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Abstract: We studied the cyclotrimerization of acetylene on size-selectg@|Bsters (1< n < 30) supported

on thin MgO(100) films by thermal desorption and Fourier transform infrared spectroscopy. Surprisingly, the
production of benzene is already observed on a single palladium atom at low temperature (300 K). Using
density functional theory (DFT) calculations we show that free inert Pd atoms are activated by charge transfer
from defect sites of the MgO substrate upon deposition. For larger clusters & 30) benzene is additionally
produced at a temperature of 430 K and our results suggest the existence of a critical ensemble of seven
palladium atoms for this high-temperature reaction mechanism.

1. Introduction supported platinum and gold clusters shows atom-by-atom size
In a structure-sensitive reaction the catalytic properties vary dependence. In these studies the observed size effects can be
with the size of the active particles, most often small clumps rationalized by the distinct electronic and geometric structure
of metal atoms. In general, the observed size effects can be of each cluster size and by assuming a size-dependent interaction
classified into two range&For particles hundreds or thousands  ©f the small clusters with the substrate’?
of atoms in size, the size dependence is essentially related to Motivated by the suggestion that purely geometric arguments
atom packing and consequently the concomitant variation of can explain the observed structure sensitivity in the cyclotri-
step and kink densitié4 on the particle surface is responsible Merization of acetylene to benzene on palladium single crys-
for the observed size-dependent catalytic propettids.was tal$2and on supported palladium particésye performed
shown that this changing morphology can sensitively influence @ study of this reaction on small, size-selected supported
the kinetics of a reactiohlin the size range where metal clusters Palladium clusters. On single crystals the reaction proceeds
consist only of a few atoms, the size-dependent catalytic activity 'eadily at pressures ranging from UHV (¥6-107° atm) to
for free®~11 and supported-15 clusters is directly related to their ~ atmospheric pressure (18-1 atm) and Pd(111) is found to be
intrinsic electronic and geometric properties. For example, the the most reactive facét* These studies established the

catalytic oxidation of carbon monoxide on small size-selected following overall reaction pathway: In the first stepHG is
adsorbed in 3-fold sites and at low temperatur@@0 K) a

* Author to whom correspondence should be sent.

t Universifede Lausanne. stable surface intermediatetd is formed that results from the
¥ Universitadi Milano-Bicocca. combination of two adsorbed acetylene molecébeaddition
$ Technische UniversitaMiinchen of a third activated acetylene molecule leads then to the
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with respect to the surface. From this tilted configuration metal,_respectively. Consequently, as thg kinetic _gnergies of the
benzene desorbs already at a temperature of 230 K. At lowimpinging clusters correspond to soft-landing conditiofgn(< 1
Coverage and on ﬂat Surfaces the foerngb”’]ds Strong'y eV)35'36and as the tOt_al energy ga|ned. Upon. depOSlthn IS at most half
to the surface in a flat-lying configuration desorbing at a ]?”helci'tt:ulgtgd t\)}nfdlngF;> etne[)gxg kg);;hefmvestlg?t?d Pd fC't‘;Sterls (;ang'ng
temperature of-500 K**#"It is believed that the reaction takes i:%Tce'd b0 tHe ge c?sritioi Zlol;l]e is z,xcrlatll%nqu nHaoIvc\)lgv%r tﬁeceu:e?rsetics
place without G-C bond scissiof® and it appears that in the y P ' ' 9

. ; . . of the deposition may provide the required activation energy to reach

first st.ep acet}"e“e is adsorbed in the 3'f0'9' hOHOW.S'te on thermodynamically more stable states. For instance, our calculations
palladiunt>??via two o-bonds and ar-bond (dio/x configu- suggest that the energy gain for the adsorption of two palladium atoms
ration). This configuration leads to adsorbegHg in a flat- on MgO (2.6 eV) is larger than the binding energy of the dimer (1.3

lying geometry and the electronic structure is grossly distorted eV). Upon impact the cluster ions are neutralized either on defect sites
from sp to s@° hybridizatior#®3! resulting in slightly bent (F-centers) or by charge tunneling through the thin MgO fiffrié/e
acetylene molecules. However, these studies also show that theleposited only 0.28% of monolayer Pd clusters (1 MI12.25 x 10
existence of isolated 3-fold sites alone is not a sufficient Clusters/cr® at 90 K to land them isolated on the surface and to prevent

condition for the cyclotrimerization of acetylene, but it is @99lomeration on the MgO film.The support is prepared in situ for

suggested that the catalytically effective surface ensemble corre-each experiment; thin films are epitaxially grown on a Mo(100) surface

_ . A, K |
sponds to three £, molecules adsorbed on 3-fold sites around by evaporating magnesium in*#0; backgrounf and subsequently

. 529 Thi - . - annealing the oxide film to 1000 K. These films show bulklike
a given Pd atord>**This geometrical requirement is perfectly  ,5erties as observed by low electron energy diffraction (LEED), X-ray

fulfilled for an ensemble of seven Pd atoms of the Pd(111) photoelectron spectroscopy (XPS), UV photoelectron spectroscopy
surface?®32and it is this argument that explains the structure (UPS), and electron energy loss spectroscopy (EEUSpwever, small
sensitivity of the cyclotrimerization reaction. The formation of amounts of defects such as steps, kinks, and F-centers are detected by
benzene on palladium particles a few nanometers in size is verythe desorption behavior of small molecutéfepending on the type
similar to the analogous low-index single-crystal results, with of defects, a change in the desorption temperature of benzene from
particles in this series, regular polyhedra comprised exclusively €XPeriments described below, the films were prepared to obtain the
of M 110and [100facets, favor the low-temperature reaction high-temperature desorption (300 K) of benzene.

pathway whereas the smaller particles desorb benzene at 530 T(_) obtain identical condltl(_)ns for the study_ of the Cyclotrlmerlzatlon
on different Pd clusters we first exposed, using a calibrated molecular

K. In addition, all |nve§t|g_ated particles reveal. production of beam doser, the prepared model catalysts at 90 K to an average of five
benzene at 370 K, which is related to defect sites. The results p,,jecyles of acetylene per deposited atom. As shown experimefitally,
on small size-selected PL< n < 30) clusters on thin MgO-  these clusters are saturated withHg In a temperature-programmed
(100) films presented here show pronounced size effects in thereaction (TPR) study catalytically formed benzene molecules are
cyclization of three acetylene molecules. Most surprisingly, detected by a mass spectrometer (BALZERS QMG 421) and monitored
already a single palladium atom adsorbed on MgO is enough as a function of temperature and cluster size. The measured ion signal
for the production of benzene at 300 K. Although a free Pd has been calibrated using the known number of CO molecules desorbing
atom is inert for this reaction, once adsorbed on the surface thefrom a Mo(100) single crystal and by taking into account the different

charge transfer from defect sites of the basic MgO substrate ionization cross sections of the two molecug$!In addition, Fourier

activates the metal atom. On larger clusters,(Rd- 8) benzene

is mainly produced at a temperature of around 430 K. Our results

show that this 430 K feature is first observed for deposited Pd
the critical ensemble for this high-temperature mechanism.

2. Experimental and Computational Details

The palladium clusters are produced by a recently developed high-
frequency laser evaporation souféelhe positively charged cluster
ions are guided by home-built ion optics through differentially pumped

vacuum chambers and are size-selected by a quadrupole mass spec-
trometer (Extranuclear C50/mass limit: 4000 amu). The monodispersed

clusters are deposited with low kinetic energy (62LeV) onto a
magnesium oxide surface. The total energy of the deposition is
composed of the kinetic energy of the clustk{ < 0.2 eV/atoni®),

the involved chemical binding energy between the cluster and the MgO
surface €0.3 eV per interacting atom for ), as well as a negligible
Coulomb interaction of the incoming cluster ion and its induced
polarization and image charge on the oxide film surface and in the
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transform infrared (FTIR) spectroscopy is performed in single reflection
mode to detect the migration temperature of deposited palladium atoms
using CO as a probe molecule.

The calculations were performed using the scalar relativistic version
of the linear combination of the Gaussian-type orbitals density functional
(LCGTO-DF) cluster methotf 4" as implemented in the new parallel
program ParaGaugg.The electron density was self-consistently
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determined with the help of the KokiSham procedure using the
gradient-corrected functionals for exchaffgend correlatio¥® The 0.28 % ML
MgO surface was modeled by small clusters ([QNg for a terrace F A
site, [OMg]*" for a corner site) embedded in a large array of point
charges oft:-2 e to reproduce the Madelung potentief? The entire
system, ionst point charges, is neutral. Clusters of this type provide

a simple, yet reliable representation of surface $itdsarge orbital

basis sets were used: Mg [15s10p1d/6s5pld], O [13s8pld/6s5pld],
and Pd [18s13p9d/7s6p4tf]For the hydrocarbon molecules we used

a [9s5p2d/5s4p2d] basis set for C and a [6s2p/3s2p] basis set>for H.
Geometry optimizations were carried out by determining analytical
gradients of the total energy;the positions of the surface O ion, the

Pd atom, and the hydrocarbon fragments were optimized under the
constraint of the site symmetryC{ and Cs,). All other atoms in the
substrate cluster are fixed. In general, the computational method adopted
here, gradient-corrected DFT with large basis sets, can be considered
as highly reliable; in particular, gradient corrections are essential to
provide accurate binding energi®sMore critical is the model of the
MgO substrate that in this study is represented by a very small cluster
of ions embedded in point charges. In the past decade several studies
have shown that these systems provide the correct physical description
of the adsorption processes at oxife¥However, one has to be aware

of the fact that the limited size of the clusters used here can have some
effect on the absolute values of the computed quantities (for instance
the geometrical relaxation of an F-center at a corner site is not properly
included in our models). Still, given the model character of the study,
we believe that the general conclusions are valid and do not depend
on the size of the clusters used. Preliminary calculations on larger
models support this assumptieh.

C_H,’ lon Signal [Arb. Units]

3. Experimental Results

Figure 1 shows the TPR spectra for the cyclotrimerization i QU
of acetylene on supported P@L < n < 30) clusters. Up to N
Pds, benzene exclusively desorbs at temperatures around 300 200 400 600 800 1000
K, while a broad feature between 400 and 700 K is observed Temperature [K]
for cluster sizes up to RdFor Pg, an additional desorption

. . Figure 1. Catalytic GHs formation for different Pd cluster sizes
peak of benzene is clearly observed at about 430 K. Ir]Creas'ngobtained from temperature-programmed reaction experiments. The

the cluster size leads to a further intensity increase of this peak. yotom spectrum shows that for clean MgO(100) films no benzene is
For Pd this feature becomes as important as the peak at 300 Kormed. Dots, data; full line, data smoothing with adjacent averaging
while for Pco benzene mainly desorbs around 430 K. We note (25 points). Cluster coverage is 0.28% of a monolayer for all cluster
that on a clean MgO(100) surface no benzene is produced atsizes, where one monolayer corresponds to 2B atoms/cra.

the same experimental conditions.

By integrating the total area of the TPR spectra shown in
Figure 1, the number of catalytically produced benzene mol- L }
ecules per cluster is obtained and shown in Figure 2. Generally,
the cluster activity increases with cluster size. Up ta, Roh
average of one benzene molecule per cluster is produced at 300
K. For P4, (4 = n < 7), the total activity increases by a factor
of 2, as an additional §1s molecule is produced between 400
and 700 K. A weak contribution of the desorption peak at 430
K to the total number of produced benzene molecules is
observed for Pd For the larger clusters, the increase in the
number of GHg molecules per cluster is only reflected in the

5

Number of C H_ per cluster

intensity of the 430 K desorption peak. ce®
(49) Becke, A. D.Phys. Re. A 1988 38, 3098.
(50) Perdew, J. PPhys. Re. B 1986 33, 8822. 0 B e
(51) Sauer, JChem. Re. 1989 89, 199-255. 0 5 10 15 20 25 30
(52) Terra, J.; Ellis, D. EPhys. Re. B 1997, 56, 1834-1847. n [Number of atoms per cluster]

(53) Ferrari, A. M.; Pacchioni, Gl. Quantum Cheml996 58, 241. ) )

(54) Neyman, K. M.: Strodel, P.; Ruzankin, S. P.; Schlensog, N.; Figure 2. Total number of catalytically producedsids molecules per
Knozinger, H.; Rech, N.Catal. Lett.1995 31, 273-285. cluster estimated by the integral of the TPR spectra and the number of

(55) Nasluzov, V. A.; Rech, N.Chem. Phys1996 210, 413-425. deposited clusters.

(56) Ziegler, T.Chem. Re. 1991 91, 651.

(57) Neyman, K. M.; Pacchioni, G.;'Roh, N. InRecent Deelopments . - : . .
and Applications of Modern Density Functional Thed®gminario, J., Ed.; In addition, m'gratl,on of palladlum atoms abov? 400 K'is
Elsevier: Amsterdam, 1996; pp 56820. observed by performing FTIR experiments and usif@O as

(58) Pacchioni, G. Iihemisorption and Reaetly of Supported Clusters ~ a probe molecule. At low temperature, a typical frequency for
and Thin Films Lambert, R. M., Pacchioni, G., Eds.; Kluwer: Dordercht, on-top bonded3CO (2010 le) is detected on deposited Pd

1997; Vol. 331, p 395. . ) )
(59) Ferrari, A. M.; Pacchioni, G.; Reh, N.; Heiz, U.; Abbet, S.; (Figure 3a). This band disappears at 400 K and a frequency

Sanchez, A.; Schneider, W.-D. To be submitted for publication. typical for bridge-bondeéfCO (1836 cnl) is observed (Figure
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§ ‘cN_> Figure 4. Optimized structures of the complexes (a) PAHE(CzH>),
N (b) MgO-Os-Pd(CGH4)(C:H2), and (c) MgO-k-Pd(CGH.)(C:H>). The
2300 2200 2100 2000 1900 1800 1700 1600 third O layer in the MgO substrate is represented by point charges (the
. rest of the point charges are not shown for clarity). The two defect-
Wavenumbers [cm ] sites (b and c) are represented in a slab of MgO for illustration.

Figure 3. Vibrational frequency of3CO adsorbed on clean deposited . ) .
Pd; (5% ML) measured at (a) 90 K, (b) after annealing to 400 K, and Substrate by a cluster of ions embedded in an array of point
(c) after annealing to 800 K. charges. We first considered a model of a five-coordinated

oxygen ion on the MgO(001) terracesObut the Pd atom
3b). Migration can explain this behavior because on single atomsadsorbed on this site does not further activate the third acetylene
an on-top frequency (2010 cr) is observed while for bridge- ~ molecule; the Pd(g44)(C2H,) complex breaks apart without
bonded3CO (1836 crml) at least a dimer is needed. Moreover, completing the trimerization process. This result, together with
coagulation of atoms upon deposition is excluded, because threed recent experimental and theoretical study on the reactivity of
different frequencies (2031, 1921, and 1732 &ntypical for small Au clusters on defect-poor and defect-rich MgO films,
larger Pd cluster® are observed only after annealing to 800 K which revealed that defect sites are essential for the charging

(Figure 3c). and concomitant catalytic activation of small metal clustérs,
strongly suggests that defect sites are also essential for the
4. Computational Results and Discussion activation of small palladium clusters. We therefore considered

a three-coordinated corner oxygen sites,Gand an oxygen

vacancy (F-center) located at a corner sitg, & these defects

are the most active ones in terms of their basic behavior. (Recent

that already a single palladium atom is sufficient to catalyze experimenta} and thgoreticgl studies have shown that F centers
S - . at low coordinated sites exist and are more stable than those at

the reaction in contrast to suggestions based on single-crystal

. ; X . . > “terraces?-95)
studies. We therefore mvestlgateq th_eoretlcally possible reaction Pd atoms bind to oxygen ions at corner sites at a bond distance
mechanisms for the cyclotrimerization of acetylene on small

; e 0
clusters. On a single free Pd atom twgHz molecules are bound of 1.989 A with a binding energy of 1.7 eV, a value about 50%

by 1.35 eV/molecule and slightly activated with a HCC angle larger than that for terrace sites. The supported R

: . . . complex binds the third acetylene molecule by 0.48 eV and
of 166°. They transform into a intermediate with an ener: . - :
gain of 3.9 gv- On free Pd atﬁis the third acetylene molgt):/ule activates it much more than a neutral or negatively charged Pd

is only weakly bound, at a long distance, 2.6 A, and practicall atom, as shown by the longer bond (Table 1) and the
Y yD N 9 LT P Y small HCC angle (Table 1). Hence, the oxide support consider-
not activated (Figure 4); thus, cyclotrimerization does not occur.

MaO is a basic oxidé and the O anions at the surface can act ably increases the charge transfer from the Pd atom to the
MR IS ¢ adsorbed acetylene and transforms the “inert” free Pd atom into
in principle as electron donors. We therefore repeated the

calculations for negatively charged Pd atoms carrying0a3 an active catalyst. During this activation the flow of electronic
or —0.6 net electronic charge. The structure of theHE charge from the supported Pd atom to the adsorbed molecule

intermediate is not altered. but the third acetvlene molecule is larger for corner than for step or terrace sites. This is clearly
! : IS ! » bu ! Y Y€ shown by a decompositiéhof the total energy and of the dipole
becomes more activated (e.g. the HCC angle decreases from
177 on neutral Pd(¢H,) to 156" on [Pd(CH4)]~%9), which éng Pacchioni, G.; Pesa:armona,smrf. S(I:Ii.1998 41|2/413 657-671.
i 63) Paganini, M. C.; Chiesa, M.; Giamello, E.; Colucia, S.; Martra, G.;
enable_s formation of benze_ne_. Murphy, Dg.] M.; Pacchioni, GSurf. Sci.1999 421, 246-262.
Motivated by these preliminary results we modeled the  (g4) peterka, D.: Tegenkamp, C.; Sotheo, K. M.: Ernst, W.; Pfiig H.
experiment in a more realistic way representing the MgO Surf. Sci.1999 431, 146-155.
(65) Sousa, C.; Pacchioni, G.; lllas, Surf. Sci.To be submitted for
(60) Wolter, K.; Seiferth, O.; Libuda, J.; Kuhlenbeck, H.;uaer, M.; publication.
Freund, H.-JSurf. Sci.1998 402—-404, 428-432. (66) Bagus, P. S.; Hermann, K.; Bauschlicher, C. WChem. Phys.
(61) Tanabe, K.; Saito, KJ. Catal.1974 35, 247. 1984 80, 4378.

In the TPR experiments desorption of benzene on(RPd
n < 3) occurs at a temperature of around 300 K and only one
CeHs per cluster is produced. This surprising result indicates
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Table 1. Calculated Properties of Acetylene Bound to a Free or
Supported Pd(&H4) Complex

Pd  Pd®® (MgO)Os-Pd (MgO)RPd
r(Pd-C)2 A 2.617 2.257 2.038 2.075
r(C—C)2A 1.216  1.256 1.304 1.315
a(HCC)2deg 177 156 142 139
AEPeV 358 291 4.04 2.42
DeceV 0.76  0.23 0.32 0.06
Z(Pd—CeHe) A 2.024 2.107 2.193 2.306

a Geometrical parameters of a third acetylene moleae;-C) in
free acetylene is 1.210 A.Energy gain for the reaction8; + C;H.
— CgHs on the Pd complex. Dissociation energy of benzene from
the Pd complexd Distance between the center of the benzene molecule
and the Pd atom.

moment into the sum of individual mechanisms (Pauli repulsion,
charge transfer, polarization, etc.) performed at the Hartree
Fock level: for a Pd bound at a corner site, the charge flow

J. Am. Chem. Soc., Vol. 122, No. 14, 208057

on MgO are more stable than an adsorbed dithén.view of
the experimental results, that only one benzene molecule is
produced per deposited dimer, we suggest that one atom is
activated and adsorbed on a defect site, while the other one is
adsorbed on a terrace site and therefore not activated. We are
now testing this argument by increasing the defect density on
our MgO films. The observed migration of Pd atoms above 400
K (Figure 3) suggests that for small Pclusters (4< n < 6)
on MgO(100) the broad feature observed between 400 and 700
K is related to migration. Here £, may be formed on small
clusters and after migration this intermediate reacts with an
acetylene molecule adsorbed on another cluster.

On larger clusters (Rdvith 7 < n < 30) a distinct production
of benzene at 430 K is observed. This feature is typical for the
production of benzene on the surface of large clusters where
the three GH, molecules are bound to different sites, e.g., three
3-fold sites, the most stable configuration for Pd(111) single

from the substrate to the adsorbed hydrocarbon is about fourcrystals. In addition, distinct desorption of benzene at 430 K is
times larger than that for a free atom and twice as large as thatfirst observed for Pd suggesting the heptamer to be the critical

for a terrace site. This is consistent with the higher basicity of
the oxygen ions at low coordinated sites due to the lower
Madelung potentigl” On the activated Pd atom the (MgO)-

O3Pd(GH4)(CzH,) surface complex evolves into an adsorbed

cluster size for that mechanism. Up tosRdhe number of gHg

molecules per cluster, mainly produced at 430 K, increases as
the number of adsorption sites on the clusters increases with
cluster size. The higher desorption temperature of benzene for

benzene with an energy gain of 4.08 eV. This |arge energy gainthis reaction mechanism may be rationalized with a transition

is mainly related to the aromaticity of the benzene ring formed;
the reaction product is only weakly bound to the Mg@jerd
complex, 0.3 eV, which explains the rather low desorption

from two-dimensional to three-dimensional cluster shapes.
Theoretical worR” on Ni clusters supported on model systems
for Al,O3 has shown that one-layer and two-layer Ni clusters

temperature_ In addition, bonding of benzene to an activated behave differently: while the metal Iayer in direct contact with

Pd atom and to different MgO sites is similar and therefore
spill-over of benzene to the support is likely.

the oxide substrate is electronically perturbed, the second metal
layer behaves very similarly to an unsupported Ni cluster. Work

We also considered an F-center located at a three-coordinatedS IN Progress to determine the adsorption energy of benzene

corner site, B This corresponds to two electrons trapped at ©n one- and two-layer Pd clusters on MgO and the preferred
the site left by the missing O atofA At this defect site, a Pd ~ Shape and orientation of small Pd clusters on MgO. We recently
atom is bound by 4.3 eV, i.e., much more strongly that on an showed that a Pd tetramer, which assumes a tetrahedral shape
Oxc site. This supported atom is even more efficient than a Pd In the gas phase, maintains the same structure and a similar
on a Qg in activating the adsorbed acetylene, which is bound dégree of sd i;ybrldlzatlon when deposited on the nondefective
by 2.63 eV. In fact, the complex MgO{§-Pd(CHa)(CzHy), MgO surface”

Figure 4, shows a larger distortion and a stronger interaction of

the third GH, molecule, Table 1. At the moment one cannot
establish which defect site is more active in promoting the
reaction®® but the present results indicate that both low-

5. Conclusion

The investigated model catalysts of size-selected (Rk
30) clusters supported on MgO(100) thin films exhibit a

coordinated @ ions and F-centers (not necessarily located at Pronounced size effect for the cyclotrimerization of acetylene
a corner site) can act as basic sites on the MgO surface. Thesd® benzene for a single-pass heating cycle. For small clusters,
results show that supported Pd atoms on defect sites not onlyUP 10 Pd, benzene is exclusively produced at 300 K whereas
activate the cyclization reaction but also favor the desorption fOr the heptamer the formation of benzene at a temperature of

of benzene, as shown by the longer-RetHg distance and the
smaller adsorption energy (Table 1).

Deposited dimers also provide an interesting scenario for the

cyclization reaction. Free Pd dimers are able to adsorb two
acetylene molecules, forming the intermediaj&l£ In contrast

to free atoms, dimers add and activate a third acetylene
molecule. Thus, they feature enough electron density to promote

the reaction even without an active role of the substrate.
However, the stability of two Pd atoms bound through a covalent
bond of 1.3 eV/atom to terrace O ions is larger than the metal
metal interaction of gas-phase 1.3 eV. In a very recent study
on the bonding mode and the possible orientations efoPda
nondefective MgO(001) surface we showed that from a purely
thermodynamic point of view two isolated Pd atoms adsorbed

(67) Pacchioni, G.; Ricart, J. M.; lllas, B. Am. Chem. S0d.994 116,
10152.
(68) Also V centers at corner sites of MgO have been shown to feature

strong adsorption bonds to transition metal fragments. See: Hu, A.; Neyman,

K. M.; Staufer, M.; Belling, T.; Gates, B. C.;'Roh, N.J. Am. Chem. Soc.
1999 121, 4522-4523.

about 430 K starts to evolve. Surprisingly, already a single Pd
atom catalyzes the production of benzene. Density functional
calculations showed that single Pd atoms can be catalytically
activated only when adsorbed on basic defect sites of MgO and
when charge is transferred to the metal atom. For the larger
clusters, the cyclotrimerization occurs mainly at a temperature
of 430 K. It is suggested that in this mechanism benzene is
formed in a similar geometry as on Pd single crystals or large
Pd particles where 3-fold hollow sites are most favorable for
C,H; adsorption. We showed experimentally that the critical
ensemble for this mechanism consists of seven atoms.
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