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The polymerization of acetylene on supported metal
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The polymerization of acetylene was studied by thermal programmed reaction on model
catalysts consisting of size-selected Ag, Rh, and Pd atoms and Pd, (1 <n <30) clusters on
well-characterized MgO(111) thin films. In a single-pass heating cycle experiment, benzene,
butadiene, and butane were catalyzed with different selectivities as function of cluster size:
palladium and rhodium atoms selectively produce benzene, and the highest selectivity for
butadiene is observed for Pdg, whereas Pdy, reveals the highest selectivity for butane. Ag atoms
are inert. These results provide an atom-by-atom observation of the selectivity of small cluster

catalysts.

PACS: 82.33.Hk, 82.65.+r, 36.40.Jn

Keywords: small clusters catalysts, cyclotrimerization reaction, Ag, Rh, and Pd atoms, dependent

reactivity, polymerization selectivity.

1. Introduction

One specific reaction of the polymerization of
acetylene on palladium, the cyclotrimerization, is
shown to occur only on an ensemble of at least 7 atoms
in the case of Pd(111) single crystals [1]. This indi-
cates that this class of reaction is strongly dependent
on the structure even for bulk materials. In the gas
phase it has been shown that already atomic metal
ions reveal a very interesting chemistry with respect to
hydrocarbons (see e.g., in the reviews by Schwarz and
Schréder [2,3]). As an example Cox and Kaldor and
their coworkers have studied palladium and platinum
clusters interacting with a series of alkanes and aro-
matics [4—6]. In the case of CH, on Pt, with up ton =
= 24 atoms, activation was realized for the first time
on an unsupported metal cluster, and the reaction had
a distinct cluster size dependence, with Pty to Pts
being most reactive. Charged Pt} ~ clusters (n = 1-9)
react subsequent elimination of molecular hydrogen
H), to form the final metal carbene complex
Pt}/"CH, [7]. The cation cluster reactions were
found in general to proceed more than one order of
magnitude faster than the anionic clusters. The pla-
tinum tetramer anion is unique in this respect, react-
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ing more efficiently than the corresponding cation.
Indications for a correlation of reactivity with the
availability of low coordination metal atoms was
discussed by Trevor et al. [6]. Thus, it was speculated
that low coordination metal atoms activate CH; more
readily than closed packed metal surface atoms [8].
The propensity of small, Pd clusters to activate me-
thane in a similar manner was also confirmed theore-
tically [9—11]. This indicates that in contrast to bulk
materials already very small, free clusters in the
nonscalable size regime reveal rich hydrocarbon che-
mistry. Indeed, we show in this paper that one metal
atom may be enough to catalyze the cyclotrimerization
reaction of acetylene. Whether the reaction finally
occurs not only depends on the type of atom or the
support material and their defects, but also on the
dynamics of the atom on the support. Furthermore
studies on small clusters revealed the possibility for
tuning the branching ratio of the polymerization simp-
ly by changing cluster size.

2. Experimental

Monodispersed cluster ions, selected from a distri-
bution of cluster sizes obtained by supersonic expan-
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sion of a cold (40 K, estimated from the expansion
conditions) laser-generated metal plasma, were depo-
sited on various MgO thin films always kept at 90 K.
Most of the total deposition energy, being smaller
than the binding energies of the investigated Pd
clusters [12], is rapidly dissipated via the solid surface
[13]. Therefore, under these conditions the clusters
soft-land (that is, without fragmentation) on the
substrate [13—15]. That clusters indeed maintain their
identity upon deposition is also shown experi-
mentally. The carbonyl formation of small deposited
Ni,, (n = 1-30) was studied by exposing the deposited
clusters to carbon monoxide [16]. Temperature pro-
grammed desorption experiments showed that the
nuclearity of the formed Ni,-carbonyls (n = 1-3) is
not changed. The absence of, for example, Ni(CO),
and Nig(CO), after deposition of Niy, directly in-
dicates that fragmentation upon deposition can be
excluded under our experimental conditions. Depo-
sition of less than 1% of a monolayer (ML) of Pd
clusters (1 ML = 2.2.10" Clusters/crn2) at a substrate
temperature of 90 K assures isolated supported clus-
ters pinned on the defect sites of the support
[12,16—19]. The existence of monodispersed Pd,, clus-
ters is proven by the excellent agreement of the
measured vibrational frequencies and binding energies
of CO on various cluster sizes with theoretical CO
values. The support is prepared in situ by epitaxially
growing thin MgO(100) films on a Mo(100) surface.
These films show bulk-like properties [20]. Small
amounts of defects like steps, kinks and F centers are
detected by the desorption behavior of small mo-
lecules [21]. To obtain identical conditions for the
study of the polymerization on different Pd cluster
sizes and Pd, Rh, and Ag atoms we first exposed,
using a calibrated molecular beam doser, the prepared
model catalysts at 90 K to an average of 1 Langmuir
(L) acetylene, corresponding to saturation coverage.
In a temperature programmed reaction (TPR) cata-
Iytically formed benzene (CgHg), butadiene (C;Hg)
and butene (C,Hg) molecules are detected by mass
spectrometry and monitored as function of tempe-
rature (heating rate 2 K/s) and cluster size. The
cluster reactivities were obtained by a single pass
heating cycle. The thermal stabilities of the deposited
clusters were investigated by Fourier transform infra-
red (FTIR) spectroscopy for Pd atoms, which are
found not to migrate up to around 400 K. Up to this
temperature the vibrational frequency of adsorbed CO
is not changing [22]. This rather high stability can be
explained by the high binding energy (~ 4 eV) of Pd
atoms bound to the F centers. For clusters the binding
energy is expected to be even higher and therefore
migration is unlikely.
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3. Results

3.1. The trimerization reaction on single atoms

In contrast to both, Pd(111), where an ensemble
of 7 atoms is needed for the reaction to occur and solid
Rh surfaces, which are inert, single Pd as well as Rh
atoms catalyze the cyclotrimerization reaction in a
temperature programmed reaction experiment and
form benzene, which is desorbing at 300 and 430 K,
respectively (Fig. 1). Furthermore, the reaction is
very selective as no other product molecules of the
polymerization reaction (e.g., C4;Hg, C4Hg) are ob-
served. Similar to the bulk, single Ag atoms do hardly
produce any benzene (Fig. 1).
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Fig. 1. Temperature programmed reaction spectra of CgHg
formed on Ag, Pd, and Rh atoms deposited on defect-rich
MgO thin films grown on Mo(100) surfaces. For compa-
rison, the same experiment was performed on a clean de-
fect-rich  MgO film. Shown is also the calculated
(C4H,)(CyH,) /Pd; /Fs. intermediate of the cyclotrimeri-
zation reaction on Pd atoms adsorbed on an F-center of
the MgO(100) surface. For Pd atoms the formation of
benzene was also observed at 220 K.
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The electronic configurations of the various atoms
and their change upon interaction with the support is
one key factor for the element specific reactivity. Free
Ag atoms do not adsorb CyHy due to the presence of
the partially filled 5s level. This orbital does not
hybridize with the filled 4d shell. As it is spatially
expanded, it gives rise to a strong Pauli repulsion with
the electronic states of the reactant in the entrance
channel, thus the reaction is not possible. A free Pd
atom (4d'%) readily adsorbs two CoH, molecules by
an average binding energy of 1.35 eV /molecule and
transforms them into the C;H, intermediate with an
energy gain of 3.9 eV. A third acetylene molecule,
however, is only weakly bound and practically not
activated. Thus, also a free Pd atom is inert for the
cyclotrimerization reaction. With the open d-shell
configuration, however, Rh atoms become reactive
and produce benzene at very low temperature. The
first two acetylene molecules adsorb with an energy
gain of 1.57 and 1.23 eV, respectively and transform
with a very small barrier (0.04 eV) and an energy gain
of 0.86 eV into the metallopentacycle, Rh(C,H,). The
third acetylene molecule is readily adsorbed (0.76 eV)
and activated as shown by a change from sp to partly
sp2 hybridization. Finally, benzene is formed with a
low barrier (0.24 eV) and an energy release of 2.1 eV.

Upon interaction with the MgO support there may
be subtle changes in the electronic structure of the
atoms, which can result in different reactivities. For
Ag atoms, however, these changes are minor and Ag
atoms remain inert when adsorbed on the oxide sur-
face (Fig. 1). This is also confirmed theoretically, in
fact, activation of Ag atoms would require depo-
pulation of the 5s orbital, which is not possible on
basic oxides like MgO. Thus the Ag,/MgO(F) comp-
lex shows no ability to bind acetylene. In contrast to
the inert character of Ag atoms, single Pd atoms are
turned into an active species when deposited on MgO
films and benzene is detected in the thermal des-
orption spectroscopy (TDS) spectra at 300 K. This
astonishing result can be rationalized by studying
theoretically the Pd atom adsorbed on different MgO
sites. First, a Pd atom on a five-coordinated oxygen
ion on the MgO(001) terrace, Os, is bound by about
1 eV. It was found that the Pd(C4H,) complex is
indeed formed but the third acetylene molecule is not
bound to the complex and therefore this configuration
remains catalytically inactive. On four-coordinated
steps or three-coordinated corner oxygen sites, Oy
and Os,, respectively, the Pd atom binds slightly
stronger with an energy of 1.2-1.5 eV, in addition,
the atom becomes more reactive. However, on both
O3, and Oy, sites the third CoH, molecule is only
weakly bound or even unbound to the Pd(C,H,)
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surface complex, with the binding energy smaller than
the activation energy of the formation of CgHg. The
interaction of Pd atoms with F centers is much
stronger, 3.4 eV. On F' centers binding energies are
with about 2 eV smaller, but still enough toefficiently
trap the metal atoms [21]. Furthermore, the presence
of trapped electrons at the defect site results in a more
efficient activation of the supported Pd atom. In fact,
the complex (C4H4)(CyH,) /Pdy /F5., Fig. 1, shows
a large distortion and a strong interaction of the third
C,H, molecule. These results indicate that F and F*
centers can act as basic sites on the MgO surface and
turn the inactive Pd atom into an active catalyst.
Notice that the supported Pd atoms on defect sites not
only activate the cyclization reaction, but also favors
benzene desorption, as shown by the very small
(CgHg) /Pdy/F5. adsorption energy. The complete
reaction path for this specific nanocatalyst has been
calculated and is shown in Fig. 2. The first barrier of
the reaction path is the one for the formation of the
intermediate Pd(C4H,) and it is 0.48 eV only. The
formation of the C;H, intermediate is thermodyna-
mically favorable by 0.82 eV. On (C4Hy) /Pd;/Fs.
the addition of the third acetylene molecule is exo-
thermic by 1.17 eV, leading to a very stable
(C4H4)(CyH,) /Pdy /Fs, intermediate (Fig. 2). To
transform this intermediate into benzene one has to
overcome a barrier of 0.98 eV. The corresponding
energy gain is very large, 3.99 eV, and mainly related
to the aromaticity of the benzene ring. Once formed,
CgHg is so weakly bound to the supported Pd atom
that it immediately desorbs. Thus, the reaction on
Pd /Fs5, is rate limited in the last step, the conversion
of (C4H4)(CyH,) into CgHg. This is different from
the Pd(111) surface where the rate determining step
for the reaction is benzene desorption. The calcula-

\
\ CgHg(9)

Fig. 2. Computed reaction path for the formation of
benzene starting from acetylene promoted by a Pd atom
supported on a neutral oxygen vacancy at a MgO terrace,
F5. (DFT BP results).
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Temperature

Fig. 3. The proposed mechanisms are shown schematically for the three atoms. Ag and Pd atoms are decorating exclu-
sively F centers after deposition whereas Rh is trapped at step edges and F centers at 90 K. Ag atoms do not adsorb
acetylene and are therefore inert for the reaction. Pd and Rh are forming benzene only when trapped at F centers. Note
that the relatively broad temperature range for the formation of CgHg on Rh originates from the fact that Rh is trapped
at two defect sites at 90 K and that the reaction occurs only after diffusion of the Rh(C,H,) complexes from steps to F

centers. For more details see text.

tions are consistent with the experimental data. In
fact, on Pdy/Fs. the computed barrier of 0.98 eV
corresponds to a desorption temperature of about
300 K, as experimentally observed (Fig. 1). On Pd
(111) surfaces, the bonding of benzene is estimated to
be ~1.9 eV. This binding is consistent with a desorp-
tion temperature of 500 K as observed for a low
coverage of C4Hg on Pd(111) [23]. Thus, this atom is
activated on specific sites, F centers, on the MgO
surface. From FTIR studies and using a the probe
molecule, CO, it is known that Pd atoms already
diffuse upon deposition to F centers and it is this
defect site, which activates Pd by a substantial charge
transfer [24].

A substantial change in reactivity upon deposition
is also observed for Rh. In this case, however, Rh
atoms are deactivated, as the reaction occurs at higher
temperature then predicted for the gas-phase by DFT
calculations. The product molecule, benzene, is des-
orbing as a broad peak between 350 and 500 K
(Fig. 1). The identification of the involved reaction
mechanisms is more complex, as Rh atoms are stabi-
lized at two different trapping centers after deposition
and as migration on the MgO surface occurs upon
heating (Fig. 3). This indicates that other key factors,
the stability and diffusion properties of the deposited
atoms, are relevant for the reactivity. In detail, after
deposition and prior to acetylene exposure, the ma-
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jority of the Rh atoms bind to step edges. The
calculations show that these Rh atoms strongly in-
teract with a first acetylene molecule by 1.76 eV and
the reactant is highly activated as indicated by the
long C—C distance (d(C—C) = 1.315 A), and by the
small HCC angle ((H-C—C): 140.2°). The Rh(C,H>,)
complex is strongly bound (2.5 eV) to the surface.
The high stability of the Rh(CyH,) complex together
with steric effects prevent adsorption of a second and
third acetylene molecule to form the Rh(Cy,H,), and
Rh(C,H,)3 complexes essential for promoting the
reaction. As comparison, for free Rh atoms the two
acetylene molecules are bound at opposite sites, a
configuration which is not possible when Rh is bound
to step edges. Thus, in this configuration Rh atoms do
not contribute to the observed formation of benzene.
Heating up the model catalysts above room tem-
perature induces migration of the Rh(CyH,) complex
to those F centers, which have not been populated
upon deposition of Rh atoms. On F centers the
Rh(C,H,) complex is stably trapped with a binding of
2.8 eV. The computed diffusion barrier for Rh(Cy,H,)
from a step (=1 eV) is considerably lower than the
binding energy of acetylene to Rh (1.76 eV), and
consequently the whole Rh(C,H,) complex is detach-
ing from the step edges and migrates on the surface.
Interestingly, when Rh is bound at an F center the
binding (1.06 eV) and activation (d(C—C) = 1.274 A;
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angle (H-C-C): 149°) of the acetylene molecule is
considerably weakened with respect to the step case.
This is one of the reasons why Rh can now adsorb a
second acetylene molecule from residual reactants in
the vacuum chamber by an energy gain of 0.96 eV. At
this stage of the process the sample temperature is
high enough (> 300 K) that the complex is im-
mediately transformed to the metallopentacycle,
Rh(C,4H,), with a gain of 0.91 eV and overcoming a
barrier of 1.18 eV. This complex binds a third acety-
lene molecule with a binding energy of 1.07 eV and
the product is subsequently formed in an exothermic
process (3.2 ¢V). The involved activation energies for
the formation of the metallopentacyle (AE" = 1.18 eV)
and the formation of benzene (AE# =1.07eV) are of the same
order but are about 20% higher than for Pd. This explains the
higher reaction temperature for Rh. Notice that these are the
rate-determining steps as, due to strong Pauli repulsion,
benzene desorption requires very little energy (< 0.2 eV) for
both, Pd/MgO(F) and Rh/MgO(F). Assuming the Redhead
equation with a pre-exponential factor of 1013, the computed
barriers correspond to a reaction temperature of about 300 K,
which is lower than the temperature of maximal benzene
formation at 420 K. In addition, the activation energy for
benzene formation is similar to the barrier for detaching the
Rh(CyHy) complex from step edges. Thus, only Rh atoms
initially trapped at F centers contribute to the initial for-
mation of benzene at 350 K and the main contribution at
higher temperature originates from Rh atoms first trapped at
step edges and subsequently turned active after diffusion to
the F centers. The existence of a distribution of Rh atoms
at F centers and at step edges prior to reaction therefore
explains the rather broad desorption peak of benzene in
contrast to the narrow peak observed for Pd, which populates
only one kind of defect centers already at the deposition
stage. The situation is even more complex as it could be
shown that Rh can detach at around 450 K from the F centers
and form larger clusters [25]. In this context it is important to
note that larger Rh,, clusters with n > 10 are inert for the
cyclotrimerization reaction.

In summary, the specific electronic configuration of
Ag renders these atoms inert for the polymerization of
acetylene both as free or supported atoms. The reac-
tivity of Pd and Rh is strongly influenced by their
adsorption and by their diffusion dynamics on the
MgO surface (Fig. 3). Pd atoms are turned into active
catalysts for the cyclotrimerization reaction only
when adsorbed on F centers as charge donation from
the defect site to the atom occurs upon bonding.
Finally, the low activation barriers of the process on
free Rh atoms are substantially increased for Rh
adsorbed on a MgO surface and the cyclotrimerization
is only catalyzed when trapped on F centers as other-
wise steric effects, which are especially marked for
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supported atoms and small clusters, prevent the ad-
sorption of a second or third acetylene molecules on
step edges.

3.2. The selectivity of polymerization of acetylene
on Pd, clusters

Whereas single Pd atoms are very selective for the
formation of benzene, the polymerization of acetylene
on larger Pd,, clusters reveal a remarkable pattern in
the product formation (Fig. 4). Striking atom-by-
atom size-dependent reactivities and selectivities are
observed. Only three reaction products C¢Hg, C4Hg,
and C,Hg are detected. Interestingly, no C3H,,, CsH,,
and CgH,, are formed, indicating the absence of C—C
bond scission as already observed on Pd single crystals
[26] and Pd particles [27]. Up to Pd3, only benzene is
catalyzed reflecting a high selectivity for the cyclo-
trimerization of acetylene. Pd, (4 < n <6) clusters
reveal a second reaction channel by catalyzing the
formation of C4Hg, too, which desorbs at around
300 K. The third reaction product, C4Hg, desorbing at
a rather low temperature of 200 K, is clearly observed
for Pdg. For this cluster size the abundance of the
three reaction products is similar. For even larger
clusters (13 < n < 30) the formation of CgHg is
increasing with cluster size, whereas the conversion of
acetylene into C4Hg reaches a maximum for Pd,,. Note
that Pd;q selectively suppresses the formation of C4Hyg
(the peak in the TPR spectrum of C4Hg at 200 K is
part of the fragmentation pattern of C4Hg). For Pd,,
the experiments were repeated in the presence of D,
[28]. D, was exposed prior and after C,H,. The
results clearly indicate that no product containing
deuterium is formed. Consequently D5, is not involved
in the polymerization reaction. However, the presence
of D, opens a new reaction channel, the hydrogena-
tion of acetylene. In addition, D, blocks the active
sites on the palladium clusters for the polymerization,
as the formation of the products is slightly reduced
when exposing D, prior to C,H,. On Pd(111), pre-
dosing with H, completely suppresses the cyclotri-
merization but enhances the hydrogenation of ace-
tylene to form ethylene [23].

Assuming stoichiometric reactions, as indicated in
Fig. 5, and estimating the relative number of CyH,
from Fig. 5,a one observes a proportional increase of
acetylene with the number of palladium atoms per
cluster up to Pdy3. Surprisingly, at this cluster size the
surface-to-bulk ratio as well as the coordination num-
ber of Pd in the cluster is changing as at this size one
Pd atom sits completely in the cluster. In addition,
according to the free stochiometric chemical reactions,
each reaction requires a minimum number of Pd
atoms, which are 3, 4, and 6. The experimental results
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Fig. 4. TPR spectra of the catalytic formation of CqHg, C4Hg, and C4Hg for a defect-rich MgO thin film, Pdy, Pdy, Pdg,
Pdg, Pdy3, Pdy;, and Pdsy. The relative ion intensities are corrected with the relative detection efficiencies of the
experiment and scale with the number of formed product molecules per cluster.

are surprisingly consistent, that is C,Hg is formed for MgO(100) thin films indicates that the surface in-
Pd,, with n > 4 and C4Hg for cluster sizes with n > 6. termediate C4Hy is being produced efficiently on all

Analyzing the products formed on small size-se- cluster sizes. Thus at least two acetylene molecules are
lected Pd, (1 < n < 30) clusters deposited on adsorbed in a m-bonded configuration at the initial
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relative amount in %) of the polymerization of CoH, on size-selected Pd,, (n = 1-30) deposited on defect-rich MgO thin
films. Also shown is the relative number of reacted C,H, as function of cluster size (¢).

stage of the reaction [12]. The observed size-de-
pendent selectivity may then be understood by regard-
ing the influence of the cluster size to steer the
reaction either toward the cyclotrimerization to form
CgHg or towards a direct hydrogen transfer from
adsorbed C,H, to the C4H, intermediate to catalyze
the formation of C4Hg or C4Hg, respectively. Cyclo-
trimerization is generally observed when a third ace-
tylene molecule is adsorbed in a m-bonded con-
figuration, which results in a change from
sp-hybridization toward spz—hybridization [29]. This
bonding configuration leads to a weak activation of
the C—H bond, in analogy to ethylene [30]. The
hydrogenation of the Pd,(C4H,) metallocycle, on the
other hand, is favored by the adsorption of di-c/=n
bonded acetylene to three Pd atoms, effecting a more
efficient activation of the C—H bond, in analogy to
ethylene [30].

As shown above, for Pd atoms adsorbed on defect
sites the Pd(C4H,) intermediate is readily formed as
shown in Fig. 3. A third adsorbed C,H; molecule is
purely n-bonded and the activated acetylene molecule
reacts with the intermediate to form benzene with a
total exothermicity of about 7 eV (Fig. 2). The
weakly bound CgHg (0.3 eV) then desorbs at low
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temperature from the nanocatalyst [12]. A second
reaction channel, the formation of butadiene, C,4Hsg,
opens for Pdy. This channel reveals highest selectivity
for Pdg, in this case a third C,H, molecule can bind in
a di-c /7 bond configuration to three Pd atoms. The
charge transfer from the substrate to the cluster
further enhances the activation of the C—H bonds. For
even larger cluster sizes the adsorption of two
di-c /m-bonded C,H, molecules becomes possible and
opens up the third reaction path, the formation of
C4Hg. In our experiments this is clearly observed for
Pdg. Purely geometric arguments (possible adsorption
of two di-o/n-bonded C,H, molecules close to the
C,4H, intermediate) suggest that this third channel is
more pronounced for the larger clusters, and indeed
our results show maximal C4Hg formation for cluster
sizes of 20—25 Pd atoms. For the largest clusters of the
measured range, e.g., Pdjg, the increased number of
metal-metal bonds and the concomitant delocalization
of the charge transferred from the substrate to the
cluster results in less charge density available for the
activation of the C—H bond [31]. Consequently, the
cyclotrimerization becomes again more efficient than
the hydrogenation of the C4H, intermediate. Going to
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even larger particles or to Pd(111) single crystals the
cyclotrimerization to benzene is selectively catalyzed.

4. Conclusion

In conclusion, there is no question that a new
catalytic chemistry emerges in the non-scalable size
regime where every atom counts. This may have
important implications for industrial catalysis with
respect to low temperature active catalytic materials
and selectivity tuning by size-selection. From a more
fundamental point of view in particular the com-
bination of gas phase studies, clusters supported on
surface, and ab inito theoretical simulation are fruit-
ful in defining important nanocatalytic factors and
concepts. The most important are the tuning of selec-
tivity and activity by electronic quantum size effects
and charging. These factors are unique for small
clusters and not observed for bulk catalytic systems or
particles in the scalable size regime.
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