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spectrometry, is reviewed. Oxidation-reduction and bond activation reactions catalyzed by neutral metal
and metal compound clusters are investigated, in order to understand the catalytic process at a molecular
level, and reveal possible full catalytic cycles for related condensed phase reactivity and processes. Den-
sity functional theory calculations for these systems enable exploration of the geometric and electronic
structures of clusters and determination of reaction intermediates and transition states, as well as reac-
tion mechanisms, by comparing the results of theoretical calculations and experimental observations.

Keywords:
Neutral metal cluster
Single photon ionization

Mass spectrometry Reactivity of metal oxide clusters with small gas phase molecules (CO, SO, and hydrocarbons), which is
DFT associated with the oxygen-rich or -deficient nature of the cluster, is discussed in terms of bond enthalpy,
Reaction mechanism cluster spin state, and unpaired spin density of the clusters. For bond activation catalytic reactions on

metal and metal compound clusters, we describe how adsorption of reactant molecules on active metal
sites of clusters, association energy between reactant molecules and clusters, and activation energy (bar-
riers) on the reaction potential energy surface can be constructed and compared to generate a reaction
mechanism. Experimental and theoretical studies shown in this review also provide unique insights into
how the application of gas phase neutral metal cluster chemistry is instructive in the understanding of
important fundamental aspects of practical catalysis in the condensed phase.
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1. Introduction

Synthetic catalysts make a significant contribution to the pro-
duction of all manufactured goods in all industrialized countries
[1]; consequently, great efforts are undertaken to understand and
improve the performance of catalysts by uncovering the detailed,
microscopic geometrical and electronic structure of an active cat-
alytic site, and the elementary steps comprising a catalytic reaction
mechanism.

Transition metals, as well as their oxides, sulfides, and carbides,
are unique in their abilities to catalyze chemical reactions, primar-
ily due to their multiplicity of low energy surface electronic states,
which can readily donate and/or accept electrons in the process of
making and breaking bonds [2]. Transition metal oxides (TMOs) are
employed extensively as catalysts in the petroleum, chemical, and
environmental industries as heterogeneous catalysts and catalytic
supports [3-10]. Members of the catalysis community, especially
those concerned with solid inorganic catalysts, spend a good deal of
their time interpreting the behavior and mode of action of existing
catalysts, devising new method of probing catalysts under operat-
ing conditions, or contemplating ways to design new, more efficient
catalysts.

The term “active site” first entered the literature of hetero-
geneous catalysis in the 1920s when H.S. Taylor suggested that
monatomic steps or other topographical features such as fissures
or troughs were likely to be the locus of enhanced catalytic activity.
Catalytic properties of a material (activity, selectivity, and stability)
are, in general, determined by chemical (electronic) properties of
surface atoms/molecules [11,12]. On the basis of the concept that
a catalytic reaction occurs at specific locally active sites [6,13,14],
gas phase metal, metal oxide/sulfide/carbide clusters, which are
composed of limited numbers of atoms, and which are fully acces-
sible by both experiment and theory, are good model systems for
the investigation of intrinsic reaction mechanisms for condensed
phase catalytic processes [ 15-20]. With the absence of counterions
and solvation, these gas phase ion and neutral clusters will, in gen-
eral, be much more reactive than their condensed phase analogues
[21-24], but such gas phase experimental studies, complemented
by computational investigations, can provide a conceptual frame-
work and an efficient means by which to obtain direct insight into
reactivity patterns, the role of differential ligation, the importance
of aspects of electronic structure, and the nature of crucial inter-
mediates. On the other hand, studies of gas phase clusters can
enable the identification of specific sites of reactivity for bulk con-
densed phase and surface systems. Discovery and elucidation of
such cluster chemistry may shed light on design, synthesis, and
more effective use of the related condensed phase catalysts.

Cluster electronic and reactivity properties should depend sen-
sitively on charge state, especially for small clusters. Neutral cluster
properties are important to study in order to have a complete
understanding of a cluster, and by implication, of condensed phase
and surface chemistry. Reactivity of both neutral and charged
nanometer sized transition metal clusters has been extensively
studied [25,26] since the pioneering work of Smalley and co-
workers [27-29]. lonic clusters [26,30] are easier to study by mass
spectrometry, because electric and magnetic forces can be used
to control and manipulate charged species; in contrast, neutral
clusters are difficult to control and usually must be ionized for
detection. The ionization of a neutral cluster by typical meth-
ods such as electron impact or multiphoton ionization techniques
almost always causes cluster fragmentation. Cluster fragmentation
during ionization prevents parent molecule identification because
the different neutral clusters created are usually mixed together
and their fragmentation patterns interfere with reactivity stud-
ies [31-33]. Single photon ionization (SPI) with vacuum ultraviolet
(VUV) and soft X-ray or extreme UV (EUV) lasers has been recently

demonstrated to be a successful technique for detecting neutral
transition metals, as well as their oxides, sulfides, and carbides
clusters without fragmentation [34-40].

Kappes and Staley’s experimental investigation of CO oxidation
by N,O catalyzed by isolated FeO* (or Fe*) in 1981 started the
study of gas phase molecular heterogeneous catalysis [41]. After
more than two decades, many examples of catalytic cycles facili-
tated by metal atoms [42-45], metal clusters [17,46,47], and metal
oxide clusters [5,48-51] have been demonstrated. Several excel-
lent reviews are available in the literature [30,52-55]. Meanwhile,
reactivity of TMOs cluster ions toward various gas phase molecules
has been extensively investigated with emphasis on understanding
the important step(s), such as bond activation, in practical catalytic
cycles [26,56-63]. Since mass spectrometric techniques are widely
used for this research, most studies of TMOs cluster reactivity are
forionic TMOs clusters. Considerable experimental effort, however,
has been expended to study the reactivity of neutral diatomic and
polyatomic species by spectroscopic methods; for example, laser
induced fluorescence (LIF) or infrared (IR) absorption studies have
been reported for neutral species [64-67].

Neutral metal oxide/sulfide/carbide cluster distributions and
reactivity were reported by our group, employing SPI with VUV
and EUV lasers [36,40,68-75]. SPI is essential for detecting neutral
oxide cluster distributions through time of flight mass spectrom-
etry (TOFMS), while multiphoton ionization (MPI) through 193
and/or 355 nm laser radiation can never detect a complete metal
oxide cluster distribution due to (sometimes severe) photo disso-
ciation during or after ionization. As these gas phase studies can be
performed under well-defined conditions, they play a key role in
the evolution of approaches aimed at a more comprehensive under-
standing of the elementary reaction steps for catalytic mechanisms,
knowledge of which is mandatory for the design of tailor made and
improved catalysts.

In this review we focus on neutral metal and metal
oxide/sulfide/carbide cluster gas phase distributions, reactivity,
catalytic mechanisms, and provide unique insights into important
fundamental aspects of practical catalysis in the condensed phase.
We will discuss the chemistry of the following topics: (1) identifica-
tion of neutral metal and metal oxide/sulfide/carbide clusters, (2)
oxidation-reduction reactions catalyzed by metal oxide clusters,
(3) chemisorption and bond activation catalysis with an empha-
sis on bond forming reactions, and (4) gas phase processes that
enable understanding of the condensed phase catalytic process at
a molecular level.

2. Experimental identification and spectroscopy of neutral
metal clusters

Knowledge of the distribution of neutral metal clusters is an
essential component for the elucidation of reactivity and catalytic
behavior of such systems: the problem of cluster fragmentation
in the process of their detection must therefore be addressed
[10,22,76,77]. Since small metal oxide/sulfide/carbide clusters typ-
ically have an enormous density of vibronic states and very rapid
relaxation processes, their spectra are often poorly resolved: their
study and characterization are typically accomplished through
mass spectrometry. lonization of such neutral clusters is most gen-
tly done by photons, but multiphoton ionization can cause neutral
cluster fragmentation and thus, loss of original cluster mass iden-
tity. The problem of cluster detection without interference from,
or confusion generated by, parent neutral cluster fragmentation
can be addressed in two ways: covariance mapping of the mass
spectral data [32,33], and single photon ionization near thresh-
old. In this review we focus on the latter approach, employing
VUV lasers [78-85] (118 nm, 10.5eV) and an EUV laser [35,86]
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(46.9nm, 26.5eV). Some studies of emission [67,87-90], photo-
electron [91-95], and vibrational [96,97] spectroscopies have been
employed for the detailed characterization of small cluster struc-
ture and electronic states.

118 nm (10.5eV) photons have two distinct advantages over
other laser wavelengths that can be employed for cluster ion-
ization: (1) a single 10.5eV photon is energetic enough to
ionize most metal oxide/sulfide neutral cluster and (2) at
10'1-10'2 photons/pulse at 118 nm, the probability that any cluster
will absorb more than one photon is vanishingly small. The distribu-
tions of neutral metal oxide, sulfide, or carbide clusters determined
through photoionization time-of-flight (TOF) mass spectrometry,
electronic spectroscopy, and density functional theory (DFT) cal-
culations have been reported by Bernstein’s group over the past
decade [33-38,40,67,74,75,98-101].

The 532 nm laser ablation of metal foil in the presence of O,, H, S,
or small hydrocarbon compounds in He is the widely employed
method to generate metal oxide, sulfide, or carbide clusters
[34,37,38,40,73,74]. Four different ionization laser wavelengths
(355nm, 193 nm, 118 nm and 46.9 nm) are usually employed for
multiphoton and single photon ionization processes. Through these
different ionization methods, the true neutral clusters distribution
can be determined. The most intense features of the mass spectra
of various metal oxide/sulfide neutral clusters obtained at different
ionization laser wavelengths are summarized in Table 1. Compar-
ison of the results obtained at 118 nm ionization (single photon)
with those obtained at 193 nm and 355 nm ionization (through
multiphoton processes) (in Table 1), leads to an understanding
of the multiphoton neutral cluster fragmentation pathways. Frag-
ment ion features are observed in the mass spectra of metal
oxide/sulfide neutral clusters for only the 193 nm and 355nm
ionization schemes. The multiphoton fragmentation mechanism
for these neutral metal oxide/sulfide clusters during the ioniza-
tion process that seems most consistent with all the data is the
loss of one or several oxygen or sulfur atoms. Using 10.5eV, SPI
for neutral clusters, with the possible relatively rare exception
for clusters whose calculated ionization energy >10.5 eV, almost
all of these metal and metal compound clusters will be ionized.
Most metal oxide/sulfide neutral clusters have ionization ener-
gies in the range 7-10.5eV [37,38,67,75,100,102-105]. Thus, the
cluster excess energy following ionization is ~0-4eV. This is not
enough energy to break an M—O bond in the metal oxide cluster.
Even 5-6eV of excess energy in clusters would not yield frag-
mentation times (RRKM estimates) within the appropriate time
range (~<1 ws) for observable line width effects in large clusters.
Multiphoton 355 and 193 nm ionization can of course cause frag-
mentation within this time range because many photons can be

Table 1

absorbed in the ionization process [32,33]. Two photon ionization,
through a 355nm (3.5eV) plus 118 nm, (1 + 1) two photon process,
for clusters with ionization energies larger than 10.5eV is addi-
tionally possible, but should also not cause fragmentation of high
ionization energy clusters. In general, for the majority of systems,
the true neutral cluster distribution is obtained through 118 nm
(or similar) single photon ionization, as verified by mass spectral
peak line widths and calculations of the cluster binding energies,
ionization energies, and fragmentation rates [35,37].

Employing TOFMS, single photon ionization at 193 nm can also
be used to detect neutral metal carbon hydride (Al;;,C;Hx, Mgm CrHy,
BeCnHx, CamCrHy) cluster distributions due to their low vertical
ionization energies (VIEs) [40,74]. The metal carbon hydride clus-
ters are generated through a metal ablation plasma-hydrocarbon
reaction or an M-C ablation plasma reacting with H, gas. Only
some of the neutral M;;C;Hyx (M = Al, Mg, Be, Ca) clusters with odd
mass numbers (i.e., an odd number of electrons), which have low
VIEs, can be detected by SPI at 193 nm. Systematic variation of the
VIEs of M;,;CHyx clusters with the numbers of M, C and H atoms is
observed. VIEs of neutral Al,C;Hy (x=0-4), Mg,C4Hx (x=0-3), and
Be,CsHy (x=0-5) clusters systematically change with the number
of H atoms (Fig. 1), because adding H atoms to the clusters changes
the electronic configuration of the clusters from open shell to closed
shell and vice versa. This study suggests that M;; C,Hy clusters have
unique properties that make them a potential hydrogen storage
material; for example, up to 13 wt% hydrogen storage by weight
can be achieved for Al,C;Hq5, and for a comparable Be molecule,
the wt% H becomes close to 20%.

3. Catalytic reactions of neutral metal and metal
compound clusters

3.1. Catalysis by metal oxide clusters: oxidation-reduction
reactions

TMOs are widely used as heterogeneous catalysts or catalyst
supports in the chemical industry [106,107]. Oxidation-reduction
reactions over supported metal oxide catalysts represent a very
important catalytic process in the chemical industry. Since pro-
cesses on metal oxide catalytic surfaces are so complex, a
fundamental understanding of these catalytic mechanisms is still
not available, and thus a rational approach to effective catalyst
synthesis and application is difficult. Gas phase studies of metal
oxide clusters and their reaction behavior can help to understand
the mechanism of elementary reactions in oxidation-reduction
catalytic processes under isolated, controlled, reproducible, and
theoretically predicated conditions [52,108-113].

The most intense features of mass spectra of various metal oxide/sulfide/carbide neutral clusters obtained at different wavelength laser ionization.

Cluster Most intense features obtained at different laser wavelength ionizations
355nm 193 nm 118 nm

CupnOy Cup, 01 CuzmOp, for4<m<10 CunOpy (m<4)and
CupOp1 (M>4)

Fe,Op FenOm FeOm, FernOma Fe,Om, FenOm+1, and
Fem0m+2

Zrmon ZrmOZm—l Zrm 02m—1 ZrmOZm and Zrm02m+l
form=1-30

M0, (M=V, Nb, Ta) MmO2m (Mm=2,3) MinOmme+1,2 (MO>)x(M20s )y (x,
y=0,1,2,...)

Timon TimOZm 1,-2 TimOZm 1,-2 TimOZm,ZmH

ComOn - - ComOmme1 (M=3-5)
ComOpmsz,m+3 (M=6-9)

VinSn - VS, (n=m+1) VinSp (n>m+1) Vi SpHy
(x>0) are observed

FenSh - FenSm_1m (Mm=1-6) FenSm (m=2-4) and

Fe,SpHy (n>m, x>0)
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Fig. 1. The VIEs of Al,C;Hg_4 and the VIEs and AlEs of Mg,C4Ho_3, Be;CsHo_s clusters plotted against the number of H atoms x in the clusters. The structures under the plot
are the lowest energy structures optimized at the MP2/6-311+G* theory level. Values (in eV) below each geometry are VIEs and AlEs for the clusters calculated at the same

theory level.
Adapted from Refs. [40,74].

3.1.1. SO, oxidation

Vanadium oxide is a very important industrial heterogeneous
catalyst [107,114-116]. V505 has been employed as a catalyst
for oxidation of SO, to SOs. Reactions of neutral vanadium oxide
clusters with SO, were reported with the aim of elucidating a
mechanism for the catalytic formation of SO3 [72,117]. Many
association reaction intermediates [V;;0,S0; and V,04(S03),] are
observed. A weak feature at the SO3 mass channel (80 amu) is sug-
gested to be present in the product mass spectrum. Isolated SO
is also observed as a product, as predicted by theoretical studies
[117]. Both experiments and calculations suggest that SO, can be
reduced and oxidized by oxygen-deficient and oxygen-rich clus-
ters, respectively. The apparent activation energy for oxidation of
SO, over a supported vanadium oxide catalyst is determined to
be 21 £+ 2 kcal/mol (=0.91 £0.09eV) [118,119]. Considering the fact
that VO, represents an active site for a supported V,05 catalyst
[120], the model study shown in Fig. 2 reflects a possible mecha-
nism for condensed phase catalysis; however, the activation energy
(0.91+0.09eV)is interpreted as SO3 desorption energy in the con-
densed phase studies. The calculated results (Fig. 2) indicate that

BPW91/TZVP

VO 50,40, (3.15)

V0,0-050, /TS (1.34)
V0,50, (1.14)

N

VO 50, (0.45)

V0,50,+0, (0.46)

~v0,50,0, (0.00)

Fig. 2. Schematic diagram showing SO; formation starting from three free gas
molecules: VO3, SO, and O,. The values in parentheses are relative energies in eV.
Note that these calculations are performed with the Gaussian 03 suite of programs
and can be different from those of Gaussian 98 by as much as (0.05eV).

From Ref. [72].

this activation energy may mainly involve O—O bond cleavage for
the VO,0—0S0,/V03S03 complex.

Three SO3 formation mechanisms were also proposed based on
experimental and calculational results [72].

Catalytic cycle I: SO and SO3 formation occur on oxygen deficient
and oxygen rich sites, respectively.

1. Formation of oxygen-deficient and oxygen-rich sites

2VmOn — 2VmOp_1 + 0,

2VO0n +02— 2ViOny

VmOn — VinOp_p +0,

VinOn +02 - VinOpyo

2. Reactions of oxygen-deficient and oxygen-rich sites with SO,
and regeneration:

VinOp_2 +503 — VinOp 1 +S0:; SO + 0y — SO3

VinOp_1+505 — ViOp+S0; SO + 0 — SO3

Vm0n+] +S0y3 — V0, +S03

Catalytic cycle II: SO and SO3 formation occur on stable sites.

1. Reactions of stable sites with SO,, formation of oxygen-rich and
oxygen-deficient sites:

VinOn+S03 - V0,1 +SO3
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VinOp +S03 - VinOpi1 +SO; SO + O — SO3
2. Regeneration of stable sites:
VinOp_1+S03 - V0, +SO; SO + O — SO3

VmOnt1 +VmOnp_1 — 2Vy0p

VmOn_2+ 02 — VnOy

2VimO, 1 +0y3 — 2VmOn

VinOpi1 +S03 — VinOp +SO

Catalytic cycle IlI: SO3 formation occurs on stable sites through
oxidation by both O, and catalyst.

1. Formation of reaction intermediate from a stable site:
VinOp +S03 - V30,50,

2. Oxidation of a reaction intermediate by O, and SO3 formation:
Vimn0nSO, + 03 — Vi0,,1S03

3. Regeneration of a stable site:

VinOpi1 + S0 — VinOy + 503

2Vm0n+] — 2V Op + 02

3.1.2. CO oxidation

Low-temperature, low-cost, and efficient CO oxidation
(removal) can solve serious environmental problems that are
caused by CO emission from automobiles, industrial processing,
and even cigarette burning. CO oxidation is also important in other
areas such as respiratory protection and fuel gas cleanup. Gold
based catalysts are employed for low temperature CO oxidation
[121], and have been studied extensively in the condensed phase
[122-129] and in the gas phase [130-134], but a search for alterna-
tive, low-cost, and noble metal free materials has led to the study
of transition metal and metal oxide catalysts [135-138] for such
reactions. In the following we present three studies dealing with
the oxidation reactions of CO catalyzed by neutral gold clusters,
iron oxide, and cobalt oxide clusters.

Experimental and theoretical studies of the oxidation reaction of
neutral Au,(CO), clusters in the gas phase are undertaken through
single photon ionization TOFMS at 193 nm [139]. Neutral gold car-
bonyl clusters, Aupy(CO), (m=3-9, n=2-7, m>n), are generated
by laser ablation of Au into a mixture of CO/He, cooled by expan-
sion and collision with He, and reacted, with both O, and N,O in
a fast flow reactor. Auz(CO),, Aus(CO)4 and Au;(CO)s neutral clus-
ters are especially reactive with O,, while neutral clusters Aus(CO)3
and Au;(CO)4 are only moderately reactive with O,. With possible
minor exceptions for Auz(CO), and Auz(CO)3, none of the Auy,(CO),
neutral clusters studied in the experiments prove to be reactive
with N,0. A complete mechanistic catalytic cycle was suggested

-CO, +0,

Au;0(CO), Au(CO),

+3CO
-co,
-0,
iy Au;0(CO) N
+CO

-Co,

An,(CO),

Fig. 3. Schematic representation of the catalytic cycle for CO oxidation to CO; by O,
on the Aus cluster.

From Ref. [139].

for the gold catalyzed, low temperature oxidation of CO to CO,. The
full cycle is composed of a number of possible elementary reactions
as shown in Fig. 3. The catalytic cycle incorporates the following
reactions:

(1) Adsorption
Aus +2CO — Aus(CO); (1a)
Aus +3CO — Aus(CO); (1b)
(2) Reaction
Aus(CO); + 05 — Auz0(CO) + COy — Aus +2C05 (2a)
Aus(CO)3 + 05 — Auz0(CO), +CO; — Auz(CO) + 2CO,  (2b)

(3) Regeneration

Auz(CO) + CO — Auz(CO), (3a)
Aus(CO) + 2CO — Ausz(CO)3 (3b)
2Au3(CO) + 0y — 2Aus +2C0O, (30)

Single photon ionization (118 nm) and DFT calculations are
also successfully applied for the investigation of CO oxidation
with small neutral iron oxide clusters (FeO;_3 and Fe;045)
[140]. FeO, and FeOs neutral clusters are reactive toward CO,
whereas Fe,0y4, Fe; 05, and possibly FeO are not reactive. A higher
reactivity for FeO, [o(FeO,+C0)>3 x 1017 cm?] than for FeO3
[o(FeO3 +CO)~1 x 10~17 cm?] is observed. The reaction is driven
by additional (=0 bond formation which is facile due to favorable
thermodynamics: CO, (O—CO) bond enthalpy (5.54eV) is higher
than those of FeO;_3 and Fe;045 (2.93-4.29eV).

The three catalytic cycles (I-1II) for CO oxidation by O, facil-
itated by FeO_3, Fe;03_5, and Fe,0,_4 clusters are presented in
Fig. 4: FeO3 oxidizes CO to produce FeO, and CO,, FeO, oxidizes CO
to produce FeO and CO,; the O-0 bond of O, then breaks on FeO
to regenerate FeOs, with the addition of two Fe—O bonds. Each of
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C02 : C()2
0.03/0.35 L 021031
P 0.11/1.21
i Fe,O
co FeO. e 0" o,
5 co
co |
i Fe,0, I 023026 I Fe0,
-0.08/0.44 |
co, co,
FeO | Fe,0, co,
i
0.44/1.52 L 078118 C0°'46’°-46
0, i 0,

Fig. 4. Three model catalytic cycles for the CO oxidation by O, over FeO_3 and Fe,0,_s. The overall reaction barrier (AGogg) and the corresponding absolute reaction barrier

(AGags) in eV for each elementary step are given as AGogg/AGars.-
From Ref. [140].

the O—0 bond breaking process is subject to a high absolute reac-
tion barrier (ARB), defined as the energy difference between the
transition state (TS) and the intermediate through which the TS
is generated. The rate limiting steps of cycles I and II are the 0—O
bond activation (or breaking) processes that are subject to both high
overall reaction barriers (ORBs) and ARBs. The rate-limiting step
of cycle Il is not apparent because the 0—0 (Fe;0;, + 0, — Fe;04)
activation has a smaller ORB and a much higher ARB than the Fe—O
activation (such as, Fe, 03 + CO — Fe; 0, +CO,) does.

The mechanism for the oxidation of CO to form CO, over an iron
oxide catalyst involves interaction of a lone pair of electrons from
carbon with an iron atom and subsequent activation of an Fe—O
bond toinitiate formation of another C=0 bond. Two essential steps
are presentin the oxidation of CO by Fe; O, clusters: (1)initial inter-
mediate formation that involves carbon-iron interaction and (2)
Fe—O bond activation that determines the overall reaction barrier.
The Fe—O bond activation energy at room temperature varies from
—0.08(Fe0;)t00.46 eV (Fe;03). The process of the O—O bond break-
ing on FeO is the rate-limiting step, which suggests that efficient
0, activation should be considered in practical catalysis.

The study of CO oxidation by Co;; 0, clusters has shown that the
Co304 cluster has the highest reactivity for reactions with CO [68].
Cluster reactivity is highly correlated with the following factors:
cluster size, Co(Ill) concentration in the cluster, the number of the
cobalt atoms with high oxidation states, and the presence of an
oxygen molecular moiety (an O—0 bond) in the Cor, Oy, cluster.

The potential energy surface (PES) along the reaction coordi-
nate for the reaction of Co304 with CO was calculated at the DFT
BPW91/TZVP level of theory (Fig. 5). The Co304 cluster has Cyy,
symmetry with doublet and quartet spin multiplicities: the dou-
blet conformer is higher in energy than the quartet conformer
by 0.10eV. DFT calculations predict bond lengths of 1.761A for
Co(I1)—0 and 1.801 A for Co(Ill)—O in 2Co304, with two parallel
oxygen bridges between two Co(Ill) atoms (see Fig. 5). The prod-
uct Co303 has a G symmetry, with the doublet conformer slightly
higher in energy than the quartet conformer by 0.10eV. CO, is
formed linearly on the Co304 cluster through a transition state TS1
(—0.52 eV for the doublet and —0.45eV for the quartet), indicat-
ing that the CO molecule attacks one of the parallel bridge oxygen
atoms between the two Co(lll) atoms. The transition state TS1
involves cleavage of two Co(IlI)-0O bonds and elongation of the
Co(II)—C bond. The overall reaction Co304+CO — Co303 +CO; is
exothermic (—2.16 eV for the doublet and —2.27 eV for the quartet),
and thermodynamically barrierless.

As seen in the Co304 cluster unpaired spin density profile in
Fig. 6, unpaired electrons are mostly localized on the Co(II) site,

which is the most active site in the Co304 cluster. The lowest energy
conformer structure for the association product Co304CO has CO
bonded to the Co(II) site. Since Co(II) is a more unpaired electron
rich site than Co(Ill), CO bonding to the cluster Co(ll) site is reason-
able according to well established metal carbonyl chemistry. For
C0304CO0, unpaired electrons are localized at the two Co(Ill) atoms
and the two bridge oxygen atoms (see Fig. 6). Therefore the bridge
oxygen atoms have major responsibility for the high reactivity of
the Co304 cluster for CO oxidation. Generally, for CO oxidation, one
oxygen atom in CO, is from a bridge oxygen connected to the two
Co(IIl) atoms, and these two Co(lll)s are thereby reduced to Co(Il)s
in the product Co303.

Overall, CO is predicted to be adsorbed on the Co(lI) site, and
react with one of the parallel bridge oxygen atoms between two
Co(III) atoms in the Co304 cluster. The oxidation reactivity is indi-
cated to be associated with appropriate Co(Ill) concentration, and
the number of cobalt atoms with high oxidation states or O—0
bonding moieties in the cobalt oxide clusters. The Co304 clus-
ter has the highest overall rate constants for oxidation of CO
(1.62x10712cm3s71),
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Fig. 5. Reaction pathway for 24Co304+CO — 2/*C0303 +CO, calculated at the
BPW91/TZVP level. The reaction intermediates and transition states are denoted
as MI,, and MTS,, respectively, in which the superscript M indicates the spin multi-
plicity. Energies, including ZPE corrections, are given in eV and are relative to the
initial energy of the 2Co304 +CO reactants. Cobalt atoms are the lightest in color,
followed by oxygen, and carbon as the darkest.

From Ref. [68].
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(a). Coz0,

(b). Co;0,CO

Fig. 6. Unpaired spin density profiles for Co304 and Co304CO clusters.
Adapted from Ref. [68].

3.1.3. Methanol oxidation to formaldehyde

Methanol as a clean energy resource can be used directly for
transportation or can be added to the conventional fossil fuels
[141,142]. Commercially, methanol is synthesized from carbon
monoxide and hydrogen [143,144], and almost 40% of the produced
methanol is converted to formaldehyde over iron molybdenum
oxide catalysts[145,146]. The reaction enthalpy for methanol selec-
tive oxidation to formaldehyde is CH30H+1/20, — CH,0+H,0
(AH=-153KkJ/mol) (http://webbook.nist.gov/chemistry). Dehy-
drogenation of methanol over TMOs in the gas phase has been
extensively investigated; most researchers focus on the reactions
of cation or anion metal oxide clusters [59,147-154].

Reactions of neutral iron oxide clusters with methanol were
studied by TOFMS employing 118 nm SPI and DFT calculations [69].
Methanol dehydrogenation reactions are observed for FeO;, and
Fe,0,_5 clusters. DFT calculations are additionally performed and
the following conclusions can be drawn from the theoretical stud-
ies: (1) the O—H bond of methanol is more readily activated by iron
oxide than the C—H bond of the methyl group, and hydrogen trans-
fer from the O—H group occurs prior to that from the C—H group; (2)
neutral water elimination reactions are energetically more favor-
able than dehydrogenation reactions on iron oxide clusters; and (3)
neutral formaldehyde CH,O is suggested to be generated from the
reactions of FeO; ; and Fe;0,_5 with CH3OH at room temperature
based on experimental observations.

The catalytic cycles are suggested and presented in Fig. 7. FeO3
and FeO, can be reduced to FeO, and FeO, respectively, by CH3OH
to form CH,0 +H,0, and the generated FeO is subsequently reoxi-
dized by O,, and FeOs is regenerated (cycle a). In a reaction similar
to the FeO3/Fe0,/FeO cycle, methanol can be oxidized by Fe; 05 and
Fe, 04 clusters, and the generated Fe,O3 can be oxidized to Fe;0s5
by O, (cycle b).

Reactions of charged Fe;; O, clusters with methanol have also
been investigated experimentally [152,153,155] and theoretically
[151]. Four types of ion reactions are identified for the overall reac-
tion of FeO* with methanol [155]. All four reactions are exothermic
based on thermochemistry data [155] and DFT calculational results
[151].

FeO* +CH30H — (CH,0)FeOH™ +H*,
AHj= —0.48eV(—1.46eV) (4)

CH;OH
(-1.04/0.08) | 7 FOs <\ (-0.92/-0.16)
s CH,0 + H,0
Cycle (a)

FeO FeO,

CH,0+H,0 CH;OH
(-0.21/-0.52)

CH,OH

Fe,0
(-0.10/0.33) 275 \\ (-1.89/-0.56)

0, CH,0 + H,0
Cycle (b)
Fe.203 Fezo 4

CH,0+H,0 CH;OH
(-0.68/-0.29)

Fig. 7. Proposed catalysis cycles for the reaction CH;OH +1/20, — CH,0 +H,0 over
(a) FeO3/FeO,/FeO and (b) Fe;0s5/Fe;04/Fe,03 clusters. Reaction energies (a) and
overall barriers (b) are listed for each reaction as (A/B) in eV.

From Ref. [69].

FeO* + CH30H — (CH,0)Fe* +H,O0,
AHp = —2.04€V(—1.93¢eV) (5)

FeOt + CH30H — (H20)Fe+ +CH,0,
AHp = —1.95eV(-2.16eV) (6)

FeO' +CH30H — Fe' +CH,0 + H;0,
AHy = —-0.61eV(-0.73eV). (7)

The related neutral cluster reaction energies are calculated by DFT
as [69]

5Fe0 + CH30H — %(CH,0)FeOH + H., AE= 0.37eV (8)
5FeO + CH30H — (CH,0)’Fe + H,0, AE= -0.18eV (9)
5FeO + CH30H — H’FeOH + CH,0, AE= —0.86eV (10)
5FeO + CH30H — °Fe + CH,0 + H,0, AE= 0.38eV (11)

The product distribution for cationic (Reactions (4)-(7)) FeO*
and neutral FeO cluster reactions (Table 2) with methanol are dif-
ferent: FeOH, (CH,0)FeOH, and association product Fe,;0,CH30H,
are observed only for the neutral cluster reactions, and are not
present for cationic reactions. Hydrogen radical generation is favor-
able for cationic cluster reaction (4), but unfavorable for the neutral
cluster reaction (8). For Reaction (10), the neutral intermediate
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Table 2
Observed product for the reactions of neutral iron oxide clusters with CH30H and
CD5;0H.

Mass CH30H Mass CDsO0H

73 FeOH L. e

74 HFeOH 75 FeOHD

86 (CH,O)Fe 88 (CD,0)FeP

90 (H,0)FeO 91 (HDO)FeO
103 (CH,0)FeOH? .2 e
104 FeOCH3;OH¢ 107 FeOCD30H
118 FeOC,HgO4 124 FeOC,;D60
145 Fe,O,H .2
146 Fe,O,H; 147 Fe,0,HD
162 Fe,03H; 163 Fe,OsHD
178 Fe,04H> 179 Fe,04HD
194 Fe,0sH; 195 Fe,OsHD

Ref. [69].

2 The related deutrated species signals are too weak to be positively identified.
b Overlapped with FeO, in mass number.

¢ Overlapped with FeO3; in mass number.

4 Overlapped with Fe0,CH,0 in mass number.

structure (HO)—(H)Fe(OCH, ) (Fig. 8, structure 8) is more stable than
its conformer structure (H,O)Fe(OCH,) by 0.90 eV, and the follow-
ing dissociation product, (H)Fe(OH), for which both hydrogen and
the hydroxyl group are bonded to the Fe atom, is also more sta-
ble than (H,O)Fe (by 0.81 eV). As a comparison, (H,O)Fe*(OCH5) is
the most stable structure and (H,O)Fe* is the most stable dissocia-
tion product for the related cationic reaction (5) [151]. Thus, even
though the product mass numbers are the same for the reactions
of FeO or FeO* with methanol, the product structures and reaction
pathways are significantly different based on DFT calculations.
Reactions of anionic FeO,~, Fe; 03—, and Fe, 04~ with methanol
and deutrated methanol have also been investigated [153]. Obser-
vations of FeO,HD~ by employing deutrated methanols, CH30D,
and CD3OH, indicate that the hydrogens of FeO,H,~ are from
both O—H and C—H groups; this is consistent with the neutral
cluster studies [69]. The structure of FeO,H,~ is suggested as
Fe(OH),~, however, with two hydroxyl groups bonded to the Fe
atom, whereas the most stable structure for neutral species is cal-
culated as (H,O)FeO, suggesting a different reaction mechanism for
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Fig. 8. Reaction pathways for 5FeO+CH3OH — H>FeOH + CH,0 calculated at the
B3LYP/6-311+G(d) level. Energies are relative to the energy of the FeO +CH3;OH
reactants. The solid line indicates hydrogen transfer to the oxygen atom of FeO from
the O—H group, and the dashed dot line indicates hydrogen transfer to the iron
atom of FeO from the O—H group. R3: 5Fe0 + CH30H; P3: H°FeOH + CH, 0. Iron, oxy-
gen, carbon, and hydrogen are in pink, red, dark blue, and light blue, respectively.
From Ref. [69]. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

anionic and neutral cluster reactions. Secondary reaction products
for Fe(OH),~ have also been obtained, which imply the reac-
tion FeO,H,~ +CH30H — FeO3~ +H; + CH4 occurs; however, the
reaction energy for related neutral (H,O)FeO cluster reaction is cal-
culated as 2.47 eV. This high reaction energy clearly indicates that
the secondary reaction does not occur.

Oxidation of methanol to formaldehyde by FeO2* in the gas
phase and in the solution has also been calculated by DFT [152].
Interestingly, hydrogen transfer from the C—H group of methanol
followed by that from the O—H group, is given as the most likely
mechanism. In addition, the product structure, (H,O)FeZ*, which is
similar to (H,O)Fe* with a water molecule bonded to the Fe atom
through the O atom, is different from the related neutral species
HFeOH.

3.1.4. Hydrocarbon oxidation

The oxidation of hydrocarbons over supported metal oxide cat-
alystsis a very important catalytic process in the chemical industry.
For example, catalytic partial oxidation of propylene (CH,=CHCH3s)
produces acrolein (CH,CHCHO), one of the more employed indus-
trial chemical intermediates [156-158]. The reaction mechanism of
neutral vanadium oxide clusters with hydrocarbons (e.g., ethane,
ethylene, and acetylene) are investigated employing 26.5 eV soft
X-raylaserand 10.5 eV nm laser ionization TOFMS [70,159], in com-
bination with DFT calculations [160]. The reactivity for neutral
vanadium oxide clusters (V;0,) toward CyHg, CoHg, and CoH, is
found to increase with degree of unsaturation of the hydrocarbon.
This reactivity trend is well associated with the behavior of bind-
ing energies between these hydrocarbons and V0, clusters. For
example, the saturated hydrocarbon C,Hg bonds weakly (0.65 eV)
with V,05, whereas C;H4 and C;H, bond more strongly with V505
by CO and VC chemical bonds at 1.33 and 2.5 eV (Fig. 9).

CyHg (CpHap+n, saturated) molecules are not reactive with
neutral vanadium oxide clusters at low temperatures (reactants
and products are thermalized to 300-400K by collision after the
reaction [28]). Since the reactions CpHyp4p — C_1Hop_2 + CHy are
endothermic (AH>0), saturated hydrocarbon molecules may be
reactive at high temperature, when AGeact < 0. For the reaction of
VmOpn +CyHy, products VO,CH,, V307CH,, and V501,CH>, in addi-
tional to association products are observed. C=C bond cleavage
occurs for CyHy reacting with the oxygen rich neutral clusters
VO3, V30g, and V5043. For the V;;,0, + C;H; reactions, association
reactions are identified as the major products. Two dehydration
products VO,C, and VOC4H; are also identified. DFT calculated
results suggest that both reaction channels, dehydration (water
formation) and partial oxidation (ketene formation), can occur
without an overall reaction barrier for the VO3 + C;H; reaction.

The cleavage of C=C bonds of alkenes on oxygen rich neutral
VO, clusters is a unique reaction. C=C bond breaking only happens
on oxygen rich vanadium oxide clusters with an odd number of
vanadium atoms, and the overall stoichiometry VO3(V,05),, n=0,
1, 2,.... By DFT calculation, VO3 and V30g are demonstrated to be
less stable clusters than VO, and V307, respectively [98]. The excess
oxygen in oxygen rich metal oxide clusters can be considered an
oxygen centered radical site in the cluster. DFT calculations show
that VO3 associates with C;Hy4 to form a stable five membered ring
intermediate. A large amount of energy (2.12 eV) is then released,
leading to C=C bond breaking. A V30g structure (shown in Fig. 10)
can be generated from V,05 bonded to VO3 for a model structure
of (V,05)(VO3), in which V and O atoms of the V,05 moiety are in
oxidation states +5 and —2, respectively. Density functional theory
calculations of the reaction mechanisms for V30g + CoH4 [161] also
suggest that the (O, ),V(0:O¢)®* moiety contains the radical oxygen
center in V30g®. O°* is the active site for reaction toward C;H4 oxi-
dation. Similar reactivity has been identified for the (O} ),V(0:O¢)*
sites in V30g and the VOs3* cluster [(O¢);VO:*]: in this instance
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Fig. 9. DFT optimized geometries of association products V,05C,H, (x=6 (top), 4 (middle), and 2 (bottom)). Three types of geometry configurations (A, B, C) are presented.
The values x1/x2 below each geometry are the zero-point vibrational energy corrected binding energies, in which x1 and x2 are the values for the association species in

singlet and triplet spin states, respectively.
From Ref. [159].

to enable C=C bond cleavage of C,H4. Thus, oxygen rich vana-
dium oxide clusters VO3, V30g, V5013, etc. can be expressed as
VO3(V,05)p, n=0, 1, 2,.. .. These clusters have an oxygen centered
radical (VO3), which can surmount the barrier associated with for-
mal [3 +2] cycloaddition.

Note that C=C bond breaking for C;H4 does not occur for (1)
the most stable V0, (e.g., VO,, V2045, V3056 7) clusters [98], (2)
oxygen rich V0, clusters with an even number of V atoms, (3)
other metal oxide clusters, such as Nb;; Oy, TamOn, TimOn, ComOn,
SimOn, FemOn, Hf Oy, Zr Op, and (4) vanadium oxide cluster ions
(VmOn*). These results indicate that the activities of metal oxide
clusters are dependent on many issues: bond energies, reaction

Fig.10. DTF calculated the lowest energy structures of VO3 and V30g at B3LYP/TZVP
level.

From Ref. [159].

barriers, reaction rates, etc., not only on the oxygen-rich or -poor
nature of M;;0;, clusters.

On the basis of experimental data and DFT calculations, a cat-
alytic cycle for oxidation of alkenes to produce formaldehyde
and other aldehydes on vanadium oxide clusters is suggested
(Scheme 1). Since VO3 can thereby be employed in a catalytic cycle
for C,H,4 oxidation to H,CO, other larger clusters of this general
type (VO3(V,05)n,n=0, 1, 2,...) can be active in a similar fashion.

3.2. Chemisorption and bond activation catalysis
The concept of catalysis through bond activation by neutral

metal clusters in gas phase processes refers to situations for which
the catalytic neutral metal cluster simply activates a relevant part

VO,
((V205),VO3)
H2C0 sz
02 HzCO
VO,CH;
((V205),VO,CH,)

Scheme 1. Ref. [159].
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of the reagent sufficiently and transfers the activated fragment to
a second chemisorbed (activated) molecule on the catalytic metal
cluster. Three examples from different areas will be included in this
section.

3.2.1. Nbg+CO+2H,

The first such catalysis was demonstrated for methanol
synthesis from carbon monoxide and hydrogen. This reaction,
CO +2H; — CH30H (AH39g = —91 kJ/mol),is animportant industrial
process, and it offers a clear economic and political advantage com-
pared with oil refining [ 144]. Reaction of CO with H, on neutral V,,
Nby, and Ta, clusters in the gas phase is explored by employing
TOFMS with 193 nm single photon ionization [71]. A strong size
dependent reactivity of Nb, toward CO, Hy, and CH30H is char-
acterized. A stable product NbgCOHy is identified for reactions of
both Nb, + CO +H, and Nb, + CH30H, which suggests that CH3OH is
formed on the Nbg cluster through reaction of Nbg + CO + 2H,. For all
other Vp,, Nb, (n # 8), and Taj, clusters, either the hydrogen trans-
fer barrier is high so that CH;0H formation does not occur or the
hydrogen transfer barrier is low enough so that CH30H is formed,
butitis not preserved on the clusters due to a low dehydrogenation
barrier.

CH3OH can be generated on Nbg by the reaction
Nbg + CO +2H; — NbgCOH4 — Nbg + CH30H (AH=—1.05eV) based
on DFT calculations as presented in Fig. 11. The first step, molecular
adsorption of CO on the Nbg cluster to form NbgCO, is an exother-
mic reaction. Via transition state TSO, the molecular adsorption
product NbgCO can transform to a dissociative adsorption product
CNbgO, thereby inhibiting the desired Nbg supported reaction,
CO+2H, — CH3OH. Thus, dissociative or molecular adsorption
strongly depends on the details of the metals and adsorbed
molecules [131,162]. An H, adsorption channel for dissociation
of one hydrogen molecule on Nbg and formation of NbgHHCO is
available, and it is a more favorable pathway with H, molecules
present in the reaction.

The key step for methanol formation on neutral Nbg clusters is
that CO must be molecularly adsorbed on the Nbg cluster surface. If
CO were to dissociate rapidly on the clusters to form CNb,O before
collision with hydrogen molecules, recombination of carbon and
oxygen atoms would not be possible, and transfer of hydrogen
atoms to form methanol could not occur. Thus, the CO dissociation
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Fig. 11. A potential energy surface profile for the reaction

Nbg +CO +2H; — Nbg + CH3OH. Energies are in eV and relative to the initial reactant
energy of Nbg+CO+2H,. Energy levels are calculated by BPW91/LANL2DZ/6-
311+G(2d, p).
From Ref. [71].

Table 3

CO dissociation barriers and reaction rate constants on Nb, cluster surface, as calcu-
lated by BPW91LANL2DZ6-311+G(2d). Energies are in eV and relative to the initial
energy (Nb, +CO).

Clusters Nb, CO? TSOP kn (s71)° ta (s)d
Nbs 1.99 0.88 3.18 x 10" 3.15x 101
Nby 1.81 0.43 3.71 x 108 2.70 x 1072
Nb; 1.66 0.57 5.41 x 107 1.85x10°8
Nbg 1.48 0.14 6.41 x 104 1.56 x 105
Nbio 1.23

Ref. [71].

2 Association energy.

b Transition state energy for Nb,CO to CNb,O.
¢ Calculated reaction rate constant.

d Transition state lifetime t, =1/ky.

rate constant on the clusters is an essential parameter for the
formation of methanol. The CO dissociation rate constants on Nbs,
Nby, and Nby are likewise calculated as 3.18 x 1019,3.71 x 108, and
5.41 x 107 s~1, respectively, as listed in Table 3. Note that the rate
constants k3, kg, and k; are much larger than kg, which suggests
that CO is rapidly dissociated within nanoseconds to CNb,0 on
the Nb, clusters (n=3, 4, and 7) prior to collision with H,/He.
Thus, methanol formation is suppressed on Nby, (n # 8) cluster
surfaces as CO can dissociate on these clusters before the Nb,,CO
intermediate can adsorb a hydrogen molecule. For larger clusters
than Nbg, the H transfer barriers may be too high and the CO
adsorption energy too low to support methanol formation.

3.2.2. VO, +NO+NH3

The second example for bond activation and chemisorption is
selective catalytic reduction (SCR) of nitric oxide by ammonia. This
reaction over V,05/TiO, based catalysts is the most advanced and
widely used technology capable of reducing NOx emissions to the
low levels mandated in many areas of the world [163]. The overall
catalytically promoted reactions are

6NO + 4NH3 — 5N, + 6H,0, (12a)

6NO, + 8NH; — 7N, + 12H,0, etc. (12b)

The reactivity of neutral vanadium and tantalum oxide clusters
toward NO, NH3, and an NO/NH3 mixture has been explored exper-
imentally and theoretically [164]. An abundance of association
products for the reaction V;;0n +NH3 and only a few association
products (VO3NO and V,05NO) for the reaction V;;0,+NO are
observed. DFT calculations suggest that the association energy for
NH3 and V;;0, (~3eV) is in general larger than the association
energy for NO and V;;,0, (~1 eV). These results taken together indi-
cate that the interaction of V;;0,, with ammonia is much stronger
than the interaction of V;;0,, with NO. Therefore, in a competitive
environment, ammonia will be preferentially chemisorbed on a cat-
alytic vanadium oxide cluster as the first step, rather than NO in the
SCR process. The N—H bond of the chemisorbed NH3 on a V atom
of an oxygen rich cluster (e.g., VO3 and V,05) can be activated, and
one hydrogen easily transfers to an O atom to form VOH and a H,NV
moieties within the V;0,, cluster. The reaction of the NH, moiety
of chemisorbed NH3 and NO on a VO3 cluster is shown in Fig. 12.

The reaction starts, following formation of HOVO,NH,, by intro-
ducing an NO molecule to form intermediate 1, in which N from
the NH, radical and N from the NO radical are weakly bound.
Via transition structure 1/2, a lowest energy intermediate 2 with
two moieties, ONNH; and HOVO,, is formed. The two moieties
can then separate and proceed to product 3 consisting of two
separate molecules. A free ONNH; molecule now is produced.
Final production of N;+H,0 from ONNH, involves a complex
mechanism that has no barrier with respect to the final prod-
uct formation reaction ONNH;, — N, +H,0 [163,165,166]. For the
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Fig. 12. DFT calculated potential energy surface for the VO3 + NO:NHj3 reaction. Structures are the optimized geometries of the reaction intermediates and transition states.

Relative energies are in eV.
Adapted from Ref. [164].

Ta species (TaOs3), reactions with NH3 +NO, a very stable lowest
energy intermediate (HO), TaOONNH forms via hydrogen transfer.
Generation of product H,TaO3 + ONNH is thermodynamically and
kinetically unavailable for the tantalum oxide reaction, which sug-
gest that the reaction should not proceed to form the final products
N, +H;0. Overall, the results suggest that vanadium oxide should
make a better catalyst for the SCR of NO with NH3 than tantalum
oxide.

3.2.3. VyuSn+CHy+H)

The third example of chemisorptions and bond activation
catalysis is hydrogenation reactions of C;H,4 with H, on neutral
vanadium sulfide clusters, again investigated by TOFMS employ-
ing 118 nm single photon ionization and DFT calculations [73]. The
observed reactions of Vi,Sy, clusters with C;H4 and H, generate a
new cluster series: the adduct of both C;H4 and Hy to form the
products VS1_3CyHy, V2S1_5CoHx (x =5, 6). The hydrogenation reac-
tions of C;H4 with Hy are thermodynamically available on VS,
(m=1,n=1-3; m=2, n=1-5) clusters. The V atoms are the active
sites for these Vi, Sy, clusters for chemisorptions of a C;H4 molecule
as the first step in the hydrogenation reactions of C;H4 with Hs.
Two types of association products for ethylene on active V sites of
catalytic Viz S clusters are determined by DFT calculations (Fig. 13).
The C;Hy4 can connect with the active V atom through its m orbital or
form a o bond with active V atoms. Although the binding energy of
ethylene with V,; Sy, clusters of a o type (1.37-1.76 eV) s larger than
that of a 7 type (0.67-1.09eV), the difference of binding energy
between 7 and o types does not generate an important effect on
the continuing hydrogenation reaction of ethylene.

Both 7 and o associated ethylene can be hydrogenated with H,
on catalytic Vi;S;, clusters. The PES along the reaction coordinate
for hydrogenation reactions of C;H4 with H, on the V,S; clusters
is shown in Fig. 14 as an example. The H, molecule is predicted to
be adsorbed on the V site of V,S,C;Hy cluster, and dissociates to
form —VH and/or —SH groups. The H—H bond of the H, molecule
can also rupture directly on two adjacent S sites: this process forms
—SH groups. The reaction mechanism on the VSs cluster is differ-
ent: the hydrogen molecule attaches to VS3C;Hy4, and the H—H bond
ruptures with a small barrier (~0.1eV) to form two —SH groups
on the S active sites directly. A higher barrier implies the reac-
tion will be slower and thus the related product signal is weaker.

From the experimental observations, the intensity ratio of mass
peak V,S,Co,H4HH to V,S,CoHy is about 32%, whereas the ratio
for VS3CoH4HH to VS3CyHy is only about 9%. The deduction from
the calculation results is in good agreement with the experimental
results.

The activation of the H, molecule on the V;;S,C;Hy cluster series
is associated with unpaired electron density localized on differ-
ent active sites. Sufficient unpaired spin density on V or S atoms
is responsible for the adsorption and dissociation of H,. The H
atoms of the —VH and —SH groups then transfer step by step to the
CyHy, which is adsorbed on the catalytic Vi;S;, cluster. The ethane
molecule can be formed through an ethyl intermediate species
which bonds to an active V site, and desorbs to the gas phase with
the catalytic Vi; S, cluster unchanged.

3.2.4. Others

Some other theoretical and experimental investigations for
bond activation and chemisorption reactions on the metal con-
taining clusters are also in progress in our group. Only a brief
introduction of these studies will be presented here. NH3 gener-
ation through reaction of clusters Co,N with H, is investigated
employing TOFMS and 193 nm SPI. Clusters ComN (m=7, 8, 9)
have high reactivity with H, for the ammonia generation. Multiple
molecular collision reactions are observed in some previous stud-
ies: for reactions of neutral iron oxide clusters with methanol [69],
products (CH,O)FeOH and FeOH are both observed due to multiple
molecule collision reactions (e.g., 2FeO + CH30H); series products
VinSnCoHs and Vi, SpH are observed through multiple molecule col-
lision reactions in the reaction of Vy;S, clusters with C;Hy4 and
H, [73]; and odd hydrogen atom numbers on the cluster system
M, CpHyx (M =Al, Be, Mg) [40,74], are also observed. Thus, an odd
number of hydrogen atoms in Co,,NH3 (m =7, 8,9) probably comes
from the hydrogen molecule activation reaction on two cobalt con-
taining clusters: for example, 2Co;N +H; — 2Co7NH. Theoretical
DFT calculations are performed to explore the potential energy sur-
face for the reaction Co;N+3/2H; — Co;NH3. Both experimental
observations and theoretical calculations suggest that the reaction
of ammonia generation requires two active sites, and hydrogen
activation on these two active sites is the key step by which to
form NHjs. This seems to be a general mechanism for the catalytic
generation of odd hydrogen containing molecules and clusters.
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Reactions of neutral iron sulfide and hydrogen containing clus-
ters (Fe,SpHy, m=1-4, n=2-6, x=0-4) with CO, C;H,4, C3Hg and O,
are investigated by TOFMS employing 118 nm SPI. The new prod-
ucts Fe3S;001Hp 1 and FesS3001Hp 1 are observed for reaction of
FemSnHy clusters with O,. O, can be activated on the Fe3S3Ho
and Fe4S4Hy 1 clusters at low temperature to form SO and SO, dur-
ing the reactions. For the reaction of Fep;S;Hy clusters with CO,
C,H,4 and C3Hg, only the association products Fe;S;(SH)p1X and
Fe4S4(SH)p1X (X=CO, C;Hy, C3Hg) are obtained, which suggests
that the Fe;S,(SH)o1 and Fe4S4(SH)g 1 clusters have high activity
for chemisorption with CO, C;H4, C3Hg. Theoretical calculations (in
progress) suggest the Fe atoms in these clusters are the active sites
for chemisorptions of the X molecule.

4. Understanding of the condensed phase catalytic process
at a molecular level

Gas phase catalytic metal and metal compound clusters com-
posed of limited numbers of atoms that are fully accessible by
both experiment and theory are excellent model and functional
systems with which to investigate the intrinsic reaction mecha-
nisms for condensed phase catalytic processes [15,16]. Studies of
small molecule reactions catalyzed by neutral metal containing
clusters in the gas phase can aid in the understanding of the related
condensed phase catalysis reaction at a molecular level. One can
also concluded on the basis of numerous studies [18,19,167-170]
that the interplay between cluster physics and surface chem-
istry is a promising strategy by which to uncover “mechanisms of
elementary steps in nanocatalysis” [171]. On the basis of experi-
mental and calculational results presented above, catalytic cycles
for condensed phase reactions can be proposed. In this section, two
systems will be described in detail as examples, and both deal with
the catalysis of reaction (CO + 1/20, — CO, ) by neutral cobalt oxide
and iron oxide clusters. Hence we emphasize catalytic neutral metal

oxide clusters, as the study brings into focus and represents the
active sites that exist on a catalyst surface.

A redox mechanism by which CO is oxidized to CO, and the
reduced catalyst is oxidized by gas phase O, has been suggested
for CO oxidation over a cobalt oxide catalyst [68,138,172-174]. The
proposed mechanism is based on the Mars van Krevelen mecha-
nism [175]. This mechanism includes a lattice atom transferred to
generate the oxidized product and its replacement in the lattice by
addition of a gas phase molecule or atom: the overall mechanism
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Fig. 14. Reaction pathway for 3V,S; + CoHy +Hy — 3V, S; + CoHg calculated at the
BPW91/TZVP level. Energies, including ZPE corrections, are given in eV and are
relative to the initial energy of the 3V,S, +C,H,4 + H, reactants. The reaction inter-
mediates and transition states are denoted as MIn and MTSn, respectively, in which
the superscript M indicates the spin multiplicity. V atoms are gray color, S atoms are
yellow color, C atoms are black color, and H atoms are cyan color. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of the article.)

From Ref. [73].
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is clarified as a redox reaction. The most important information
extracted from the CO oxidation on neutral cobalt oxide clusters for
the condensed phase mechanism is the chemistry of the active sites
on the cobalt oxide surface [68]. The proposed mechanism suggests
that the CO molecule adsorbs on the Co(lI) site and reacts with a
neighboring oxygen atom, which is bound to an Co(III). The mecha-
nism suggested from condensed phase studies cannot identify the
oxidation state of the cobalt atom on which the CO is adsorbed, and
DFT calculations for the condensed phase propose that CO is bound
to Co(III) [68]. Since both Co(II) and Co(III) exist in the Co304 cluster,
the catalytic cycle shown in Fig. 15 can model the Co304 catalyst
surface behavior. As noted above, CO molecules are adsorbed on the
Co(II) sites of the cobalt oxide catalyst surface, and CO, molecules
are formed and dissociated from the surface by reaction of CO with
the oxygen atom located on the Co(lll) sites. After the reaction,
Co(III) is reduced to Co(II).

The catalyst can be regenerated by reaction with Oy: Oy
molecules dissociate on the catalyst surface and Co(Il) sites are
re-oxidized to Co(lll). The exposed Co(ll) sites on the cobalt
oxide catalyst surface are the active sites for the CO adsorption;
however, pure Co,03, for which only Co(Ill) sites exist, has no
catalytic reactivity toward CO oxidation. The processes for CO
oxidation and CO, desorption from the surface should be ther-
modynamically favorable, since the gas phase model reaction
CO +Co304 — CO, +Co305 is calculated as an exothermic reaction
and has no reaction barrier [68]. Additionally, the CO oxidation
reaction can occur at low temperature based on the condensed
phase studies [137,138,172,176-180]. Regeneration of the cata-
lyst is probably the rate limiting step for the whole catalytic cycle,
because the catalyst must be heated to 250°C or above to be re-
oxidized [172].

The DFT calculations for O, adsorption and dissociation on neu-
tral iron oxide clusters [69,140] indicate that oxidation of metal
oxide clusters by O, probably involves high reaction barriers, since
the strong O—0 bond is broken through the oxidation processes.
Generalizing this result, dissociation of O—0O to form two Co—O
bonds is energetically favorable, but with a high barrier. A parallel
oxygen bridge is considered to be responsible for the high reac-
tivity of the Co304 cluster for CO oxidation to CO,. Oxygen atoms
connected to the Co(III) sites and abstracted by CO (Fig. 15) can be
suggested to have radical properties based on the gas phase cluster
studies: they serve as the active sites, lower CO oxidation reaction
barriers, and consequently accelerate CO oxidation to CO, in the
condensed phase. This mechanism is based on gas phase cluster

studies; however, experimental data and theoretical calculations
based on the nanocluster results are in general agreement with the
condensed phase conclusions, and therefore help understand the
heterogeneous catalytic reaction mechanism on real surfaces.

The redox mechanism, by which first CO is oxidized by the oxy-
gen of the catalyst and second the reduced catalyst is oxidized by
gas phase O, has also been suggested for CO oxidation over iron
oxide catalysts [135,181]. Szegedi et al. found that iron oxide cata-
lysts treated (oxidized) at 625 K with O, show very low reactivity,
whereas the catalysts treated (reduced) above 773 K with H, show
high reactivity [182]. The findings for the investigation of CO oxida-
tion catalyzed by small neutral iron oxide clusters [140] can be used
to rationalize interesting phenomena observed for the related con-
densed phase catalysis at a molecular level. The gas phase studies
indicate that an iron center has to be provided for the initial inter-
mediate (Fe;0,CO) formation through a carbon-iron interaction
because direct CO, formation through the carbon-oxygen inter-
action is subject to high reaction barriers. For an oxygen-saturated
surface treated with O, at high temperature, the CO has less chance
to approach iron. The CO has a weaker interaction with an oxygen-
saturated iron center than with an oxygen-unsaturated iron center,
which may lead to a higher Fe—O bond activation barrier for an
oxygen-saturated iron center than for an oxygen-unsaturated iron
center. The Fe—O activation barriers are higher for the Fe—O bond
on the iron atom connected to four O atoms, than for the one on
the other iron atom connected to three O atoms (1.0-1.1eV vs.
0.2-0.3 eV). On the other hand, for a reduced surface treated with
H, at high temperature, more iron centers are present for OxFe—CO
complex formation. This point was also reported as a conclusion
of ref [183] that the high density of Fe atoms on exposed {110}
planes leads to high catalytic performance of the quasicubic o-
Fe,03 nanocrystals. Szegedi et al. found that the efficient condensed
phase iron containing catalysts (treated with H, /He at high temper-
ature) have both ionic and metallic forms of iron. The metallic form
of iron is suggested to play a role in CO activation through interac-
tion of a metal ion, stabilized in the neighborhood of a supported
metal nanocluster (“metal ion-metal nanocluster” ensemble site),
with the lone pair of the oxygen atom of a chemisorbed CO molecule
[182]. The study of CO oxidation catalyzed by small neutral iron
oxide clusters [140] shows no evidence of interaction between the
oxygen atom of CO and a metal ion (Fe3*, Fe2*) in the Fe,, 0, clus-
ters. The mechanism of CO, formation over Fe;, Oy, is quite simple:
interaction of a lone pair of carbon with an iron atom and subse-
quent activation of an Fe—0 bond that causes formation of another
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Fig. 16. Possible catalytic cycle for the CO oxidation by O, over iron oxide catalysts at the molecular level. A, B, and C mark different surface Fe atoms while D marks lattice

Fe atoms that are underneath the surface.
From Ref. [140].

C=0 bond. The Fe—O0 activation barrier is either negative or quite
low (see Fig. 4). These cluster findings imply that the CO activa-
tion process suggested in Ref. [182] may not be required. Another
important aspect of the redox mechanism deals with the O—O bond
breaking (or O, activation) over the catalysts. In all of the three
model catalytic cycles (Fig. 4) proposed, the process of the 0—O
bond breaking is the rate-limiting step. This suggests that efficient
0, activation should be considered in practical catalysis.

The molecular level mechanism for CO oxidation with O, cat-
alyzed by iron oxides is displayed in Fig. 16 [140]. Metallic (C),
cationic (B), and over oxidized (A) surface Fe atoms (or sites) may
be present in iron oxide catalysts prepared by different procedures.
The over oxidized site A is not very catalytic because Fe is cov-
ered by too many O atoms which prevent CO/Fe coordination. The
cationic site B is reactive toward CO oxidation by coordinating CO
through carbon-iron interaction and subsequent Fe—O activation.
The metallic site C promotes O—O0 activation over sites B or BCB, and
a site like BCB should be very catalytic for the CO oxidation by O,.
This discussion, in particular, emphasizes the strong relationship
between the detailed catalytic mechanism generated by means of
gas phase cluster theory and experiment and the condensed phase
parallel heterogeneous catalytic process.

5. Conclusions

This review has demonstrated that 193 nm, 118 nm, and 46.9 nm
laser radiation, single photon ionization (SPI), coupled with time-
of-flight mass spectrometry (TOFMS) can be successfully employed
to investigate neutral metal, metal oxide/carbide/sulfide cluster
distributions, reactivity, and chemistry in the gas phase. Density
functional theory calculations for these systems enable exploration
of the geometric and electronic structures of clusters and determi-
nation of reaction intermediates and transition states, as well as
reaction mechanisms by comparing the results of theoretical calcu-
lations and experimental observations. These reaction mechanisms
can then be employed to suggest full catalytic cycles for condensed
phase reactivity and processes.

Oxidation-reduction reactions are an important category of
chemical reactivity of neutral metal oxide clusters. The reactivity
of metal oxide clusters with small gas phase molecules, such as
CO, SO,, and hydrocarbons, is associated with the oxygen-rich or
-deficient nature of the cluster, bond enthalpy of the cluster, and
cluster spin state and unpaired spin density.

Generally, oxygen-rich metal oxide clusters have high oxidation
activity for oxidation reactions of small gas phase molecules. The
oxygen thatis bonded to a high oxidation state metal can be consid-
ered as reactive oxygen. The type of metal can influence activity of
the reactive oxygen; however, the activity of an oxygen-rich metal
oxide cluster toward small gas phase molecule oxidation is also
driven by (1) smaller bond enthalpy of oxygen-rich metal oxide
cluster (M—0) than that of the small molecule and (2) negative
or very small overall oxidation reaction barrier (relative to initial
energy of the reactants).

An oxidizing gas molecule, such as O,, can oxidize an oxygen-
deficient metal oxide cluster, due to its low oxidation state metal
reactive center. Usually, the O—0 bond (0, ) activation (or breaking)
is the pivotal step for an oxygen-deficient metal oxide cluster oxi-
dation reaction, and this process is subject to high reaction barrier.

On the basis of these general reaction mechanisms, the findings
for the investigation of redox reactions catalyzed by neutral metal
oxide clusters can be used to rationalize interesting phenomena
observed for the related metal oxide condensed phase catalysis at a
molecular level. On metal oxide condensed phase catalysts surface,
the exposed low oxidation state metal sites are the active sites for
reactant adsorption. The reactant molecules are easily adsorbed on
the low oxidation state metal site and then react with neighboring
oxygen atoms, which are bound to the high oxidation state metal.
After reaction, the high oxidation state metal site is reduced to a low
oxidation state metal site. The catalyst can be regenerated by reac-
tion with O,: O, molecules dissociate on the catalyst surface and
low oxidation state metal sites are re-oxidized to a high oxidation
state. Additionally, a reduced site can interact with an oxidized site
and the two can react to regenerate the original catalytic site dis-
tribution. Regeneration of the catalyst is probably the rate limiting
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step for the whole catalytic cycle due to reaction barrier and site
mobility, so usually the catalyst needs to be heated. A suitable
ratio and rational distribution of the high and low oxidation state
metal sites on catalyst surfaces and fascile catalyst regeneration
processes are suggested to be helpful to improve the efficiency
of the metal oxide catalyst for oxidation-reduction catalysis. The
reactions that lead to these generalizations are the following.

(1) SO, to SO conversion occurs for oxygen-poor vanadium oxide
clusters and SO, to SO3 conversion occurs for oxygen-rich vana-
dium oxide clusters. The profusion of reactant species, reaction
intermediates and transition states, and even mechanisms for
the conversion of SO, to SO3 may be major reasons that vana-
dium oxide is an excellent oxidation/reduction catalyst for the
reaction.

(2) FeO, and FeO3 neutral clusters are reactive toward CO, whereas
Fe, 04, Fe; 05 and FeO are not reactive. The reaction is driven by
additional C=0 bond formation which is facile due to favor-
able thermodynamics: CO, (O—CO) bond enthalpy (5.54 eV) is
higher than those of FeO_3 and Fe,045 (2.93-4.29 V).

(3) The Co304 cluster also has the highest reactivity for any Co;,;, 0y,
reactions with CO. This reactivity is associated with appropriate
Co(III) concentration in the cobalt oxide clusters. CO molecules
can be adsorbed on the Co(II) sites of the cobalt oxide catalyst
surface, and CO, molecules are formed and dissociated from
the surface by reaction of CO with the oxygen atom located on
the Co(III) sites.

Another important type or class of catalytic reaction can be gen-
eralized as activation and transfer. Such a catalytic process occurs
through reactant bond activation (barrier lowering) on a catalyst
surface for which the catalyst simply activates (lower barriers) a
relevant part of the reagent sufficiently and transfers the reactive
fragment to a second molecule trapped at the catalyst surface. For
this kind of bond activation catalysis reaction on metal and metal
oxide/sulfide clusters in gas phase, the reaction is initiated by the
adsorption of reactant molecules on the active metal sites of clus-
ters.

The bond activation of the adsorbed reactant molecule is an
essential step of the reaction, then the products dissociate from
the cluster, and the structure and catalytic activity of the clus-
ter does not change. High association energy between reactant
molecules and clusters prevents dissociation of reactant molecules
from active clusters and makes the continued bond activation of
the reactant molecule possible. Lower activation energy (barriers)
of the associated molecule relative to the association energy makes
the reaction more facile on the active cluster. The catalytic activ-
ity of metal and metal oxide/sulfide clusters for bond activation
catalysis is dependent up on the association and activation capa-
bilities of the clusters with regard to the reactant molecules: this
suggests that strong interaction of gas phase reactant molecules
with a catalyst surface and low activation barriers for reactants on
the catalyst surface are important features for designing metal and
metal oxide/sulfide catalysts and improving their catalytic reac-
tivity for a bond-activation catalysis mechanism. Nonetheless, the
product must not be bound so tightly that it cannot be released
from the catalyst with the remaining system reaction enthalpy.
The balance between reactant-catalyst binding product release, and
reaction enthalpy is thereby delicate.

Examples presented in this review that fall into this category are
the following:

(1) During catalysis reactions of CO +2H, — CH30H on pure metal
clusters (Vy, Nby, and Ta, ), a special cluster Nbg is found that has
high catalytic activity due to its higher association energy with
CO and Hj, lower H—H bond activation, and lower hydrogen

transfer barriers, compared to those on other types and sizes
of metal clusters. Thus, Nbg can be considered a special site
for catalytic activity for the reaction of CO and H, to gener-
ate methanol, due to its finely tuned, and delicately balanced,
values of barriers and adsorption energies.

(2) For the selective catalytic reduction (SCR) of NO by NH3, the V
metal sites are the active sites for oxygen-rich clusters to attach
NO and NH3. The reaction barrier is lower on oxygen-rich VO,
clusters, compared with that on oxygen-rich Ta;;0;, clusters.
Vanadium oxide is suggested to be a better catalyst for the SCR
of NO with NH3 than tantalum oxide, because complexes of NO
and NH3 formed at an oxygen-rich V;;0, site can more easily
follow the reaction path toward end products N +H;0. The
addition of NH3 on the cluster as a first step is also important
for the overall adsorption and oxidation/reduction processes.

(3) Reactions of Cy;H4+H; — CyHg are thermodynamically avail-
able on VyS;, (n<2m+1) clusters, not on VS, (n>2m+1)
clusters. V atoms are active sites for the attachment of the C;Hy4
molecule. A higher H—H bond (H; ) activation barrier is respon-
sible for the lower intensity of hydrogenation products (e.g.,
C,Hg) observed on VS3 relative to that on other catalytic VS,
clusters, such as on VS,.

Overall, experimental and theoretical studies shown here pro-
vide unique insights into: (1) how the fundamental reactivity of
neutral metal and metal compound clusters can be influenced by
the type of metal, the oxygen-rich or -deficient nature of the cluster,
bond enthalpy of cluster, electronic structure of cluster, and spin
state and unpaired spin density of the cluster and (2) how the appli-
cation of gas phase neutral metal cluster chemistry is instructive
in the understanding of important fundamental aspects of prac-
tical catalysis in the condensed phase. These gas phase data and
mechanisms can be used to rationalize and understand reactivity
and mechanism in related condensed phase catalytic reaction at a
molecular level.

A number of areas within cluster research can be identified as
possible directions for future effort: (1) discovery of new catalytic
systems for condensed phase application through gas phase clus-
ter chemistry; (2) studies of mixed metal clusters to elucidate the
nature of supported catalyst systems and chemistry; (3) detailed
investigation of the different nature of neutral, cation, and anion
chemistry and how these different chemistries relate to condensed
phase catalytic behavior; and (4) direct application of very small
clusters and molecules for in situ catalytic systems and processes.
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