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The polymerization of acetylene was studied by thermal pro-
grammed reaction on nanoassembled model catalysts fabricated
by soft landing of size-selected palladium Pd,, (1 <n < 30) clusters
on well-characterized MgO(100) thin films. In a single-pass heat-
ing cycle experiment, benzene, butadiene, and butene were cata-
lyzed with different selectivities as a function of cluster size: palla-
dium atoms selectively produce benzene, and the highest selectivity
for butadiene is observed for Pdg, whereas Pdyg reveals the high-
est selectivity for butene. These results provide an atom-by-atom
observation of the selectivity of small palladium model catalysts,
and extend toward small cluster sizes the study of Ormerod and
Lambert on real palladium catalysts, where a structure sensitivity
for the cyclotrimerization was observed.  © 2001 Academic Press
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1. INTRODUCTION

Microscopic insight into important catalytic reactions
(1, 2) has been gained on single crystal surfaces (3-5).
However, in general, industrial catalysts consist of small
metal particles supported on oxides where the particle
size plays an important role in determining the catalytic
properties (6). In a size range of hundreds to thousands
of atoms the surface morphology of the particles governs
the kinetics and the selectivity of reactions (7-11). For
nanoclusters containing only a few atoms quantum size
effects become dominant and an understanding of their
size-dependent catalytic activity is emerging (12-17). The
polymerization of acetylene over supported Pd particles
reveals a direct correspondence between reactivities
observed on model systems and the behavior of industrial
catalysts under working conditions (7). In ultrahigh
vacuum (UHV) (8) as well as under high pressure, large
palladium particles of typically thousands of atoms show
an increased selectivity for the formation of benzene with
increasing particle size (7). In contrast, small palladium
particles of typically hundreds of atoms are less selec-
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tive for the cyclotrimerization and catalyze butadiene
and butene as additional products (7). So far, however,
information on the atom-by-atom evolution of this aston-
ishing catalytic selectivity is still lacking. Motivated and
challenged by the prevailing opinion that “itis virtually im-
possible to prepare a collection of metallic particles that is
truly monodispersive (i.e., where all have exactly the same
size)” (18), we succeeded in the polymerization of acety-
lene to prepare nanoassembled model catalysts consisting
of size-selected Pd, (1 < n < 30) clusters supported on thin
MgO films. We observed for the first time a striking atom-
by-atom size-dependent selectivity for the reaction paths
toward the formation of butadiene, butene, and benzene.

2. MODEL CATALYST PREPARATION
AND CHARACTERIZATION

Monodispersed cluster ions, selected from a distribution
of cluster sizes obtained by supersonic expansion of a cold
(40 K) laser-generated metal plasma, were deposited using
the experimental scheme shown in Fig. 1. Most of the total
deposition energy, being smaller than the binding energies
of the investigated Pd clusters (17, 19), is rapidly dissipated
via the solid surface (20). Therefore, under these condi-
tions the clusters soft-land (that is, without fragmentation)
on the substrate (20-22). Soft landing of the clusters on
the oxide supports is also suggested by first principle cal-
culations where Aug is deposited on various MgO surfaces,
showing that the cluster’s structure is only slightly distorted
in comparison to the gas phase (16). That clusters indeed
maintain their identity upon deposition is also shown ex-
perimentally. The carbonyl formation of small deposited
Nip (n=1-30) was studied by exposing the deposited clus-
ters to carbon monoxide (14). These mass spectrometry ex-
periments showed that the nuclearity of the formed Ni,
carbonyls (n = 1-3) is not changed. The absence of, for ex-
ample, Ni(CO)4 and Ni3(CO)y after deposition of Ni, di-
rectly indicates that fragmentation upon deposition can
be excluded under our experimental conditions. Deposi-
tion of less than 1% of a monolayer (ML) of Pd clusters
(1 ML =2.2 x 10% clusters/cm?) at a substrate tempera-
ture of 90 K assures the presence of isolated supported
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FIG. 1. Experimentalsetup. Theclustersare produced by alaser evap-

oration source (cluster source). The cluster ions are guided with ion optics
into a quadrupole mass spectrometer (quadrupole I). The size-selected
clusters are deposited onto an in situ prepared MgO film. In the analysis
chamber the size-dependent reactivities are studied by thermal desorption
spectroscopy (TDS), Fourier transform infrared (FTIR) spectroscopy, and
Auger electron spectroscopy (AES).

clusters pinned on the defect sites of the support (14-17,
23). The existence of monodispersed Pd, clusters is proven
by the excellent agreement of the measured vibrational fre-
quencies and binding energies of CO on various cluster
sizes with theoretical CO values (24). The support is pre-
pared in situ by epitaxially growing thin MgO(100) films
on a Mo(100) surface (25). These films show bulklike prop-
erties (23). Small amounts of defects such as steps, Kinks,
and F-centers are detected from the desorption behavior of
small molecules (16, 26). To obtain identical conditions for
the study of the polymerization on different Pd cluster sizes
we first exposed, using a calibrated molecular beam doser,
the prepared model catalysts at 90 K to an average of 1
Langmuir (L) of acetylene, corresponding to saturation
coverage (27). In a temperature-programmed reaction
(TPR) catalytically formed benzene (CgHg), butadiene
(C4Hg), and butene (C4Hg) molecules are detected by mass
spectrometry and monitored as functions of temperature
and cluster size. The cluster reactivities were obtained by a
single-pass heating cycle. The thermal stabilities of the de-
posited clusters were investigated by Fourier transform in-
frared (FTIR) spectroscopy for Pd atoms, which are found
not to migrate up to around 350 K. Up to this temperature
the vibrational frequency of adsorbed CO is not changing
(17). This rather high stability can be explained by the high
binding energy (~4 eV) of Pd atoms bound to the F-centers
(28). For clusters the binding energy is expected to be even
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FIG.2. (a) TPR spectra of the catalytic formation of CgHs, CsHs,

and C4H; for Pd;, Pd4, and Pds. Note that clean MgO thin films do not
catalyze the formation of these products. (b) TPR spectra of the catalytic
formation of CgHs, CsHg, and C4Hg for Pdg, Pdis, Pdy, and Pdso. 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.
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higher and therefore migration is unlikely. Upon heating,
different isomers may be present on the surface. This be-
havior has not yet been studied in detail. In the case of Aug
adsorbed on F-centers of a MgO thin film, however, we
have shown the reactivity not to change even after several
reaction cycles (16).

3. ATOM-BY-ATOM SIZE-DEPENDENT SELECTIVITY

The TPR spectra of the different products of the poly-
merization of acetylene, obtained in a single-pass heating
cycle, on small supported, monodispersed palladium clus-
ters and on the bare MgO films are shown in Figs. 2a and 2b.
As expected, the oxide support does not catalyze the poly-
merization reaction. However, as soon as palladium clusters
are present, striking atom-by-atom size-dependent reactiv-
ities and selectivities are observed. Only the three reac-
tion products CgHg, C4Hs, and C4Hg are detected. They are
unambiguously characterized by their fragmentation pat-
terns. Remarkably, no C3H,, CsH;, and CgHp, are formed,
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FIG. 3. (a) Polymerization of acetylene after saturating the model

catalysts (Pd2/MgO) with D,. Note that no products containing deuterium
are produced. The formation of C4H4D; (having the same mass as C4Hs)
is excluded, as no desorption of this mass is observed around 350 K. How-
ever, the reactivity is slightly decreased when compared with the reactivity
of the model catalysts not exposed to D, (c). (b) Polymerization of acety-
lene on the model catalysts (Pd,/MgO) when it is exposed to D, after
saturation of C,H,. No products containing deuterium are produced.
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FIG. 4. (a) Cluster size-dependent reactivity expressed as the relative
number per cluster of formed product molecules, C¢Hg, C4Hg, and C4Hs.
Maximal reactivity for the formation of C4,Hg for cluster sizes around Pd;y;
for the formation of C4Hg for cluster sizes around Pdy, the formation of
CgHgs is increasing with size. (b) Size-dependent selectivity in % for the
polymerization of acetylene (see text). Pd;_; show 100% selectivity for
the cyclotrimerization, whereas the selectivity for the hydrogenation of
the intermediate (C4H,) to C4Hg (30%) and C4Hg (~40%) is maximal for
Pdg and Pdjo25, respectively.

indicating the absence of C-C bond scission as already ob-
served on Pd single crystals (29) and Pd particles (7). Up to
Pds, only benzene is catalyzed, reflecting a high selectivity
for the cyclotrimerization of acetylene (30). Pd, (4 <n <6)
clusters reveal a second reaction channel by catalyzing in
addition C4Hg, which desorb around 300 K. The third re-
action product, C4Hg, desorbing at a rather low tempera-
ture of 200 K, is clearly observed for Pdg. For this cluster
size the abundance of the three reaction products is simi-
lar. For even larger clusters (13 < n < 30) the formation of
CeHg increases with cluster size, whereas the conversion
of acetylene into C4Hg reaches a maximum for Pdy. Note
that Pd3, selectively suppresses the formation of C4Hg. (The
peak in the TPR spectrum of C4Hg at 200 K is part of the



ATOM BY ATOM DEPENDENT SELECTIVITY

fragmentation pattern of C4Hg.) For Pd, the experiments
were repeated in the presence of D,: D, was exposed be-
fore (Fig. 3a) and after (Fig. 3b) C,H,. For comparison the
formation of C4Hg and C4Hg on Pdy, without the use of D,
is also shown in Fig. 3c. The results clearly indicate that no
product containing deuterium is formed. Consequently, D,
is not involved in the polymerization reaction. However,
the presence of D, opens a new reaction channel, the hy-
drogenation 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 ex-
posing D, prior to C;H,. On Pd(111), predosing with H;
completely suppresses the cyclotrimerization but enhances
the hydrogenation of acetylene to form ethylene (31).

The relative ion intensities of the products in the TPR
spectra scale with the product formation by the model cata-
lysts (32). By integrating the total area of the TPR spectra
shown in Figs. 2a and 2b, the number of catalytically pro-
duced benzene, butadiene, and butene molecules per clus-
ter is obtained and illustrated in Fig. 4a. Figure 4b shows the
selectivities S for the formation of the products Py (CgHs),
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P, (C4Hg ), and P3 (C4Hsg) for different cluster sizes calcu-
lated from, e.g.,

S(P1) = (number of P; per cluster/number of

ZPn per cluster) x 100 (%)

The striking atom-by-atom size-dependent selectivity for
the polymerization of acetylene is summarized as follows:
CeHg is catalyzed with a selectivity of 100% on cluster sizes
up to Pds. The selectivity for C4Hg reaches a maximum for
Pds (~30%) and the production of C4Hg is most efficient
("“40%) for Pd20_25.

4. PROPOSED REACTION MECHANISM

Analyzing the products formed on small size-selected Pd,,
(1 <n <30) clusters deposited on MgO(100) thin films in-
dicates that the surface intermediate C4H, is being pro-
duced efficiently on all cluster sizes. Thus, at least two
acetylene molecules are adsorbed in a 7-bonded configu-
ration at the initial stage of the reaction (17). The observed

FIG. 5.

Proposed structures of the complexes. (&) Pd~%5- (C4H;)(C2H, 7-bonded) (17); (b) Pdg-(C4H4)(C2H; di-o/7-bonded), Pds structure taken

from (36); (¢) Pdao-(CsH,) 2(CyH; di-o/m-bonded), Pdy structure (Morse cluster) taken from (37); and (d) Pd(111)-(C4H4)(C,H; di-o/7-bonded) (33).
In this schematic representation the cluster structures were obtained from existing calculations. For Pdg and Pdy the adsorption configurations of C,H,

and C4H, are taken in analogy to the surface structures (33).
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size-dependent selectivity may then be understood by re-
garding the influence of the cluster size to steer the reac-
tion either toward the cyclotrimerization to form CgHg or
toward a direct hydrogen transfer from adsorbed C,H, to
the C4H, intermediate to catalyze the formation of C4Hs
or C4Hg, respectively. Cyclotrimerization is generally ob-
served when a third acetylene molecule is adsorbed in a
m-bonded configuration, which results in a change from
sp hybridization toward sp? hybridization (33). This bond-
ing configuration leads to a weak activation of the C-H
bond, in analogy to ethylene (34). The hydrogenation of
the Pd,(C4H,4) metallocycle, on the other hand, is favored
by the adsorption of di-o/7-bonded acetylene to three Pd
atoms, effectingamore efficient activation of the C-H bond,
in analogy to ethylene (34).

For Pd atoms adsorbed on defect sites the Pd(C4H,) in-
termediate is formed with an energy gain of around 4 eV. A
third adsorbed C,H; molecule is purely 7-bonded (Fig. 5a)
and the activated acetylene molecule reacts with the in-
termediate to form benzene with a total exothermicity of
about 7 eV. The weakly bound CsHs (0.3eV) then desorbs
at low temperatures from the model catalyst (17). A second
reaction channel, the formation of butadiene, C4Hg, opens
for Pd4. This channel reveals the highest selectivity for Pdg;
in this case a third C,H, molecule can bind in a di-o/7
bond configuration to three Pd atoms (as shown in Fig. 5b).
The charge transfer from the substrate to the cluster fur-
ther enhances the activation of the C-H bonds. For even
larger cluster sizes the adsorption of two di-o/7-bonded
C,H;, molecules becomes possible (Fig. 5¢) and opens up
the third reaction path, the formation of C4Hsg. In our ex-
periments this is clearly observed for Pds. Purely geomet-
rical arguments (possible adsorption of two di-o /7 -bonded
C,H;, molecules close to the C4H, intermediate) suggest
that this third channel is more pronounced for the larger
clusters, and indeed our results show maximal C4Hg forma-
tion for cluster sizes of 20-25 Pd atoms. For the largest clus-
ters of the measured range, e.g., Pds, 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 (35). Consequently, the cyclotrimerization
becomes again more efficient than the hydrogenation of
the C4H, intermediate. On going to even larger particles or
to Pd(111) single crystals the cyclotrimerization to benzene
is selectively catalyzed (Fig. 5d). A deeper understanding
of the observed size-dependent catalytic selectivity might
only be possible with theoretical modeling of the reaction
kinetics.

It is clear that still serious obstacles lie between what
we have demonstrated and the realization of useful size-
selected catalysts. The prospect of tuning atom by atom the
activity and selectivity of real catalysts is nonetheless a little
closer.
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