of the present study.
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