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Abstract

Combinatorial chemistry is an efficient technique for the synthesis and screening of a large number of compounds. Recently,
we introduced the combinatorial approach to computational chemistry for catalyst design and proposed a new method called
“combinatorial computational chemistry”. In the present study, we have applied this combinatorial computational chemistry
approach to the design of precious metal catalysts for deNO,. As the first step of the screening of the metal catalysts, we studied
Rh, Pd, Ag, Ir, Pt, and Au clusters regarding the adsorption properties towards NO molecule. It was demonstrated that the
energetically most stable adsorption state of NO on Ir model cluster, which was irrespective of both the shape and number of

atoms including the model clusters.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Combinatorial chemistry now plays an important
role in the lead discovery and hit optimization pro-
cesses not only in the pharmaceutical chemistry but
also other areas such as catalysis, materials chemistry
and so on [1-3]. Combinatorial chemistry is a meth-
odology where a large number of new -catalytic
materials are prepared and tested in a parallel way.
Although significant progress has been made on the
fundamental understanding of catalysis, the develop-
ment of new catalysts still depends very much on
previous accumulated experience, intuition, a large
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amount of experimental work and some serendipity.
On the other hand, if a systematic study of the
potential variable that can influence the catalyst beha-
vior has to be carried out, a very large number of
experiments with large times of research and devel-
opment are required. The global search and optimiza-
tion strategy used for the experimental design is the
main difference with the traditional research and
allows to reduce the number of experiments needed
to find an optimal catalyst composition. Combinatorial
catalysis involves the coordination of high-throughput
systems for preparation, characterization, catalyst test-
ing, large information data management, and rapid
screening and optimization techniques. In the last few
years, combinatorial methods have extensively been
used to identify, optimize, and rationally select hetero-
geneous catalysts. Notwithstanding the impressive
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advances in this field, the efficiency of available
methods for preparing and testing heterogeneous cat-
alysts is rather low relative to homogeneous catalysts.
On the other hand, with the advent of the remarkable
advancements in the computational chemistry with
respect to the development of both the theory and
calculation methods show promise. Furthermore,
computational chemistry has effectively been used
to elucidate, for instance, the catalytic activity, the
catalyst deactivation, and the mechanism of catalytic
reactions, etc. Such studies at atomic and electronic
levels are expected to play an important role to predict
new catalysts with high activity, selectivity and resis-
tance to poisoning. It is in this context, we introduced
recently the concept of combinatorial approach to
computational chemistry for the catalyst design
and proposed a new method called ‘“‘combinatorial
computational chemistry” [4,5]. Accordingly, a large
number of metals, supports, and additives on the
catalytic activity can systematically be investigated
using computer simulation techniques.

Over the past few decades, considerable efforts
have been focused on the development of automotive
exhaust catalysts. The introduction of stringent emis-
sion standards for the vehicular emissions, viz. carbon
monoxide (CO), hydrocarbons (HC) and nitrogen
oxides (NO,), has led to extensive research activities
on the development of automotive pollution control
three-way catalyst (TWC) systems [6—13]. The tradi-
tional TWC are not available in steady-state lean-
burning engines [14]. On the other hand, studies on
zeolite-based catalysts, e.g. metal ion-exchanged
ZSM-5, have shown to be exceptionally active for
the deNO, reaction [15,16]. However, the use of our
new combinatorial computational chemistry concept
for the search of viable deNO, catalysts resulted in
trivalent cation-exchanged ZSM-5 catalysts, viz. Cr-
ZSM-5, Fe-ZSM-5, Ir-ZSM-5 and TI-ZSM-5, as
potential candidates for deNO, reactions with high
resistance to water and sulfur oxides [4]. These results,
in particular for the Fe- and Ir-containing ZSM-5, are
well supported by experiments [17-20]. It is also
noteworthy here that the other two systems have not
been investigated experimentally. It is, however, to be
noted here that the zeolite-based catalysts possess low
stability under realistic situations, i.e. thermal and
hydrothermal conditions. Therefore, from the view
point of the lifetime of the catalysts, the use of

noble-metal supported metal oxide catalyst systems
are more effective and gaining considerable interest as
selective catalytic reduction (SCR) of NO, emission.
They are also promising for the lean-burning of NO,
due to their low light-off temperature and relatively
high hydrothermal stability.

Recently, a new type of precious metal-based cat-
alyst supported on metal oxide was industrialized in
Japan for lean-burn engines [22,23]. Most of these
studies were performed employing Pt, Pd and Rh.
However, in recent years, the interest in Ir-based
catalysts has been increasing steadily as they exhibit
high activity for the NO reduction and especially
unsupported Ir was shown to exhibit excellent activity
[19-22]. In this context, it is noteworthy here that we
have also reported a similar observation on the
adsorption characteristics of NO over noble-metal
clusters by density functional calculations [24,25].
In continuation of our interest in combinatorial com-
putational chemistry to design new catalyst systems
for a variety of problems [4,5], we extend this study to
noble-metal catalysts for the deNO, reaction. As a
first step of screening of the metal catalysts for the
SCR process of NO,, we target the catalytic activity of
noble-metal catalysts for the reduction of NO with a
special emphasis on the adsorption characteristics.
Further, the influence of the metal cluster shape and
size on the adsorption properties towards NO will be
investigated.

2. Method

All Kohn—Sham calculations were performed using
the ADF program [26] developed at Vrije University,
Amsterdam. The double-{ (DZ) basis sets were
applied to all precious metals, while for the nitrogen
and oxygen atoms, the triple-C plus double poraliza-
tion functions (TZpp) basis sets were used. For the
calculations, which include the precious metal atoms,
scalar relativistic corrections within Pauli formalism
were also considered. The local density approximation
(LDA) with the Vosko—Wilk—Nusair local functional
[27] was used to optimize the geometries. Energies for
optimized geometries were evaluated using the gen-
eralized gradient approximation (GGA) with the
Becke’s exchange functional and the Perdew correla-
tion functional [28] (denoted as BP). In a previous
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study [25], we have already validated the above
computational conditions because the geometry and
the binding energy of the Ir cluster and the NO/Ir
system obtained using the LDA (the binding energy
was reevaluated using the GGA) agreed well with
those obtained using the full GGA. Atomic charges
and molecular charges were estimated using the Mul-
liken population analysis.

3. Models

For the adsorbate molecule, a full geometry opti-
mization with C,,, symmetry was carried out to
determine the structure of the NO molecule in the
gas phase. The equilibrium internuclear distance of N—
O bond was equal to 1.149 A which is close to the
experimental value of 1.151 A [29]. It was also found
that the N—O bond distance obtained here agrees well
with previously reported results [30,31]. The calcu-
lated value of the vyo was 1943 cm™', which is in
accordance with the experimental frequency 34 of
1904 cm ™. Six noble-metal clusters were selected
in the present study: Rh, Pd, Ag, Ir, Pt, and Au. In
order to represent real catalytic metal systems, clusters
containing dozens of metal atoms should be consid-
ered. However, one may be able to adopt a much
smaller cluster as a representative of such catalytic
species when the interactions between the supported
metal particle and the adsorbed reactant molecule in
the local field of the catalyst surface is mainly focused
on. Furthermore, it is likely that they can also repre-
sent as a model of ultrafine clusters. Such a choice
could be further justified by the relatively small tetra-
hedral clusters of Ir supported on MgO [32,33] and on
v-Al,O3 and on [34,35], which have been character-
ized by extended X-ray absorption fine structure
(EXAFS) spectroscopy. Based on these findings, we
previously reported that the adsorption characteristics
of the precious metal tetrahedral tetraatomic clusters
[24] (denoted as My, M = Rh, Pd, Ag, Ir, Pt, and Au)
towards NO, with combinatorial computational
approach by using the density functional calculations.
In this previous study, we already validated our com-
putational conditions and the tetrahedral tetraatomic
clusters.

In this investigation, we considered pentaatomic
metal clusters (denoted by Ms; M = Rh, Pd, Ag, Ir,

Table 1
Interatomic distances (Ryr_n), binding energies (BE), and spin
properties for the ground states of various Ms clusters

M Ryim (A) BE (kcal/mol) Spin multiplicity

Ms(sp) clusters
Rh 2.402 468.3 Sextet
Pd 2.618 2229 Triplet
Ag 2.638 144.7 Doublet
Ir 2.552 456.8 Quartet
Pt 2.617 329.7 Triplet
Au 2.807 173.2 Doublet

M;(tb) clusters
Rh 2.402 462.2 Octet
Pd 2.618 225.5 Triplet
Ag 2.638 145.3 Doublet
Ir 2.552 447.9 Quartet
Pt 2.617 327.2 Triplet
Au 2.807 177.8 Doublet

Pt, and Au) where more freedom regarding the cluster
geometry and the mode of adsorption could be
anticipated. Accordingly, there exist two possible
structures for Ms clusters, viz. square pyramidal
and trigonal bipyramidal denoted as Ms(sp) and
M;(tb), respectively. The detail of these pentaatomic
clusters in the cases of M = Ir, Pt, and Au were
already reported by our group [25]. The optimized
geometries, binding energies, and spin multiplicities
for Ms(sp) and Ms(tb) clusters are summarized in
Table 1. From the previous study reported by another
group [36], clusters with n =4-6 were shown to be
planar. In that study, the square pyramidal Pt5 cluster
was less stable than the trigonal bipyramidal Pts
cluster by ca. 1.38 kcal/mol. The energy difference
between those clusters is close to our present result
(2.51 kcal/mol) although the order of stability in the
present study is opposite to that previously reported
[36]. It is not straightforward to compare present
results (Table 1) with the others [36] because of the
different calculation conditions such as exchange—
correlation functionals. On the other hand, to the best
of our knowledge, there are no published calculations
for Rhs, Pds, Ags, Irs, and Aus clusters. In order to
discuss the energetics of the NO/metal cluster sys-
tems, several initial geometries of NO toward Ms(sp)
and Ms(tb) clusters were taken into account. At first,
three possible initial structures were considered for
Ms-type cluster models (Fig. 1): (a) NO molecule
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3F_L 3F_B

Fig. 1. Schematic representation of initial geometries of NO
molecule on Ms(sp) clusters: (a) NO on top M with linear geometry
(OT_L) and on top M with bent geometry (OT_B); (b) NO on top
of bridge site of M with linear (BR_L) and with bent geometry
(BR_B); and (c) NO on top of the three-fold site of M with linear
geometry (3F_L) and with bent geometry (3F_B). See also the text.

located on top of the apical atom (denoted as OT_L);
(b) NO molecule located on top of the bridge site in
which the NO molecule is located in the same plane
as three metal atoms (denoted as BR_L); and (c) on
the three-fold site (denoted as 3F_L). In all the cases,
the initial angle of O-N-M was 180.0°. The corre-
sponding model of NO with bend geometry is
reported as OT_B, BR_B and 3F_B, respectively,
with an initial O-N-M angle equal to 165.0°. Full
geometry optimizations starting from the OT_L
BR_L and 3F_L structures for the NO/Ms(sp) sys-
tems were done by adopting Cy,, C,, and Cg symme-
tries, respectively. As for the NO/M5(tb) systems, full
geometry optimizations were done, starting from
OT_L, BR_L and 3F_L structures with the adopta-
tion of Cs,, Cs, and C, symmetries, respectively.
Experimentally, the NO molecule tends to adsorb
on various metals with respect to the surface normal
vector, although some exceptions have also been
reported, e.g. NO/Pt(1 1 1) [37].

For the full geometry optimizations of these initial
structures of OT_B, BR_B and 3F_B, C,, C, and C;
symmetries were applied, respectively.

4. Results and discussion
4.1. Adsorption states of NO on Ms(sp) clusters

The adsorption energies (E) of NO molecules on
square pyramidal clusters, Ms(sp) obtained by starting
from six initial geometries (see Fig. 1) are listed in
Table 2. The E,4 values in the present study are
deduced

E.s = Evi—no — (Em + Exo) (1

where Eyi_nos, Eam, and Eyno correspond to the binding
energies of NO adsorbed on M, Ms(sp) cluster, and
free NO molecule, respectively. The negative E,4
values indicate that the adsorbed state (M-NO) is
energetically favorable.

In our previous study [24], the stability of the NO
adsorption state on tetrahedral Rh, and Pd, clusters
was compared with that obtained by DFT calculations
under the periodic boundary conditions [38], in order
to verify the suitability of the relatively simple models
to investigate NO/precious metal systems. In this
study, again, let us discuss the E,qs values for the
NO/Mj5(sp) systems in the cases of M = Rh and Pd.
The maxima of the absolute E,q4, values in the series of

Table 2
Adsorption energies (E,q4s; kcal/mol) of NO on various M5 clusters
M OT_ L OT_B BR.L BRB 3FL 3F_B
Ms(sp) clusters
Rh —-629 540 555 554 —431 538
Pd —475 —423 —475 —-477 -29.8 -33.1
Ag -258 =227 =250 241 =228 -25.1
Ir 789 —-79.6 —439 —-435 —-415 -38.7
Pt —-58.7 =575 —450 —429 245 -570

Au -295 -296 315 315 284 284

Ms(tb) clusters
Rh —-622 =557 —-620 -61.1 —-50.0 —59.6
Pd -52.6 519 —450 —452 344 387

Ag -993 559 -212 226 309 312
Ir -737 =716 =539 540 -31.7 -51.6
Pt —61.5 584 475 473 -26.1 265
Au -6.69 -275 =302 —-157 224 =227
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various initial geometries for the NO/Rhs(sp) and
NO/Pds(sp) systems are —62.9 and —47.7 kcal/mol,
respectively. This tendency can be compared with that
reported by Loffreda et al. [38]. They reported that the
energetic stability of the NO adsorption states on the
Rh surfaces was higher than that on the Pd surfaces.
Thus, our present results based on simple models is
suitable in order to further discuss the energetics for
the NO/precious metal clusters systems.

The E,.4s values shown in Table 2 for the NO/
Rhs(sp) systems evidently indicate that the linear
adsorption mode of the NO molecule on top of the
apical Rh atom (OT_L) cluster is the most energeti-
cally favorable (—62.9 kcal/mol). The interatomic
distance of the Rh—N bond is 1.760 A and agrees well
with that reported by Tsai and Hass (1.747 A) [39].
The atomic charge on the apical Rh atom is +0.06 in
spite of the formation of the relatively strong Rh—-N
bond as expected by the E,4s value. This probably
indicates the balance between the donation and the
back-donation of electrons in this system. Regarding
the NO/Pds system, it is clear that the bridged adsorp-
tion state of the NO molecule (BR_B) is energetically
stable (—47.7 kcal/mol). The interatomic distances of
two Pd—N bonds are 1.895 and 1.891 10\, which qua-
litatively agree with those calculated by Mannstadt
and Freeman (1.850 A) [40]. The atomic charges on
these two Pd atoms are +0.19 and +0.19, respectively.
Interestingly, the substantial change in the shape of the
Pd; cluster was observed upon the NO adsorption. The
final shape in this state resembles with that of the
Pds(tb) cluster. In the series of the NO/Ags(sp) sys-
tems, similar to the case of the NO/Rhs(sp) systems,
the linear adsorption mode of the NO molecule on top
of the apical Ag atom is the most favorable
(—25.8 kcal/mol). The interatomic distance of the
Ag-N bond is 1.919 A. The charge on the apical
Ag atom is —0.23 and involves that the degree of
the donation of electrons from the adsorbed NO
molecule to the Ag cluster is large. Comparing the
absolute values of E,4 for the NO/Ms(sp) systems
with the M = Rh, Pd, and Ag, the order of energetic
stability of NO/Ms(sp) systems follows as is
Rh > Pd > Ag, which agrees well with that obtained
for NO/tetrahedral My clusters systems [24].

Next, the E,q4s values in the series of Ir, Pt, and Au
are compared. It can be seen from Table 2 that for the
NO/Irs indicate that the adsorption mode of NO

derived from the OT_B initial geometry is energeti-
cally favorable. The Ir-N distance is 1.760 A and the
atomic charge on the apical Ir atom, which is directly
bound to the N atom is +0.18. In the case of the NO/
Pts(sp) system, the linear adsorption state of the NO
molecule on the apical Pt atom is ergetically stable.
The bond distance of the Pt—N bond is 1.774 A. This
value is the completely same as that estimated for the
NO/M, clusters systems [24] and is approximately
0.03 and 0.06 A shorter than those reported in [39,40],
respectively. The atomic charge on the apical Pt atom
in this system is 4+0.17. In the case of the NO/Aus(sp)
systems, the bent adsorption mode of the NO molecule
(BR_L) is the most stable (—31.5 kcal/mol). The
interatomic distance of the Au-N bond is 1.982 ;\,
which is relatively longer than that of the Ir—N or Pt-N
bond. Interestingly, the coordination number of the
NO molecule to the Aus cluster is always 1, within the
range of this study. The possibility of the formation of
more than two Au-N bonds using constrained geo-
metry optimization was not studied. Comparing the
absolute values of E, 4 for the NO/Ms(sp) systems, the
stability is given as Ir > Pt > Au.

Based on the entire comparison of the E,4s values
listed in Table 2, it is clear that the order of the
energetic stability of the adsorption states of the NO
molecules on the Ms(sp) clusters can be described as
Ir > Rh > Pt > Pd > Au > Ag, which is in accor-
dance with that of NO/tetrahedral My clusters sys-
tems excepts that the order of Au and Ag is
interchanged.

In terms of the electronic populations estimated by
the Mulliken population analysis, one plausible expla-
nation regarding the energetic stability of the NO/Mj5
systems was attempted (Table 3). To simplify the
analyses, most thermodynamically favorable adsorp-
tion states of the NO molecules on each Ms(sp) cluster
obtained using various initial geometries were used.
From the inspection of Table 3, it is found that the NO/
Ms;(sp) systems with M = Rh, Ir, and Pt show dona-
tion and m back-donation (approximately 0.2-0.3
electrons from the 5¢ orbital to the metal atom and
0.2-0.6 electrons from the metal atom to the 2m*
orbital of the NO molecule, respectively), which is
in agreement with the Blyholder model [41]. The
direct comparison of the present results shown in
Table 3 with those reported using slab models with
the DFT calculations under PBC may not be straight
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Table 3
Electronic population of selected orbitals for NO molecule in the
gas phase and NO/Ms systems

Adsorption state M 5o 21
Ms(sp) clusters
OT_L Rh 1.82 1.18
BR_B Pd 1.74 0.89
OT_L Ag 1.86 0.90
OT_B Ir 1.86 1.18
OT_L Pt 1.84 1.68
BR_L/BR_B Au 1.77 0.95
M;(tb) clusters
OT_L Rh 1.86 1.44
OT_L Pd 1.70 2.44
3F_B Ag 1.56 1.00
OT_L Ir 1.70 1.92
OT_L Pt 1.68 1.78
BR_L Au 1.77 1.02
NO in gas phase 2.00 1.00

Each stable adsorption state of NO/Ms systems in Table 2 was
chosen.

forward. At least, nevertheless, part of the present
results may be able to compare with those estimated
by Loffreda et al. [38]. They reported that the electro-
nic populations of the NO molecules regarding the 5c
and 21" orbitals, which adsorbed on top of the
Rh(1 0 0) surfaces with 0.5 ML of NO coverage, were
1.78 and 1.22, respectively. In the present study, the
NO/Rhs(sp) system shows the similar behavior
regarding the donation and r back-donation, as shown
in Table 3. This justifies to adopt such analyses for the
present small cluster systems. Surprisingly, however,
the donation of electrons from the 21" orbital of the
adsorbed NO molecules to the metal atom was also
observed. The charges donated from the 2rt* orbitals to
the precious metal atom in the NO/Aus(sp), NO/
Ags(sp), and NO/Pds(sp) systems were 0.05, 0.10,
and 0.11, respectively. In the cases of the NO/Ags(sp)
and NO/Aus(sp) systems, such interesting behavior
regarding the donation of the 21" electrons may be the
one possible reason why the Ag and Au atoms, which
were bound to the N atom, possess negative atomic
charges (—0.23 and —0.02, respectively).

4.2. Adsorption states of NO on Ms(tb) clusters

Table 2 summarizes the adsorption states of NO
molecules on the trigonal bipyramid al clusters

Ms(tb). The initial geometries were chosen in the
same manner as the previous ones.

From the E, 4, values shown in Table 2 for the NO/
Rhs(tb) systems, it is clearly seen that the linear
adsorption mode of the NO molecule on top of the
apical Rh atom of the Rhs(tb) cluster is the most
energetically stable (—62.2 kcal/mol). This value is
very close to that observed in the NO/Rhs(sp) systems
(—62.9 kcal/mol). The distance of the Rh—N bond is
1.735 A, which is slightly shorter than that of the NO/
Rhs(sp) system (1.760 A). The atomic charge on the
apex of this Rhs(tb) cluster is +0.14. In the case of the
NO/Pds(tb) systems, the E.q values show that the
linear adsorption state of the NO molecule, which is
the same as that in the case of the NO/Rhs(tb) systems,
is the most energetically favorable (—52.6 kcal/mol).
The interatomic distance of the Pd-N bond is 1.742 A
and is in accordance with that reported in [39]
(1.760 A). This bond distance is approximately
0.15 A longer than that of the NO/Pds(sp) systems,
which corresponds to the higher stability of the NO/
Pds(tb) system due to the formation of the stronger
Pd-N bond. The atomic charge on the apical Pd atom
in the linear adsorption mode of the NO molecule on
the Pds(tb) cluster is +0.18. Regarding the case of the
NO/Ags(tb) systems, it is found that the slightly bent
adsorption mode on the three-fold site of the Ags(tb)
cluster is the most stable (—31.2 kcal/mol). The intera-
tomic distances between three Ag atoms and the N
atom are 2.463, 2.463, and 2.344 A. These suggest the
relatively weak interaction of the NO molecule with
the Ags(tb) clusters. This may also be supported by the
substantially small values of the atomic charge on
these three Ag atoms (+0.06).

Comparing the absolute E,qs values for the NO/
Ms(tb) systems with M = Rh, Pd, and Ag, it can be
understood that the order of the thermodynamic sta-
bility on the NO/Ms(tb) systems studied is Rh >
Pd > Ag, which is the same with that described for
the NO/Ms(sp) systems. The order of the interatomic
distances of the N-precious metal atom bonds, similar
to the case of the NO/Ms(sp) systems, corresponds to
that of the E,4s values.

Regarding also the cases of the NO/Mj5(tb) systems
with M = Ir, Pt, and Au, the two types of the initial
geometries in which a NO molecule was located at the
above the bridge site of the precious metal Ms(tb)
clusters were taken into account, in addition to our
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Fig. 2. Schematic views showing the most stable adsorption
states of NO molecules on (a) Irs(sp) and (b) Irs(tb) clusters,
respectively.

previous investigation [25]. In the series of the
NO/Irs(tb) systems, similar to the cases of the
NO/Rh;(tb) and NO/Pds(tb) systems, the linear adsor-
ption state of the NO molecule on the Irs(tb) cluster is
the most thermodynamically favorable (—73.7 kcal/
mol; see Fig. 2(b)). The bond distance of the Ir-N
bond is 1.757 A, which is very close to that of the NO/
Irs(sp) system. The apex atom of the Irs(tb) cluster in
the adsorbed system possesses +0.30 of the atomic
charge. This atomic charge is greater than that of the
NO/Irs(sp) system (40.18) and suggests the appear-
ance of the larger © back-donation from the Ir atom to
the adsorbed NO molecule in the NO/Irs(tb) system. In
the cases of the NO/Pts(tb) systems, it is again seen
that the linear adsorption mode of the NO molecule on
the Pts(tb) cluster is the most stable one from the
energetic point of view (—61.5 kcal/mol). The dis-
tance of the Pt—N bond is 1.781 10\, which is close to
that of the NO/Pts(sp) system. The atomic charge on
the apical Pt atom in the NO/Pts(tb) system is +0.27.
The E,q4s values for the NO/Aus(tb) systems indicate
that the significantly bent adsorption structure of the
NO molecule on the Aus(tb) cluster obtained by
starting from the BR_L initial geometry is the most
favorable (30.2 kcal/mol). In spite of the initial geo-
metry, one Au—N bond was formed in this adsorption
state. The bond length is 1.977 A and is close to that
of the NO/Aus(sp) system (1.982 A). The tendency
of the coordination number of the NO molecule to
the Aus(tb) cluster is different from that of the

NO/Aus(sp) systems. However, it is found that except
for the adsorption states obtained by starting from the
3F_L and 3F_B initial geometries (see [25]), the
numbers of the Au—N bonds in the present NO/Aus(tb)
systems are 1.

From the comparison of the absolute values of E, g
for the NO/Ms(tb) systems with M = Ir, Pt, and Au, it
is revealed that the order of the energetic stability on
the NO/Ms(tb) systems can be demonstrated as
Ir > Pt > Au. In the case of the NO/Ms(tb) systems
with M =Ir, Pt, and Au, the order of the M-N
distances is in agreement with that of the E, 4, values.
The present study has considered the additional initial
geometries for various NO/Mjs systems, comparing
with the previous study [25], in order to scan more
accurately potential energy surfaces for the NO
adsorption. The entire order of the E,4 values for
the NO/Ms(tb) systems (M = Ir, Pt, and Au) is the
same as the previous findings [25], although the most
stable adsorption mode of the NO molecule on the
Aus(tb) cluster changed.

According to the entire comparison of the E,4
values shown in Table 2, it is evident that the order
of the thermodynamic stability of the adsorption states
of the NO molecules on the Ms(tb) clusters can be
represented as Ir > Rh > Pt > Pd > Ag > Au. This
partly agrees with that found for the NO/Ms(sp)
systems.

Let us consider the electronic structures from the
viewpoint of the electronic population of the adsorbed
NO molecules on the Ms(tb) clusters. Similarly to the
above considerations for the NO/Ms(sp) systems, the
most energetically stable adsorption states of the NO
molecules on each Mjs(tb) cluster obtained from the
six kinds of initial geometries were used to the Mul-
liken population analysis. As shown in Table 3, an
considerably large m back-donation from the Pds(tb)
cluster to the 2n* orbital in the adsorbed NO molecule
appears. Nevertheless, all NO/Ms(tb) systems demon-
strate the donation and m back-donation. The reason
why the substantially large m back-donation was
occurred in the case of the NO/Pds(tb) system is
not still clear. At least, however, the relatively large
values of the positive atomic charge on the apical Ir
atom in the NO/Ir5(tb) system may be able to explain
by the back-donation from the Ir atom to the 2n*
orbital of the adsorbed NO molecule with the large
amount of electrons (0.92).
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An important observation should be mentioned.
Comparing all E,4s values estimated, it is concluded
that the Irs cluster possesses the highest affinity to a
NO molecule. This observation was already pointed
out by our preliminary study [25]. In addition, the
similar nature of the Ir cluster was also revealed
theoretically by our group, when tetrahedral M, clus-
ters were considered [24]. Combining these previous
findings with the present results, we may be able to
conclude that the highest ability of the Ir cluster
regarding the NO adsorption does not depend on either
the shape of the Ir cluster or the number of atoms in the
model cluster. We would like to stress again that such a
property concerning the NO adsorption, which the Ir
cluster possesses, is expected to be responsible for the
high catalytic performance on the SCR of NO, under
lean-burn conditions.

5. Conclusions

In summary, in the present study an attempt has been
made to screen suitable noble-metal catalysts for the
SCR of NO, by combinatorial computation chemistry
approach. As a model catalyst system, a pentaatomic
metal clusters (Ms) with square pyramidal (sp) and
trigonal bipyramidal (tb) geometries were considered
as the substrate while linear and bend geometries were
considered for the adsorbent NO molecule. Among the
various metal clusters employed in this investigation, it
was found that regardless of the cluster size and
geometry as well as the adsorption models, the Ir
cluster is energetically more favorable than the others.
The results are in good agreement with the experi-
mental results as well as with the calculations per-
formed using a tetraatomic cluster model. However,
from the viewpoint of designing highly efficient or new
catalyst systems for the deNO, reaction under lean-
burn conditions, it is important to rationalize the sta-
bility the clusters for the activation of NO over a wide
range of elements and different cluster geometries.
Such a study is currently in progress.
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