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Abstract: The CO + NO reaction (2CO + 2NO — N; + 2C0O,) on small size-selected palladium clusters
supported on thin MgO(100) films reveals distinct size effects in the size range Pd, with n < 30. Clusters
up to the tetramer are inert, while larger clusters form CO, at around 300 K, and this main reaction
mechanism involves adsorbed CO and an adsorbed oxygen atom, a reaction product from the dissociation
of NO. In addition, clusters consisting of 20—30 atoms reveal a low-temperature mechanism observed at
temperatures below 150 K; the corresponding reaction mechanism can be described as a direct reaction
of CO with molecularly adsorbed NO. Interestingly, for all reactive cluster sizes, the reaction temperature
of the main mechanism is at least 150 K lower than those for palladium single crystals and larger patrticles.
This indicates that the energetics of the reaction on clusters are distinctly different from those on bulklike
systems. In the presented one-cycle experiments, the reaction is inhibited when strongly adsorbed NO
blocks the CO adsorption sites. In addition, the obtained results reveal the interaction of NO with the clusters
to show differences as a function of size; on larger clusters, both molecularly bonded and dissociated NO
coexist, while on small clusters, NO is efficiently dissociated, and hardly any molecularly bonded NO is
detected. The desorption of N, occurs on the reactive clusters between 300 and 500 K.

Introduction The CO+ NO reaction on Pd single crystals and supported
d particles has been investigated in detail, to¥. In short, the
reaction is structure-sensitive, and the activity is increasing from
more open surfaces to closed packed ones (Pd(Z0®J(110)

< Pd(111))!216.17For supported Pd particles, the efficiency of
the CQ formation changes with cluster sizes, and clusters with

During past decades, the NOCO reaction has been studie
in great detall, resulting in a tremendous number of studies,
both experimental and theoretical (see refstland references
therein). The reason for this interest is mainly the aim to reduce

zltrhgﬂiwu(;[:ggﬁlzlstrsouucsh ZXI%ESONI?}Z(’;S& ::I Odzrlo?:g:r.t)marl:s ;mgrgn ; the highest density of closed packed facets are most détife8
2! e Y PP It was found that adsorbed NO dissociates on the surface,

in the exhaust gases from internal combustion engines. The S . .
. resulting in two different types of adsorbed, With one type
apparent N@species need to be removed because they undergo
; . - more strongly bound to the surface than the other. The more
photochemical reactions with hydrocarbons and oxygen and : o
. . .~ strongly bound Nis poisoning the surface. To understand the
produce ozone in the atmosphere. To reduce the toxic properties R .
) structure-sensitivity, it is important to know that the relative
from car exhaust, the first catalysts were manufactured at theconcentration of poisoning Ns decreasing from Pd(100) to
beginning of the 1970’s, and the first three-way catalysts (TWC) P 9 g

were built at the end of that decade. The idea of the TWC is to

(5) Date M.; Okuyama, H.; Takagi, N.; Nishijima, M.; Aruga, Burf. Sci.

remove CO and NQand to oxidize unburnt hydrocarbohs’ 1995 341, L1096. _ o _
Presently, the commercial catalysts contain rhodium as the active (©) Bate M. Okuyama, H.; Takagi, N.; Nishijima, M Aruga, Burf. Sci.
part for the reduction of NO to N2NO + 2CO— N + 2CQ). (7) Piccolo, L.; Henry, C. RAppl. Surf. Sci200Q 162—163 670.

; ; ;A i (8) Piccolo, L.; Henry, C. RJ. Mol. Catal. A2001, 167, 181.
Rh reduces NO with high efficiency, and it is so far the most 9) Pisanu. A M. Gigola, C. EAppl. Catal. B1969 20, 179.

active catalyst for the reaction. A number of experimental and (10) Hirsimii, M.; Suhonen, S.; Pere, J.; Valden, M.; PessaSMf. Sci1998
theoretical studies revealed a detailed picture of the reaction ,,, A T Koranne, M. Vesecky, S. M.; Goodman, D.JVBPhys.
mechanisnt. With this knowledge, one aims to find cheaper Chem. B1997, 101, 10769.

and more abundant metals instead of rhodium. Palladium is 2 Ygggiki"las';"f Rainer, D. R.; Goodman, D. WVac. Sci. Technol., A
considered to be the most promising replacement. It is more (13) Muraki, H.; Fujitani, Y.Ind. Eng. Chem. Prod. Res. Del986 25, 414.
durable at higher temperatures, and thus catalysts which contairi™® Jgac’s ; 2mien- Hi Fultani, Yind. Eng. Chem. Prod. Res. Bie

Pd instead of Rh could be positioned closer to the engine.  (15) Xu, X.; Chen, P.; Goodman, D. W. Phys. Chem. B994 98, 9242.
(16) Rainer, D. R.; Vesecky, S. M.; Koranne, M.; Oh, W. S.; Goodman, D. W.
J. Catal. 1997, 167, 241.

(1) Taylor, K. C.Catal. Re.-Sci. Eng.1993 35, 457. (17) Vesecky, S. M.; Chen, P.; Xu, X.; Goodman, D. ¥Vac. Sci. Technol.,
(2) Shelef, M.; Graham, G. WCatal. Re.- Sci. Eng.1994 36, 433. A 1995 13, 1539.

(3) Nieuwenhuys, B. EAdv. Catal. 1999 44, 259. (18) Xu, X.; Goodman, D. WCatal. Lett.1994 24, 31.

(4) Zhdanov, V. P.; Kasemo, BSurf. Sci. Rep1997, 29, 31. (19) Honkala, K.; PirilaP.; Laasonen, KSurf. Sci.2001, 489, 72.
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Pd(111)!¢ All of these studies dealt with nanometer-sized contrast to defect-poor films, which are characterized by a loss at about
particles consisting of hundreds to thousands of atoms. Here,6 €V in the EEL spectra (in good agreement with previous studies on
we present for the first time data of the mechanisms of the CO MgO(lOO) s_ingle crystals), the EEL spectra of defept-rich films exhibit
+ NO reaction on small, size-selected supported &dsters charagteflstlc losses between 1 and 4 eV, lying within the MgO bangl
with n < 30. This size range is of interest as cluster sizes are gap. Similar loss structures have been observed before, and, according

in th labl ime: f | . ff to first-principle calculations using large cluster models, they have been
In the nonscalable regime; for example, quantum size effects yyjp ted to transitions characteristic for neutral surface F centers in

become essential. The importance of these effects has beeRarious coordinations on flat terraces, at steps, and at kinks. The density
illustrated in past years by several studi&®? where the of these oxygen vacancies is estimated to be larger than 1B/
chemical reactivity was investigated on size-selected clusterscn?.?® In all of the experiments presented here, the clusters were
supported on oxide surfaces. Surprisingly, the reaction mech-deposited on defect-rich films to stabilize the clusters on these trapping
anism of the CO+ NO reaction is changing with size, and, centers. N _ o
most interestingly, the reaction temperatures are lower by at To obtain identical gondltlons for the study of the chemical reactivity
least 150 K on all palladium clusters in comparison to larger ©F the clusters, we first exposed the prepared model system by a

articles and single crystals under similar reaction conditions calibrated molecular beam doser at 90 K to 1 Langmuir [£11 x
P 9 y *107% Torr s] of 13C1%0. This results in saturation coverages on the

clusters, as is evidenced by the desorption of physisorbed species from
the oxide surface. Subsequently, we exposed the system to the same
Clean Pd clusters are generated with a high-frequency laser evapora@mount of®N*0. This is crucial, as it is well known from single-
tion source, producing high currents of singly and positively charged crystal studies that the ratio of the reactants may influence the
clusters. In this setup, the output (355 nm) of an Nd:Yag-laser is focused reactivity®* Isotopically labeled*N*®O was used to distinguish the
on a rotating Pd-target di$RA helium pulse thermalizes the produced ~ formation of N from desorbing CO, both having a mass of 28 amu
metal plasma, and the clusters are grown by nucleation when the helium-When using the naturally abundant isotope. In a temperature pro-
metal vapor undergoes supersonic expansion. Subsequently, they ar@rammed reaction (TPR) experiment, we then detected the differently
size-selected by a quadrupole mass filter and deposited onto alabeled CQ and N molecules, which are produced on the surface of
magnesium oxide thin film. The total deposition energy is composed the clusters. The chemical reactivity is determined by integrating the
of the kinetic energy of the clusteE{, < 0.2 eV/atom), the chemical ~ TPR signal of thé3CO, and**N, molecules and by normalizing to the
binding energy between the cluster and the MgO surface, as well as ahumber of deposited clusters. For this procedure, the mass spectrometer
negligible Coulomb interaction of the incoming cluster ion and its has been calibrated using the known amount of desorbing CO from a
induced polarization charge on the oxide film surface. Consequently, M0(100) single crystal and taking into account its different sensibility
as the kinetic energies of the impinging clusters correspond to soft- for CO, CQ, and N. The number of deposited clusters was obtained
landing conditions B, < 1 eV)*? and as the total energy gained by integrating the measured ion current on the substrate over the
upon deposition is smaller than the binding energy of the investigated deposition time. To distinguish the adsorption sites of the different
clusters, cluster fragmentation is excluded. Upon impact, the cluster molecules and to get additional information on the reaction mechanism,
ions are neutralized by charge tunneling through the thin MgO films. Fourier transform infrared spectroscopy (FTIR) is used.
We deposited only at most 0.3% of a monolayer cluster (1-M2.25
x 10% clusters/cr?) at 90 K to land them isolated on the surface and
to prevent agglomeration on the MgO-films. In the Monte Carlo Clusters up to Pdare inert with eventual®CO, and 15N,
simulation, the relative number of isolated clusters was estimated to peak heights comparable to the noise level of the TPR spectra;
be higher than 95% after the clusters landed on the surface and migrate & produce a very small amount of GOwhereas larger

to the trapping centef8. _ ~ clusters up to Pg form CQO; at around 300 K, with the
The support is prepared in situ for each experiment by epitaxially temperature of maximal desorption rate slightly decreasing with
growing thin films on a Mo(100) surface by evaporating magnesium o, e r sjze (Figure 1a). Interestingly, additional formation and

in a %0, background’ By changing the preparation method, for - . .
example, the Mg evaporation rate and the oxygen background, films desorption of C@is observed at around 140 K for Pavith n

with different defect densities can be prepared: defect-poor (Mg = 20 (Figure 1a). This indicates that for these larger clusters
evaporation rate, 0:30.5 ML/min; O, background, 5x 10~7 Torr) two distinctly different reaction mechanisms occur. The forma-
and defect-rich (Mg evaporation rate;-2 ML/min; O, background, tion of N, takes place between 300 and 500 K (Figure 1b). The
1076 Torr) films. Both films are annealed to 840 K over 10 min. Auger normalized reactivities for the formation of G@nd N per
electron spectroscopy (AES) measurements show a 1:1 stoichiometrycluster are shown in the inserts of Figure 1 as a function of
for magnesium and oxygen and the absence of any impurity. Typical cluster size. For the COformation, only the main C®
thicknesses are about 10 monolayers, as was determined by AES pea§esorption peak at around 300 K is considered. The reactivity
intensities and by X-ray photoemission (XPS), using the intensity jg increasing when going from Bdo larger clusters; for the
attenuation of the Mo 3d core level with increasing film coverage. Both measured cluster sizes, a local maximum is observed fgy Pd
films have also been studied by electron energy loss spectroscopy. In ’ L -

whereas Pg reveals a local reactivity minimum. For the

formation of N, no clear critical cluster size is needed, and it

Experimental Methods

Experimental Results

(20) Heiz, U.; Sanchez, A.; Abbet, S.; Schneider, W.JDAm. Chem. Soc.

1999 121, 3214. increases nonmonotonically with cluster size. If the order of
@) giﬁne?ﬁtHEdggggthzs | anchez, A.; Heiz, U.; Landman, Ahgew. exposure is changed, that is, first NO and then CO, the formation
(22) Sanchez, A.; Abbet, S.: Heiz, U.: Schneider, W.-D'kkiaen, H.; Bamett, of CO, is almost inhibited. Interestingly, the formation of ¥

R. N.; Landman, UJ. Phys. Chem. A999 103 9573.

(23) Heiz, U.; Vanolli, F.; Trento, L.; Schneider, W.-Bev. Sci. Instrum1997, hardly altered for the .Iarger. Cl.USterS (ﬁdWhereQS for smaller

68, 1986. clusters (Pg), the N, signal is just above the noise level of the

(24) Broman, K.; Fix, C.; Brune, H.; Harbich, W.; Monot, R.; Buttet, J.; Kern, i i isi i
K. Seonocioon 274 956, TPR spectra. This observation is illustrated fosdd Figure

(25) Cheng, H.-P.; Landman, U. Phys. Chem1994 98, 3527. 2a/b and for Pglin Figure 2c/d. The reason for this behavior
(26) Abbet, S.; Judai, K.; Klinger, L.; Heiz, LRure Appl. Chem2002 74, becomes clear when analyzing the FTIR spectra taken for the
(27) Wu, M. C,; Estrada, C. A.; Goodman, D. \Rhys. Re. Lett. 1991, 67,

2910. (28) Heiz, U.; Schneider, W.-Dl. Phys. D: Appl. Phys200Q 33, R85.
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Figure 1. TPR-spectra of the reaction produé¥ 0O, (Figure 1a) and>N; (Figure 1b) as a function of cluster size. The cluster samples and a clean MgO
film were first exposed at 90 K t5CO (1 L) and then t85NO (1 L). The reactivities expressed as the number of product molecules formed per cluster and
normalized to the reactivity of Rglare shown in the inserts f8#CO, and!5N,. For the CQ desorption, only the main desorption peak at around 300 K is
considered. We deposited between 0.14% ML and 0.31% ML of the size-selected clusters. We changed the coverage as a function of cluster sizgatyapproxim
cover the same surface area. Note that the shown spectra are all scaled to 0.14% ML, resulting in different noise levels.

two different experimental conditions, shown forspdnd Pg This information is obtained from TPR studies of NO on clean
in Figure 3 as a function of temperature. First, all spectra show and CO-covered Relusters, where, in both cases, the formation
absorption bands for NO and CO on the MgO fillkqO, 2130 of N2 is observed between 300 and 500 K. Thus, both reactants
cm~L; 15N O, 1830-1840 cnt?), and these species are remaining coexist on the cluster surface in molecular or dissociated form,
on the surface up to temperatures of around 150 K. These bandsind the reaction can occur via a Langmthfinshelwood

are not discussed further. When the reaction takes place, thateaction mechanism. The FTIR spectra change completely when
is, CO was dosed before NO, the FTIR spectra for both cluster the clusters are first exposed to NO. Forzidhe main
sizes, Pgh (Figure 3a) and Rd(Figure 3c), reveal intense  absorption is observed at 1720 th{**NO, 1751 cm!) and is
absorption bands at around 2050 ¢én{*?CO, 2097 cm?), attributed to on-top-bound NO; at higher temperatures, the
typical for on-top-bonded CO. Note also that this band shifts intensity of this absorption band decreases, and a new band
toward lower frequency during reaction (increasing temperature). appears at 1620 cmi (**NO, 1649 cnl). These vibrational
Additionally and most pronounced for fdan absorption band  frequencies are comparable to those of molecularly bound NO
at 1930 cm® (*2C0O, 1974 cm?) is detected. This band is typical ~ on single crystal$® For Pd(111), a band at around 1750¢m

for bridge-bonded CO. These assignments are supported byis attributed to on-top-bound NO, whereas bandsH30 cnt?t
single-crystal studies where CO adsorbed on-top on Pd(111)and ~1580 cnt! are typical for two- and three-fold-bound
reveals a band at around 2110 ¢mand the band at 1960 species. On the stepped surface Pd(112) and at elevated
1970 cnrt is attributed to bridge-bonded C®.Under these temperature, an absorption is observed between 16630
experimental conditions, a smaiNO absorption band at 1550 cm1,3whereas at high coverage, bridge-bound NO on Pd(100)
cmt (1*NO, 1578 cnl) is observed for Pg, only. Most of gives rise to an absorption band between 68670 cntl.15

the nitric oxide is dissociated on the clusters prior to reaction. TPR experiments reveal that also dissociated NO is present on

(29) Tishaus, M.; Berndt, W.; Conrad, H.; Bradshaw, A. M.; Perssomypl. (30) Ramsier, R. D.; Gao, Q.; Neergaard Waltenburg, H.; Lee, K. W.; Nooij,
Phys. A199Q 51, 91. O. W, Lefferts, L.; Yates, J. T. Burf. Sci.1994 320, 209.
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Figure 2. The importance of the order of gas exposure. Figure 2a/c shows the desorption speét®fand >N, if 13CO is dosed in the first step and
15NO is dosed subsequently. Figure 2b/d shows the TPR-specéfidaf was exposed in the first step.

the cluster surface as/Starts to desorb at around 300 K (Figure performed the following experiment. Rdvas exposed to NO
2b). The intensity of the CO absorption band at 2075tm  at 90 K, and the cluster sample was then annealed to 350 K; at
(*2CO, 2122 cm?) decreases drastically and explains the small this temperature, molecular-bonded NO completely desorbs from
formation of CQ under these experimental conditions (Figure the cluster, as is evidenced by FTIR and TPR, but the
3b/d). Interestingly and consistent with the observation that no dissociation products of NO, which are;@nd N, are still

CQO, is formed on Pgl(Figure 2d), the absorption band of CO present on the surface (the formation ofislobserved between
observed for this cluster size is considerably smaller (Figure 300 and 500 K). Subsequently, the sample was cooled to 90 K
3d). Furthermore, the absorption band of molecularly adsorbedand was exposed to CO. The resulting TPR spectrum indeed
NO at around 1700 cmt (**NO, 1731 cnt?) is almost absent  shows that the low-temperature formation of £i® absent
(Figure 3d), indicating that this cluster size efficiently dissociates (Figure 4a). The formation of COat higher temperature,
NO. This difference in the interaction of NO with small gpd however, indicates that, in contrast to molecularly adsorbed NO,
and large (Pg) clusters was also observed without coadsorption O, and N, do not inhibit the coadsorption of CO. The same is
of CO. Pdy reveals an absorption band of molecularly bound true for Pd, as is evidenced by the results shown in Figure 4b.

NO, and the desorption of NO and,Ns detected by TPR, In summary, these experiments clearly identify the intermediates
whereas on Rghardly any molecular-bound NO can be detected of the two reaction mechanisms. At low temperature, molecular
(not shown here). NO reacts with adsorbed CO to form gQwvhereas at high

As mentioned above, the low-temperature formation 0bCO temperature the CO molecules are oxidized by adsorbed oxygen
at temperatures lower than 150 K is observed exclusively for atoms originating from the NO-dissociation on the cluster. In
Pd,, with n = 20 (Figure 1a). A closer comparison of the IR- addition, under NO-rich conditions, CO-adsorption is inhibited
spectra of Pgh (Figure 3a) and Rd(Figure 3c) is clarifying, as by molecularly adsorbed NO.
at low temperature an absorption band at around 1550'cm
(**NO, 1578 cn?) is observed reproducibly for Bglonly. If
we compare these results with those from single-crystal experi- The results presented here extend the studies on the structure-
ments, this band can be attributed to three-fold-bound"N©. sensitivity of the COt+ NO reaction on palladium down to the
concert with the low-temperature formation of €@bserved atom. For single crystals, the reactivity is decreasing going from
for this cluster size, this band disappears at around 160 K, the closed packed Pd(111) surface to the more open surfaces.
indicating that for the low-temperature mechanism a molecular, Two reasons are responsible for this observation. First, the
three-fold-bonded NO may be involved. The nonappearance of relative NO concentration in comparison to CO is higher on
this band for Pglis in agreement with the absence of this Pd(111) than on Pd(100).Second, the more open surfaces,
mechanism for this cluster size. To ensure that molecular NO like Pd(100), are poisoned by strongly adsorbed nitrogen atoms,
is indeed involved in the low-temperature mechanism, we N, In detail, NO dissociates on the surface, leading to two

Discussion

J. AM. CHEM. SOC. = VOL. 125, NO. 26, 2003 7967
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Figure 3. IR-spectra of:3CO and'*NO adsorbed on Rg (Figure 3a/b) and RdFigure 3c/d) clusters. Figure 3a/c shows the specti¥CiD was predosed
for both cluster sizes. Figure 3b/d shows the spectt?NO was predosed. All of the spectra were taken at 90 K after annealing the cluster samples to the
indicated temperatures.

different types of adsorbed nitrogen atoms, 8ne is weakly reactivity is observed for the mid-sized particles (6.9 Sifapr
bound to the surface, while for the other the bond energy is understanding these size effects, concepts from single crystal
considerably larger. Corresponding thermal desorption experi- studies were applied, too. Mid-sized particles consist mainly
ments lead to two different desorption temperatures4$0— of Pd(111) facets, while the larger cluster exposes a high density
480 K and~520-600 K. The more strongly adsorbed, I¢ of Pd(100) facets, which originate from coalescence. Although
pOiSOﬂing the surface. The relative amount of the Strongly bound the small partic|e5 reveal Pd(lll) facetS, the density of low-
Na is increasing from Pd(111) to the more open surfd€es.  coordinated Pd atoms (steps and kinks) is increased, and thus

For particles with sizes larger than 25 A, the catalytic activity the dissociation of NO and the amount of strongly adsorbed N
for the CO+ NO reaction is increasing with particle size as s higher33! In addition, for these particles, the rate-limiting
the relative amount of the more reactive Pd(111) facets is step for the reaction is changing with temperafurgt low

increasing. In addition, smaller particles reveal a higher density temperatures, the NO dissociation is rate-limiting, while at high
of low coordinated adsorption sites, leading to more efficient temperature, the CO adsorption is rate-limiting.
dissociation of NO and strongly adsorbed nitrogen at&ms.

For even smaller palladium particles in the size range from (31) Giorgio, S.. Henry, C. R.; Chapon, C.. Penisson, JIMCryst. Growth
2.7 t0 15.6 nm and supported on MgO surfaces, a maximum in 199Q 100, 254.

7968 J. AM. CHEM. SOC. = VOL. 125, NO. 26, 2003
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Figure 4. TPR results of an experiment in whichf8da) and Pd (b) were first exposed t&NO and subsequently annealed up to around 350 K. After the

samples were cooled to 90 K, they were exposeH@®, and the resulting product molecules were monitored by TPR.

Low Temperature

CO adsorption %

Mechanism

NO adsorption

High Temperature
Mechanism

Figure 5. Schematically shown are the two possible reaction paths for the low-temperature formation wfit6@e adsorption of the reactants CO
(Figure 5a) and NO (Figure 5b) and the formation of Q®Eigure 5c/d) by direct reaction of G@nd NQ, as well as the high-temperature reaction path
with CO, and Q (Figure 5e/f) as intermediates.

In this work, we extended the investigation of the structure- small clusters consisting of up to a couple of dozens of atoms.

sensitivity of the CO+ NO reaction on palladium to the very

In this size range, concepts from single-crystal studies fail as

J. AM. CHEM. SOC. = VOL. 125, NO. 26, 2003 7969
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first “nanocatalytic” concepts are involvéd22and second facets ~ Conclusion

typical for single crystals do not exist. Indeed, in comparison - . .

to single crystals and Pd particle&1L16.18 two important The efficiency of the CO+ NO re_act_lon on S|ze-select_ed
differences are observed for these cluster model catalysts. FirstP%h clusters supported on MgO thin films is strongly size-
the low-temperature mechanism at around 140 K has not yethpendent. Whereas palladium c[u§ters up to the tetramer are
been observed, and second the main mechanism on all clusterd1€rt, clusters up to Rdshow reactivity at 300 K only. Larger
occurs at temperatures at least 150 K lower than for particles ClUSters are reactive at temperatures as low as 140 K. The high-
or single crystals. The low-temperature reaction mechanism is temperature reaction mechanism is described by _the oxidation
observed for Pgwith n = 20, only. Combined FTIR and TPR  ©f CO Dby adsorbed oxygen atoms, whereas in the low-
studies show that CO directly reacts with molecularly adsorbed temperature mechanism CO directly reacts with molecularly
NO, bound at the larger clusters at three-fold binding sites; in @dsorbed NO. The efficiency of the reaction increases non-
these cases, NO is activated and reacts directly with CO. Down monotonically with cluster size, revealing a local maximum for
to P&, CO, is formed at around 300 K under CO-rich Pdis, whereas a local minimum is observed for,g2dViost
conditions. As for larger particles and single crystals, the reaction importantly, the reaction temperature of the main reaction
mechanism involves molecularly adsorbed CO agd@r@n the mechanism is at least 150 K smaller than those for larger
dissociation of NO at the cluster. The two different reaction particles and single crystals.

mechanisms are illustrated schematically in Figure 5. Surpris-
ingly, for all investigated cluster sizes, the reaction takes place
at low temperatures (freezing temperature), while for the reaction ) ) L .
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cluster, and thus the involved activation energies are largely
decreased. On going to even smaller clusters consisting of up
to four atoms, the reaction is completely suppressed, as thes
small clusters cannot accommodate a sufficient number of
reactant molecules. JA0352247
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