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Abstract: y-Al,Os-supported Ir, and Irs were prepared by decarbonylation of tetra- and hexanuclear iridium
carbonyls, respectively, and compared as catalysts for ethene hydrogenation at atmospheric pressure and
temperatures in the range 273—300 K. Rates of the reaction were determined along with extended X-ray
absorption fine structure (EXAFS) and IR spectra characterizing the clusters in the working catalysts. EXAFS
data show that the Ir, and Irs cluster frames remained intact during catalysis. Di-o-bonded ethene and
m-bonded ethene on the clusters were identified by IR spectroscopy and found to compete as the principal
reaction intermediates, with the former predominating at ethene partial pressures less than about 200 Torr
and the latter at higher ethene partial pressures. Hydrogen on the clusters is inferred to form by dissociative
adsorption of Hy; alternatively, it is provided by OH groups of the support. The rate of ethene hydrogenation
on Ir4 is typically several times greater than that on Irs.

Introduction acetylacetonato) om-Al,Os; followed by reductive carbonylation to
L give [Irg(CO)s)> /y-Al,0s, which was decarbonylated in HeS and
When metal clusters are small enough, their sizes and (c) larger, nonuniform clusters of iridium oprAl;05 (Iragdy-Al20s)
interactions with supports markedly influence their catalytic py aggregation of clusters formed from(IEO).2/y-Al ,0; by treatment
properties, setting them apart from larger metal particles andin H,.6 Syntheses were carried out on a vacuum line or in a drybox
extended metal surfaces, as illustrated by results characterizingVacuum Atmospheres HE-63-P) purged withtNat was recirculated
oxide- and zeolite-supported 4- and 6-atom clusters of iridium through Q- and moisture-scavenging traps containing particles of
catalyzing arene and alkene hydrogenatiand clusters of Pt supported Cu and zeolite 4A, respectively. The drybox was equipped
and AU catalyzing CO oxidation. Our goal was to investigate with O, and moisture detectors, indicgting conceqtratiem§ ppm.
the performance of small, nearly uniform supported metal cluster Réagent-gradar-hexane solvent (Aldrich) was dried over sodium
catalysts and to characterize the cluster structures, ctuster benzophenone ketyl. He (Matheson, 99.999%) and ethene (Matheson,

. . . . 99.5%) were purified by passage through traps to remove traces of O
support interactions, and reactant-derived ligands on the clustersand moisture. bwas supplied by Matheson (99.999%) or generated

We report rates of Catfilyt'c_ hydrogenation of ethene and by electrolysis of water in a Balston generator (99.99%) and purified
extended X-ray absorption fine structure (EXAFS) and IR py raps. CO (Matheson, CP grade) was further purified by passage
spectra of the catalysts recorded as the catalysts functioned. Thenhrough a trap containing activated particlesyehl,0; and zeolite
catalysts were-Al,03-supported lf (Ir4/y-Al,03) and I (Ire/ 4A, respectively, to remove traces of metal carbonyls from the high-
y-Al,03). Ethene hydrogenation was chosen because (a) it takespressure gas cylinder and water. Ir(G@gac) (Strem, 99%) andair
place under mild conditions, leaving the clusters intact, (b) it is (CO)= (Strem, 98%) were used as receiveeAl O3 powder (Alumi-

one of the best-investigated test reactions and provides a basigum Oxide C, Degussa) was made into a paste by adding deionized
for comparison of supported metal clusters with conventional Water, followed by drying overnight at 393 K. It was then ground and

metal | n he r nt-deriv liaan n th stored in a drybox. The BET surface area of jhél,O; calcined at
CISéﬁerga;?eyisdiﬁ?‘i:bl(e@t); I(; sepaecg'f:otsggpyed gands on t e673 K was about 100 fng~1.# Each catalyst contained 1.0 wt % Ir.

Ethene Hydrogenation Catalysis in a Plug-Flow ReactorEthene
hydrogenation catalysis was carried out in a once-through tubular flow
reactor at atmospheric pressure and temperatures ranging from 273 to

Materials, Sample Preparation, and Handling. The supported 300 K. The reactor was loaded in the drybox as particles of inert
metal cluster catalysts were synthesized as follows: &)kl O3 by ao-Al,O3 were mixed with catalyst powder (typically;80 mg) in a
adsorption of 1§(CO).> on y-Al,O; followed by decarbonylation in 100:1 ratio by mas&.The catalyst bed was held in the middle of the
Heib4 (b) Irgly-Al,Os by adsorption of [Ir(CO)acac)] (acac is reactor by glass wool plugs. The loaded reactor was isolated, removed
from the drybox, and installed in a flow system without contacting the

(1) (a) Xu, Z,; Xiao, F.-S.; Purnell, S. K.; Alexeev, O.; Kawi, S.; Deutsch, S.  catalyst with air. An on-line gas chromatograph (Hewlett-Packard, HP-
E.; Gates, B. CNature1994 372 346. (b) Gates, B. GCChem. Re. 1995

Experimental Section

95, 511. (5) Zhao, A.; Gates, B. CI. Am. Chem. Sod 996 118 2458.
(2) Heiz, U.; Sanchez, A.; Abbet, S.; Schneider, W.JD.Am. Chem. Soc. (6) Alexeev, O.; Gates, B. Gl. Catal 1998 176, 310.

1999 121, 3214. (7) Dilution of the catalyst particles with inect-Al,O5 particles minimized
(3) Haruta, M.; DateM. Appl. Catal. A2001, 222 427. preferential channeling of reactants through the catalyst bed and heat and
(4) Alexeev, O.; Panjabi, G.; Gates, B. {.Catal 1998 173 196. mass transfer limitations.
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5890 Series II), equipped with a 30-m 0.53-mm DB-624 (J&W Table 1. EXAFS Parameters Characterizing y-Al,Os-Supported
Scientific) capillary column (with Nas the carrier gas, 2.5 mL (NTP)  Iridium Clusters Scanned in Flowing Helium at 760 Torr4
min~1) and a flame-ionization detector, was used to analyze the reaction cluster/temperature, K

products. Conversions of ethene to ethane werg% and shown to

h A > - . ) Ir,/253 Irs/298

be differential, determining reaction rates directly. A 1 AR Al AR

The total feed flow rate (He- H, + ethene) was typically 100 mL backscaterer N [A e [eva) N i [eV]°
(NTP) min . Under these conditions, the reactor was well approximated
as an isothermal plug-flow reactor. Typical reaction experiments were ' 32 262 57 44 37 263 64 04
done with an ethene partial pressure of 40 Torr and pattial pressure Al ég 13g33 fg _18?i0
of 100 Torr at 294+ 1 K. In kinetics experiments carried out at 273 04 348 —12 130 04 243 21 —-72
K, the ethene and Hpartial pressures were varied in the range 40 to e) 0.8 201 1.6 59 0.7 207 —-1.0 a7
300 Torr, respectively. Steady-state reaction rates were determined from 1.1 261 -26 15 04 329 -56 0.2

differential conversions with an accuracy of abett0%?$
P : ; aNotation: N, coordination numbemR, absorbetbackscatterer distance;
EXAFS Spectroscopy of Functioning CatalystsX-ray absorption Ac?, Debye-Waller factor; andAEy, inner potential correction. The

spectra characterizing the supported metal cluster catalysts werepproximate experimental uncertainties are as follohg10%);r (+0.02
recorded at beamline X-11A of the National Synchrotron Light Source A); Ao? (+20%); andAEy (+20%)17

(NSLS) at Brookhaven National Laboratory, Upton, NY, and at
beamline 2-3 of the Stanford Synchrotron Radiation Laboratory (SSRL) by the treatment gas was significant, the spectrum of the treatment gas
at the Stanford Linear Accelerator Center, Stanford, CA. The storage was also subtracted from that of the sample in the reactant/product
ring electron energy was 2.5 GeV at NSLS and 3 GeV at SSRL; the gas. The conversions attained in the IR cell/flow reactor quantitatively
beam current ranged from 140 to 240 mA at NSLS and from 50 to matched those attained in the plug-flow reaéfor.
100 mA at SSRL. Higher harmonics in the X-ray beam were minimized Spectra of high quality were obtained for the nearly uniform
by detuning the Si(111) double-crystal monochromator at NSLS or the supported clusters rand I, but the less uniform sample formed by
Si(220) monochromator at SSRL by-225% at the Ir Ly edge (11215 aggregation of these clusters on the support did not yield satisfactory
eV). Samples for the transmission EXAFS experiments were prepared |R spectra.
in dryboxes and loaded into the EXAFS cell at the synchrotrons. ]

The celf consisted of a temperature-controlled stainless steel body EXAFS Data Analysis

(approximated as a plug-flow reactor) sealed with Mylar windows.  EXAFS data were analyzed with experimentally and theoretically
Catalysts were characterized in the presence of flowing He and also ingetermined reference files, the former obtained from EXAFS data
the presence of flowing ethenie H, as hydrogenation catalysis took  characterizing materials of known structure and the latter estimated
place. The powder catalyst was held in the middle of the reaction zone ity the software FEFF 5.0 and 7.0 (Supporting Information, Table
by glass wool plugs. A gas chromatograph (GOW-MAC, Series 600), 1)11-17 preparation of the EXAFS reference files is described

equipped with a 30 mx 0.53 mm Supel-Q plot column (with \as separately®-2! as are details of the analysis procedife3
the carrier gas; 3.0 mL (NTP) n1ifj) and a flame-ionization detector

was installed at the beamline for analysis of the product gas to quantify Results
the catalytic activity, with the reported data for reaction occurring at

steady state. The catalyst powder (0.40 g) was loaded into the cell in .
the drybox; the cell was sealed and isolated for installation into the Catalysts.EXAFS parameters characterizing the sample formed

flow system at the beamline so that the catalyst did not come in contact Py @dsorption of U(CO) on y-Al;0; (calcined at 673 K)
with air. followed by decarbonylation in flowing He at 598 K for 2 h,

The EXAFS cell/flow reactor operated at atmospheric pressure and SPecifically including an ke Ir first-shell coordination number
temperatures of 253298 K with feed partial pressures in the range of Of about 3 (Table 1), are consistent with the expettite-
131-397 Torr of B and 203-244 Torr of ethene (the balance being isolated tetrahedraljclusters and the maintenance of the cluster
He). The conversions in the cell were greater than differential because frame on decarbonylation of the precursa(@O);,. There are
the use of catalyst masses small enough to give differential conversionsmany data reported for similar samples indicating that the
led to X-ray absorbances that were too weak to provide useful data. tetrahedral metal frame of the precursaf@O);, is essentially

Consequently, concentration gradients across the characterized portiony, sintained when the supported cluster is decarbonylated under
of the catalyst bed were not insignificant, and the conversions attainedmild conditions!®4 The data also indicate +O and I—Al
in the cell are not quite quantitatively comparable to those attained in
the plug-flow reactor; details of the comparison are given elsewlere. (11) (a) Zabinsky, S. I.: Rehr, J. J.; Ankudinov, A.; Albers, R. C.; Eller, M. J.

IR Spectroscopy of Functioning CatalystsTransmission IR spectra Phys. Re. B 1995 52, 2995. (b) Ankudinov, A. Ph.D. Dissertation,

: . University of Washington, 1996.
were recorded with a Bruker IFS-66v spectrometer with a spectral (12) Masson, A.. Bellamy, B.. Romdhane, Y. H.: Che, M.: Roulet, H.; Dufour,
resolution of 4 cm?. Catalyst samples were pressed into self-supporting G. Surf. Sci.1986 173 479.
wafers and loaded into the cell in the drybox. The cell was also a flow (13) \‘;V>|’C‘I9ﬁ {*d W. G.Crystal Structures2nd ed.; Wiley: New York, 1963;
reactor (In-situ Research Instruments, Granger, IN), allowing measure- (14) T?&nél,pM.; Lupprich, E.Z. Anorg. Allg. Chem1975 414, 160.
ment of transmission spectra while treatment gases (or catalytically (15) Churchill, M. R.; Hutchinson, J. fnorg. Chem 1978 17, 3528.
reacting ethene- H) flowed over and through the wafer at temper-  (16) vanZon, F. B. M. Maloney, S. D.; Gates, B. C.; Koningsberger, DI. C.
atures ranging from 273 to 573 K. Each sample was scanne¢ 128 (17% Vaarkamp, MCatal. Today1998 39, 271.
)

EXAFS Evidence of Structure of Initially Prepared

Am. Chem. Socd993 115 10317.
512 times, and the signal was averaged. Difference spectra were(18 JD”/lVrﬁ”E?]%ﬁe”s'ofig%a“"iag'(%”zigﬂsm'ge" D. C.;Uh, Y. S.; Gates, B. C.
calculated by subtracting the spectrum of the sample in the presence(19) Lu, D ; Rehr, J. 3. Phys. (Paris) C8986 47, 67.
of He from that of the sample in the treatment gas. When the absorption (20) van Zon, J. B. A. D., Ph.D. Dissertation, Eindhoven University of
Technology, The Netherlands, 1988.
(21) van Zon, J. B. A. D.; Koningsberger, D. C.; van't Blik, H. F. J.; Sayers, D.
(8) Errors were estimated on the basis of results of replicate runs with various E. J. Chem. Physl1985 82, 5742.
samples and account for sample-to-sample variations in the catalyst and (22) Vaarkamp, M.; Linders, J. C.; Koningsberger, D .RBysica B1995 209
imprecision in the product analyses. 159.
(9) Odzak, J. F.; Argo, A. M.; Gates, B. Rev. Sci. Instrum2001, 72, 3943 (23) Kirlin, P. S.; van Zon, F. B. M.; Koningsberger, D. C.; Gates, B.JC.
(10) Argo, A. M., Ph.D. Dissertation, University of California, Davis, 2001. Phys. Chem199Q 94, 8439.
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Table 2. EXAFS Parameters Characterizing y-Al,Os-Supported Ir4 Clusters Scanned during Ethene Hydrogenation Catalysis at 298 K and
760 Torr?

absorber—backscatterer pair

Ir=Ir Ir-0 Ir-C Ir=Al
Py, Py R Ad?x 108  AE, R Ao? x 10° AE, R Ac*x10°  AE, R Ao? x 10° AE,
[Tor] [Tor]  X°¢ N A (A7 ev] N A (A7 [eV] N A A [eV] N A A [eV]
131 209 0.65 3.3 2.65 5.6 1.9 05 201 -16 72 0.2 1.86 0.0 -—18.8
1.4 2.63 0.2 -1.3 0.2 323 -20 4.5
191 205 0.77 3.3 266 55 -01 02 203 -0.6 73 04 186 —50 186 0.2 159 -0.7 15.6
1.1 2.65 —-1.7 —-2.5
228 203 095 33 267 54 —-20 06 204 9.5 1.1 0.2 192 -19 -05 0.2 324 0.3 4.5
0.9 267 —4.4 —-4.8
292 203 098 33 268 54 —-42 04 223 29 -—-138 03 193 -10 -1.0 02 322 -30 8.8
0.8 2.68 —4.5 —54

aNotation as in Table 12 X is conversion of ethené.Total gas flow rate, 28 2 mL min~%

contributions (the latter being small and determined with less Figure 1A-C).31734 The reaction orders in ethene were also
confidence than the former; thedAl contribution is identified found to be in the range typical of such catalysts; the reaction

only tentatively), which characterize the clustsupport inter- order in ethene was slightly negative at low ethene partial
face. The IO contribution, at a distance of about 2.0 A, pressuresRc,, < 200 Torr) and zero to slightly positive at
indicates bonding of the clusters to te\l,0s, as expectedt 28 higher values ofPc,n, (Supporting Information, Figure 2A

EXAFS parameters characterizing the sample formed by C):3*~% The value ofPc,y, at which the reaction order in ethene
adsorption of Ir(CO)acac) ony-Al.O; (evacuated at 298 K changed sign was found to dependRy). These results point
for 2 h) followed by reductive carbonylation in flowing CO at o saturation kinetics, but the kinetics were too complex to be
373 K for 12 h (to give a high yield of [i{CO)s|2 /y-Al ,05) represented well by simple Langmtirinshelwood or Eley
and then decarbonylation in flowing He at 598 K for 2 h, Rideal equations; details of the fits obtained with such equations
specifically including Ir-Ir first- and second-shell coordination ~ are given in a thesi¥
numbers of about 4 and 1, respectively (Table 1), are consistent EXAFS Evidence of Structure of y-Al;Os-Supported
with the expectet#S site-isolated octahedraklclusters and the ~ Clusters during Ethene Hydrogenation Catalysis. The
maintenance of the cluster frame ofg[€O).s]2~ upon decar- ~ EXAFS parameters characterizing/jr-Al;0s during ethene
bonylation. The data also indicate4® and IAl contributions hydrogenation catalysis at 298 K (Table 2) show that the Ir
(the latter only tentatively identified) and the bonding of the tetrahedra were maintained, as evidenced by the essentially
clusters to the support, as in/ly-Al,0s. An Ir—C contribution unchanged HIr first-shell coordination number of nearly 3 and
(too small to determine quantitative]y; not Shown) indicates the lack of higher-She" I Ir contributions. This result and the
some residual carbon on the clusters from decomposition of Observation that the support was catalytically inactive bolster
CO during the decarbonylation step, as had been observed fotthe inference that these clusters were the catalytically active
Ir4 supported on Ti@26 species. The small +C contributions (Table 2) are consistent

The sample formed by treatment of(EO)/y-Al,0s in with the presence of hydrocarbon reaction _intermgdiatgs on the
flowing H; at a higher temperature, 673 K, and 760 Torr for 2 _clusters, _but the E>_<A_FS o_Iata are not sufflcu_ant to _|dent|fy s_uch
h is reportefito have undergone migration and aggregation of mterm_edlates or distinguish between candldgtg intermediates.
the iridium. EXAFS spectra of the sample confirm the report,  Similarly, the EXAFS parameters characterizingfAl 20
as shown by an tIr first-shell coordination number of 7.1~ during catalysis at 298 K (Table 3) show that thedctahedra

and higher I-Ir shells® consistent with the formation of iridium ~ Were maintained, as shown by the essentially unchangeld Ir
aggregates with an average diameter of about 13 A: detailsf'rSt' and second-shell coordination numbers of about 4 and 1,

concerning the sample are glve_n elsewr?eﬂ'ml_s sampk_e IS (24) Mojet, B. L.; Miller, J. T.; Ramaker, D. E.; Koningsberger, D.JCCatal
referred to as ldy-Al2Oz and is representative of highly 1999 186, 373.

)
dispersed, nonuniform catalysts prepared conventionally. (25) Eg[:%”NAJ'\é’h)ﬁe%mae?nlélgl\ga e Staufer, M.; Gates, B. C.;
~ Kinetics of Ethene Hydrogenation. After brief transient  (26) ggsec"hrje&,_ﬂé%mr%%ra 1Ké‘l\g%3hg_ayer, M.;’Nemann, F.; Gates, B. C.;
induction periods (0.52.0 h), each supported iridium cluster (27) mojet, B. L.; Miller, J. T.; Ramaker, D. E.; Koningsberger, D.JCCatal
)
)

ivi - 1999 186, 373.
qatalySt wa.s'found to hav,e S,table aCtIVIt,y for ethene hyd,r,Ogena 28) Vaarkamp, M.; Miller, J. T.; Modica, F. S.; Koningsberger, DJCCatal.
tion. To facilitate a quantitative comparison of the activities of 1996 163 294.

; _ (29) The mass of each catalyst was adjusted to ensure that the reactor operated
the thre(_a catalysts,_ each was tested in the plug-flow reactor at differentially (16 mg of Ii/y-Al;0s. 22 mg of Ig/y-Al,0y. 10 Mg of ltgg
differential conversiorf® at 294 K, 100 Torr of H, 40 Torr of 7-Al,03).

: (30) The only product observed was ethane, and there was no measurable
CoHa, and 620 Torr of He, with a total flow rate of 100 mL conversion of ethene and:ih the absence of catalyst under the conditions

—

(NTP) min~L. The respective catalytic activities offy-Al 203, of the experiments; furthermore, the support alone had no detectable
catalytic activity under these conditions.

Ire/y-Al203, and Igdy-Al20s were found to be 0.23, 0.055, (31) Horiuti, J.; Miyahara, KHydrogenation of Ethylene on Metallic Catalysts

and 0.34 molecules (total Ir atom s)~1.30 NBS-NSRDS 13, U.S. Government Printing Office: Washington, DC, 1968.

. X (32) Cortright, R. D.; Goddard, S. A.; Rekoske, J. E.; Dumesic, J. Latal
At 273 K, each catalyst was characterized by a reaction order 1991, 127, 342.

H H ; ; ; H (33) Goddard, S. A.; Cortright, R. D.; Dumesic, J. A.Catal 1992 137, 186.
in Hy in the range 0.5 to 1.0, which is typical of conventional (336 2o ek’ 3. €'Y Cortright, R. S.* Goddard, 5. A.. Sharma, S. B.; Dumesic,
supported transition metal catalysts (Supporting Information, J. A.J. Phys. Chem1992 96, 1880.

J. AM. CHEM. SOC. = VOL. 125, NO. 23, 2003 7109
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Table 3. EXAFS Parameters Characterizing y-Al,Os-Supported Irg Clusters Scanned during Ethene Hydrogenation Catalysis at 298 K and
760 Torr?
absorber-backscatterer pair
Ir=Ir Ir-0 Ir=Al
P, R Ac? x 10° AE, R Ad? x 10 AE, R Ac? x 10° AE,
[Torr] Peyy [Tor] X N A (A [eV] N A (A7 [eV] N A A7 [eV]
139 244 0.32 3.7 2.64 6.7 -1.0 0.8 2.04 2.7 6.8 0.2 1.79 40 —173
0.4 3.81 4.2 -8.9 0.4 3.30 —6.7 1.6 0.7 2.46 5.2 —-12.7
219 224 0.51 3.7 2.65 6.4 —-2.5 0.6 2.10 2.0 2.3 0.2 1.82 2.7 —18.7
1.0 3.82 8.7 —12.6 0.5 3.29 —-6.1 1.6 0.7 2.48 5.9 —14.6
397 213 0.86 3.9 2.66 6.0 —4.4 0.3 2.18 2.3 -9.4 0.2 1.82 5.0 —18.2
1.1 3.82 7.9 —11.5 0.4 3.29 -7.1 7.4 0.7 2.54 8.1 —19.5
aNotation as in Tables 2 and 3X is conversion of ethené.Total gas flow rate, 31 2 mL min™%
£ 0.04
5 A 0.2
< 27 2 003 1‘&{
) = M‘W NN
g e lR "1\
8 -z 0.02 %‘,{w "
2 Q n zllh ‘
a ] 0.01 e Wit wpn
L | - A ey
£ 5 é‘nr’ﬂ W
2 m 2 oogt————————
g t 3200 3000 2800
< 1
T o287 v,cm’
2
‘ ‘ ; . . ; ‘ ‘ = B
0 50 100 150 200 250 300 350 400 450 =] 0.03
H. Partial Pressure, Torr § 702
Figure 1. Dependence of Ir distance in supported cluster catalysts (upper 3
curve, I and lower curve, B) on the partial pressure ofHluring ethene < 0.02 R
hydrogenation catalyzed by theAl,0s-supported metal clusters at 298 K > 1 w
and 760 Torr (13397 Torr H and 203-244 Torr GH4, with the balance B 0.1 o
He). s 0.01 1 -
g <y
respectively, and the lack of otherHlr shells. Because theglr § 0.00 : : : 0.0
octahedra were maintained during catalysis and the support was 2 0 100 200 300

catalytically inactive, we infer that these clusters were the
catalytically active species. No-HC contributions were evident
in the EXAFS spectra, suggesting that carbon remaining from

H, Partial Pressure, Torr

Figure 2. (A) IR spectra of the adsorbates on/jrAl,Os during steady-
state catalysis of ethene hydrogenation catalysis at 288 K and 760 Torr (40

the CcO |igands present on [he precursor had been removed’ buﬂ'orr C,Hy4, 50—-300 Torr H, and the balance He). The total flow feed flow

the EXAFS data are not sufficient to support any conclusions
about candidate reaction intermediates.

Although the metal cluster frames were maintained during
catalysis, the structural parameters determined by EXAFS

rate was 100 mL minl). The upper spectrum represents the sample at an
H; partial pressure of 300 Torr; the next ones, in decreasing order, represent
the sample at Kpartial pressures of 200, 100, and 50 Torr, respectively.
(B) Dependence of IR band intensities oppirtial pressure during ethene
hydrogenation catalyzed byaly-Al,Oz at 288 K and 760 Torr (40 Torr
CoH4, 50—-300 Torr H, and the balance He). The bands at 2990 é&nd

spectroscopy were altered slightly, indicating adsorbates (ligands),gg1’ eyt () were chosen to represent aibonded ethene, and that at

on the clusters. At nearly constaRg,n, and constant temper-
ature, the lr-Ir bonding distances in fy-Al,03 and I/y-Al ;03
increased approximately in proportion t#®,, (Figure 1);
similarly, the catalytic activity increased approximately in
proportion to Py, (Supporting Information, Figure 1A). We
recently communicaté@lresults demonstrating that the presence
of reactive intermediates (alkyl, @-bonded alkenez-bonded
alkene, and/or hydride) on the clusters modified the structure
of Iry/y-Al,03 during ethene or propene hydrogenation catalysis
(other data show that propylidyne inhibits propene hydrogena-
tion catalysig®). The full set of data characterizingy-Al O3,
reported here, with new data characterizingyhAl ,03 (Tables
2 and 3) provide a basis for comparison of the two clusters as
catalysts.

IR Evidence of Adsorbates on Iy and on Irg during
Ethene Hydrogenation Catalysis at LowPc,4,. The IR spectra

(35) Argo, A. M.; Odzak, J. F.; Lai, F. S.; Gates, B. Kature2002, 415, 623.
(36) Argo, A. M.; Gates, B. CLangmuir2002 18, 2152.

7110 J. AM. CHEM. SOC. = VOL. 125, NO. 23, 2003

1635 cnt! (O) was chosen to represent water on il ,03 support. These

IR bands were chosen as the best ones to minimize error caused by overlap
with other bands. The triangles) represent the reaction rate expressed as

a turnover frequency (TOF), the rate of reaction in units of molecules of
ethene converted per Ir atom per second.

of the adsorbates onaly-Al,O3 during ethene hydrogenation
catalysis at 288 K and 760 Torr and Id¥¢,n, (40 Torr GHa,
50—300 Torr K, the balance He) indicate two weak bands in
the C—H stretching range (at 2990 and 2979 djn(Figure 2A).

The dependence of the band intensitie$gnis shown in Figure

2B. The bands are assigned tocdbonded ethene (Table 4),
as the frequencies almost match those of a vibrational band of
di-o-bonded ethene on Pt(111) (3000 and 2920%9A%38 and

on Fe(100) (2985 cmi).39 We infer that the lower-frequency
(symmetric C-H stretching) band expected for dibonded

(37) Steininger, H.; Ibach, H.; Lehwald, Surf. Sci 1982 117, 685.

(38) Lloyd, K. G.; Roop, B.; Campion, A.; White, J. Maurf. Sci 1989 214,
227.

(39) Merrill, P. B.; Madix, R. JJ. Am. Chem. S0d.996 118 5062.
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Table 4. IR Bands Characterizing Adsorbates on Ir, and Irg & 0.07 0.3
Supported on y-Al,O3 during Ethene Hydrogenation Catalysis? and 5 - ’
Vibrational Spectra of Reference Materials? > \
0.057 il
sample band locations, cm™* adsorbate assignment reference % 4 h|\.‘ 11 Ik 0.2
= L) "f?f A iy oy, 4
Iraly-Al, O 2990, 2979 dis-bonded ethene  this work < ooapial T .
Irg/y-Al,Oz2 2980, 2895 dis-bonded ethene  this work 3 1 e 0.1
Pt(111) 3000, 2920 di~bonded ethene 37,38 E 001700 _ )
Fe(100) 2985 di=-bonded ethene 39 5 T Wi, e e e
Irg/y-Al,0s2 2930, 2877 ethyl this work H 0.005 0.0
CHsCH.CI 2967,2947,2881  ethyl 45 < :
Pt(111) 2918 ethyl 38 3200 3000 2800 1800 1600 1400 1200
v,cm

@ Conditions of ethene hydrogenation catalysis in flow system: 288 K, Figyre 3. IR spectra of the adsorbates og/#rAl 0z during catalysis of

760 Torr total pressure (5800 Torr of H, 40 Torr of GH,4, and the
balance He), and total gas flow rate of 100 mL rdirP Data obtained at
relatively low ethene partial pressures.

ethene hydrogenation at 288 K and 760 Torr (40 Tatd£50—300 Torr
H,, and the balance He). The total flow rate was 100 mLThiiThe upper
spectrum represents the sample at arpbttial pressure of 300 Torr; the

) o ) o ] next ones, in decreasing order, represent the sample @tial pressures
ethene was likely too low in intensity to distinguish from the of 200, 100, and 50 Torr, respectively.

noise. The low intensities of the bands indicate low concentra- Table 5
tions (and perhaps short residence times) af-thended ethene !
on the clusters during catalysis. The splitting of the band Spectra of Reference Materials®

IR Bands of Adsorbates on Irs and Irg Supported on
y-Al,O3 during Ethene Hydrogenation Catalysis? and Vibrational

indicating dio-bonded ethene is suggested to be an indication  sample adsorbate

bands, cm~*

reference

of di-o-bonded ethene on clusters with different ligand environ- Ir/y-Al,O5* di-o-bonded ethene 2988, 2975, 2897, 2884 _ this work
ments (e.g., caused by the presence of different adsorbates onrgy-Al,02 di-o-bonded ethene 2988, 2894 this work
some of the clusters?. Irg/y-Al,03°  di-o-bonded ethene 2992, 2987, 2896, 2887  this work
L. . . - b i-o- i
In addition to bands corresponding to hydrocarbon species IFE?glA;)ZOS d(;ig_gg:ggg nggz 2888’ gggg’ 2906, 2890 3t7h'§8""°rk
on Irs during catalysis, bands were observed at 1635, 1571, 1463, re(100) die-bonded ethene 2985 39’
and 1232 cm?; the freshly decarbonylated sample was char- Ir/y-Al,022  ethyl 2956, 2933 this work
acterized by bands at 1577, 1465, 1231, and 1155!ddata Ire/y-Al0s*  ethyl 2952, 2873 this work
S Iraly-Al,0z°  ethyl 2957, 2929, 2863 this work
not shown), indicative of support modes (e.g.;7A), and thus Irg/y-Al,OP  ethyl 2952, 2927, 2868 this work
the bands at 1571, 1463, and 1231 ¢in the difference spectra  CH;CH,Cl  ethyl 2967, 2947, 2881 45
of the working catalyst are inferred to result from small changes Pf&llll) . etglyl ded eth 2918 38h .
; ; ; s~ Iraly-AlOs?  z-bonded ethene 3060, 3026 this worl
in the sypport induced by the presence of ligands formed during Irgy-Al,O  7-bonded ethene 3050 3023 this work
catalysis. . . . Rh(111)  a-bonded ethene 3060, 3000 46
The band at 1635 cmt is associated with water on the  Pt(111) m-bonded ethene 3060 48
y-Al,03 surface?! formed by dissociative adsorption obldn |P5511A1|) o ”t'ﬁol_”dded ethene 232%528% tﬁ? )
] raly-Al,Os?  ethylidyne , is worl
the clustgrs and spillover onto the supp8myhereby hydrogen_ /Al ,Os ethylidyne 2947 2896 50
reacts with surface hydroxyl groups of the support to give |r(111) ethylidyne 2950 49
water#® This process was previously characterized by IR Pty-Al0;  ethylidyne 2940, 2887 51

spectroscop¥ when H (alone) was brought in contact with 2 Conditi ¢ ethene hvd don in i . 288 K 760 T

. . onaitons or ethene nydrogenation In flow system: , orr
|r4j7"A| 20z at 298 K and 76_0 Torr. The Intensity O_f the surfac_e total pressure (300 Torr of £140—200 Torr of GH4, and the balance He),
water band at 1635 cm during ethene hydrogenation catalysis and total gas flow rate of 100 mL mif b Conditions of ethene hydrogena-
incr with incr in Figure 2B). indicating th tion in flow system: 288 K, 760 Torr total pressure (300 Torr of BDO—
. ¢ easgd t creasin@, (Figure )’. dicating that 293 Torr of GH4, and the balance He), and total gas flow rate of 100 mL
Increasing Qmounts of hydrogen were spilled over onto the yin-1 ¢ pata obtained at relatively high ethene partial pressures.
support at increasing values &,,. We emphasize that the
increased amount of hydrogen spilled over onto the support atethene and ethyl band intensities remained approximately

higher Py, was not a transient phenomenon, as the spectraconstant over the range of,Hpartial pressures investigated
represent steady states under each set of catalytic reactionrigure 4).

conditions.

The spectra of the adsorbates ahyl#Al ;05 during catalysis
under the conditions stated previously (I8,,) include peaks
at 2980, 2954, 2930, 2895, and 2877 értFigure 3). Those at
2980 and 2895 crit are assigned to di-bonded ethene (Table
5), as previously, and those at 2954, 2930 and 2877'cto
ethyl (Table 4), as they occur at frequencies similar to those of
ethyl chloride (2967, 2947, and 2881 ti*® The div-bonded

In addition to the bands corresponding to hydrocarbon ligands
on Irs, bands were observed at 1635, 1562, and 1470'cm
(Figure 3). Again, those at 1562 and 1470 ¢mre associated
with small changes in the support caused by ligands formed
during catalysis. The intensity of the surface water band at 1635
cm~tincreased approximately in proportion B, consistent
with the pattern stated previously fos.lHowever, at low values
of Pu,, the apparent intensity of this band was less than zero.
(40) The lower-frequency mode expected forodbonded ethane was likely This result arises from the measurement of the difference

present in our spectra but with too low a signal intensity to be discerned spectrum; subtraction of the spectrum of the catalyst in He from
(41) fé‘;ﬁ?, t?_eBr_'?ﬁZhnan, R. B. Phys. Cheml96Q 64, 1526. that of the catalyst in reacting ethetieH, resulted in a negative
§ﬁ§§ Eﬁ&?ﬁée\r’chA d";r';cg?alﬁ.ofge;éjégq%? Re. 1995 95, 759. peak indicating that the concentration of water on the sample
(44) Argo, A. M.; Goellner, J. F.; Phillips, B. L.; Panjabi, G. A.; Gates, B. C.  during steady-state catalysis was less than that in the presence
of He (prior to catalysis). As both spectra were recorded with
the sample at only 288 K, the negative water peak is attributed

J. Am. Chem. So@001, 123 2275.
(45) Shimanouchi, T. Tables of Molecular Vibrational Frequendikl. Stand.
Ref. Data Ser. (US, Natl. Bur. Stand.962 1, 39.
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Figure 4. Dependence of IR band intensities oppértial pressure during E 0.09
ethene hydrogenation catalyzed by/jlrAl,Os at 288 K and 760 Torr (40 s 102 T,
Torr C;H4, 50—300 Torr H, and the balance He). The bands at 2980 and < 0.05 w
2895 cnt! were chosen to representatbonded etheneX); those at 2954, -:;l" ' o
2930, and 2877 crd, to represent ethyl); and that at 1635 cn was g | 0.1
chosen to represent water on thel,0s support ©). Other information £ oo 1
as in caption of Figure 2. )
8 -003 - - 0.0
po 0 100 200 300

not to thermal desorption of surface water but rather to changes
induced by catalysis. This point is discussed in the following.
IR Evidence of Adsorbates on I, and Irg during Ethene Figure 5. (A) IR spectra of the adsorbates ow#-Al 03 during catalysis

. . . of ethene hydrogenation at 288 K and 760 Torr<293 Torr GHg4, 300
Hydrogenation Catalysis at High Pc,,. In contrast to ethene Torr Hp, and the balance He) (total flow of 100 mL m#). The upper

hydrogenation on supported,lor Irg at low ethene partial  spectrum represents the sample atHpartial pressure of 293 Torr; the
pressures (when principally di-bonded ethene was observed nextones, in decreasing order, represent the sampld-atd@rtial pressures

as the adsorbate), ethene hydrogenatioRat, > 200 Torr _of 251_,.201, 102, and 4Q Torr, respectively. (B) Dependence of IR band
4 intensities on ethene partial pressure during ethene hydrogenation catalyzed

resulted in complex spectra, indicating multiplg adsorbatgs. by Ira/y-Al,Os at 288 K and 760 Torr (46293 Torr GHa, 300 Torr H,
The spectra of the adsorbates aihlfAl O3 during catalysis  and the balance He). The bands at 3060 and 3028 evere chosen to

at 288 K, 300 Torr of H, anch2H4 values< 200 Torr include representt-bonded etheneX); that at 2988 was chosen to represent di-
peaks at 2988, 2975, 2956, 2933, 2897, and 2884 ¢Rigure o-bonded ethene); that at 2877 cm® was chosen to represent ethy);(

- and that at 1635 cnmt was chosen to represent water onhal ;O3 support
5A). The peaks at 2988, 2975, 2897, and 2884'cane assigned (). The catalytic activity 4) is expressed as the turnover frequency, defined
to di-o-bonded ethene (the band splitting is discussed previ- in the caption of Figure 2.
ously), and those at 2956 and 2933 drto ethyl (Table 5), as
previously. that (a) hydrogen from the support participates in ethene

WhenPc,, exceeded 200 Torr, the spectra of the adsorbates hydrogenation on lr(indicated by the decrease in surface water
on Iryy-Al,05 during catalysis included peaks at 3060, 3026, content during catalysis at higPc,+,), moving to the clusters
2992, 2988, 2957, 2947, 2929, 2896, 2887, and 2863'cm by reverse spillover, and (b) there is a driving force for hydrogen
(Figure 5A). Those at 3060 and 3023 chare assigned to  transport from the support at higheg,+, because of hydrogen
s-bonded ethene (Table 5), nearly matching those-bbnded depletion from the clusters in the hydrogenation reactfon.
ethene on Rh(111) (3060, 3000 chf6 or Pt(111) (3060, 3015 The spectra of the adsorbates aghlfAl ;O3 during catalysis
cm1).4748 The bands at 2947 and 2896 chare assigned to  at 288 K,Py, = 300 Torr, andPc,+, < 200 Torr include bands
ethylidyne (Table 5) (cf. the spectra of ethylidyne on Ir(111) at 2988, 2952, 2927, 2894, and 2873 ¢ém(Supporting
(2950 cnTh)49 or y-Al,0s-supported iridium particles (2947 and  Information, Figure 3). The bands at 2988 and 2894 tare
2896 cnTH)505) The bands at 2992, 2988, 2896, and 2887tm  assigned to dz-bonded ethene, and those at 2952, 2927, and
are assigned to di-bonded ethene, and those at 2957, 2929, 2873 cn1?, to ethyl, as previously (Table 5). (The dependence
and 2863 cm?, to ethyl, as previously. of the intensities of de-bonded ethene bands and ethylRa,

The intensities of ther-bonded ethene changed wita,, (for Pc,n, < 200 Torr) is shown in the Supporting Information,
(Figure 5B); because the bands assigned to ethyl, ethylidyne,Figure 3B.)
and dio-bonded ethene overlapped significantly, the correlations  WhenPc,, was > 200 Torr, peaks were observed at 3050,

C:Hs Partial Pressure, Torr

with Pc,n, are relatively unreliable. 3023, 3003, 2988, 2952, 2927, 2906, 2890, and 2868'cm
The intensity of the surface water band (Figure 5B) was (Supporting Information, Figure 3A). The peaks at 3050 and
positive for Pc,n, < 200 Torr and negative foPc,, > 200 3023 cm! are assigned tar-bonded ethene; those at 3003,

Torr, the latter result indicating a lower steady-state concentra- 2988, 2906, and 2890 crhare assigned to di-bonded ethene;
tion of water on the support during catalysis than prior to and those at 2952, 2927, and 2868 ¢rare assigned to ethyl
catalysis (when the sample was in flowing He). Thus, we infer (Table 5). (The intensities of the-bonded ethene and ethyl

(46) Bent, B. E.; Mate, C. M.; Kao, C.-T.; Slavin, A. J.; Somorjai, G.A. (52) A transient experiment involving monitoring the support water concentration

Phys. Chem1988 92, 4720. during catalysis following a step change in conditions was done to
(47) Windham, R. G.; Bartram, M. E.; Koel, B. H. Phys. Chem1988 92, characterize the hydrogen spillover/reverse spillover in catalysis. The

2862. experiment was carried out as the reaction occurred in the EXAFS cell:
(48) Bandy, B. J.; Chesters, M. A.; James, D. |.; McDougall, G. S.; Pemble, M. following steady-state ethene hydrogenation catalysisyn#l,Os or Irg/

E.; Sheppard, NPhilos. Trans. R. Soc. London, Ser1886 318 141. y-Al,03, the flow of H; to the reactor was stopped, but the flow of ethene
(49) Marinova, T. S.; Kostov, K. LSurf. Sci.1987, 181, 573. continued. For £2 h following the step change, ethane was observed in
(50) Mohsin, S. B.; Trenary, M.; Robota, H.J.Phys. Cheml991, 95, 6657. the product stream in amounts that decreased with time; evidently the
(51) Beebe, T. P, Jr.; Yates, J. T., Jr.Phys. Chem1987, 91, 254. hydrogen was supplied from the support during this period.
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] Figure 8. Dependence of catalytic activity measured by TOF on intensities
H,:CH, Ratio of IR bands of dig-bonded ethenex) and ethyl (1) on clusters and water

Figure 6. Dependence of intensity of IR band of water on thél ;O3 on they-Al,0z support ©) during ethene hydrogenation or/jr-Al .05 at

support on reactant composition £8,H,s molar ratio) during ethene 288 K and 760 Torr. Details as in Figure 4.

hydrogenation on ly-Al,Oz (O) and on lg/y-Al»03 (<€) at 288 K and

760 Torr (50-300 Torr b and 46-293 Torr GH, with the balance He). 5t o\ P, or that these adsorbates are involved in virtually

equilibrated steps of the catalytic reaction.
02 | { L Neurock and van Santehshowed theoretically that di-
bonded ethene and ethyl are reactive intermediates in ethene
hydrogenation on Pd(111) at low ethene coverages, and
0.1 others>-57 showed experimentally that ethyl is a reactive
. intermediate on Pt(111). Our interpretation of the catalysis on
R2=090 R?=0.79 Irg is similar, as we infer that di~bonded ethene and ethyl are
: ‘ reactive intermediates involved in virtually equilibrated steps
0.00 0ot oo during the hydrogenation of ethene at |®,+,.

_ IR Band Intensity, Arbltrary Units S At higher Pc,, values ¢ 200 Torr), z-bonded ethene, in
Figure 7. Depen_dence of catalytic activity measured by TOF on intensities addition to dig-bonded ethene and ethyl, was observed on each
of IR bands of die-bonded etheneX) and water on the-Al,O3 support . . .

(O) during ethene hydrogenation onyjr-Al,O; at 288 K and 760 Torr. of our catalysts; the concgntratlon:ofooqded ethene increased
Details as in Figure 2. with Pcn,. As Pc,n, Was raised to approximately 26@50 Torr,
the reaction rate observed with each catalyst began to increase
peaks are shown as a function B, in the Supporting with increasingPc,n, (Whereas, at ethene partial pressures less
Information, Figure 3B.) than about 200 Torr, the rate decreased with increaig,).
The support water band at 1635 chdecreased in intensity ~ The results suggest thatbonded ethene is a reactive intermedi-
with increasingPc,+, (Figure 6). The intensity of the surface ate on each catalyst at the relatively higgu,.

TOF, s™

0.0

water band was positive fd?c,4, < 100 Torr and negative for These results observed at the higher value®gf;, (and
higherPc,, values. As previously, we infer that hydrogen from  presumably at higher coverages of the clusters with hydrocarbon
the support participated in ethene hydrogenation gn Ir ligands) are consistent with results characterizing ethene
hydrogenation on extended metal surfaces. Cremer ¥t>al.
Discussion showed experimentally that-bonded ethene is the principal

reactive intermediate (forming ethyl) in the hydrogenation of

Reaction Mechanism.Only di-o-bonded ethene and ethyl  ethene on Pt(111). Neurock and van Safttehowed theoreti-
were observed on the supported clusters, either lir,> during cally that, at high ethene coverages, hydrogenation of ethene
ethene hydrogenation catalysis at low ethene partial pressuressn Pd(111) also proceeds predominantly widonded ethene;
(<200 Torr). On Ig, the concentration of di~bonded ethene  they showed that repulsive adsorbaselsorbate interactions,
(inferred from the IR band intensity) increased with increasing appreciable at higher surface coverages, lead to a lowering of
catalytic activity (Figure 7). The results provide evidence that the energy barrier for hydrogenation viabonded ethene,
di-o-bonded ethene is a reactive intermediate in the hydrogena-whereas, at low surface coverages, hydrogenation is energeti-
tion of ethene on lrat low Pcy,. cally favored to proceed through dibonded ethene.

In contrast, a plot of the catalytic reaction rate as a function  Thus, in broad terms, the hydrogenation of etheng-&ih,0s-
of the IR band intensities of these adsorbates shows that thesupported clusters ofdand of I proceeds similarly to that on
parameters are not correlated (Figure 8). The result suggest$d(111), on which, at lowPc,n,, catalysis proceeds predomi-
either that the adsorbates are spectators in the catalysig on Ir nantly through dis-bonded ethene, and on which, at hRfk,,

- — it proceeds predominantly throughbonded ethene. Whée?,,

(59) TR ot the support because thelr vibratonal Speca are Simiar 1o these Was increased to 15250 Torr, the predominant reaction

of the corresponding adsorbates on extended metal surfaces and becauspathway on the clusters evidently changed, as indicated by the

separate adsorption experiments showed that adsorption op+-AhgO;

support itself was not appreciable under our conditions. However, we do

not rule out the possibility that some hydrocarbon was present on the support (54) Neurock, M.; van Santen, R. A. Phys. Chem. B00Q 104, 11127.

or perhaps bridging the clustesupport interface, and it is also possible ~ (55) Backman, A. L.; Masel, R. U. Vac. Sci. Technol., A991, 9, 1789.

that adsorption of ethene on the support could have affected the (reverse)(56) Cremer, P. S.; Su, X.; Shen, Y. R.; Somorjai, G Catal. Lett 1996 40,
)

spillover of hydrogen. The whole question of the possibly distinct role of 143.
the Ir atoms at the interface with the support remains open and warrants (57) Cremer, P. S.; Su, X.; Shen, Y. R.; Somorjai, G.JAAm. Chem. Soc
attention. 1996 118 2942.

J. AM. CHEM. SOC. = VOL. 125, NO. 23, 2003 7113



ARTICLES Argo et al.

IR and kinetics data. We suggest that, at these valu€sgf, distances correspond to those between rhodium and oxygen
the coverage of the clusters with ligands may become sufficient ligands in Rh(l) complexes, and these distances nearly match
to enable liganetligand interactions to shift the predominant the Ir—O distances observed by EXAFS spectroscopy in this
reaction mechanism. work. The presence of cationic and polarized clusters on the
Spilled-Over Hydrogen. The data indicate a role of spilled-  support leads to the suggestion that a difference between the
over hydrogen in the catalysisylddsorbs dissociatively on the  Irs and I clusters with regard to how they bond to the support
clusters, presumably forming hydrid&ghat spill over onto the and perhaps a contrast between the role in catalysis of the Ir
support and react with surface hydroxyl groups to form water. atoms bonded to the support and those farther from the support;
On either cluster, ac,1, = 40 Torr, an increasing amount of  thus, the theoretical results might be a start toward explaining
hydrogen was observed to spill over Bg, increased, and  the difference in catalytic behavior between the clusters of the
simultaneously, the catalytic reaction rate increased (Figures 7two sizes. More work is needed to test both this suggestion and
and 8). The IR data show that By, = 300 Torr decreasing  the suggestion that differing strengths of ligaridand inter-
amounts of hydrogen were spilled over onto the support with actions may distinguish thesland I clusters.
increasingPc,n, (Figure 5B and Supporting Information Figure Similarities between Ethene Hydrogenation ony-Al,0s-
3B). At Pc,, greater than about 150 Torr when the catalyst Supported Iridium Clusters and That on Other Metal
was l/y-Al,03, and greater than about 70 Torr when the Catalysts. Our results show that ethene hydrogenation on
catalyst was Wy-Al,0s, the concentrations of water on the y-Al,Os-supported lyor Irs is similar to that on extended metal
surface were less than on the catalyst in He. The observationsurfaces in terms of reaction kinetics (indicated by reaction
of negative intensities of surface water bands at the I&wgr;: orders) and mechanism (indicated by the reaction intermediates).
Py, ratios during catalysis suggests that hydrocarbons adsorbedSeveral groups® have observed results comparable to ours in
preferentially, resulting in less than the stoichiometric amounts showing that the rate of catalytic hydrogenation of alkenes (or
of hydrogen required for catalysis on the clusters. Plots of arenes) depends on the structure or size of a supported metal
catalytic activity against the IR band intensity of surface water catalyst, particularly for the smallest metal structures. For
(Figures 7 and 8 for lfy-Al,O3 and Ig/y-Al O3, respectively) example, Massomt all? reported a size dependence of the
showing that the two variables are positively correlated imply activity for ethene hydrogenation on platinum clusters supported
that the reactive form of adsorbed hydrogen (presumably on planar alumina films (supported on Si(111)) for average
hydridé9) tends to equilibrate with water on theAl ,O3 support cluster diametersc 17 A (with a maximum activity observed
via hydrogen spillover/reverse spillov#.The steady-state  for clusters estimated toeb6 A in diameter). Othef3 showed
concentration during catalysis is determined by a balance that rates of butadiene hydrogenation depend on the roughness
between the rates of dissociative; tadsorption, hydrogen  of the platinum single-crystal plane (Pt(11¥) Pt(100) <
spillover/reverse spillover onto/from the support, and hydrogen Pt(110)) and that hydrogen dissociation is favored on the rougher
consumption in catalysis. This last point indicates an indirect faces. When taken together, these results illustrate connections
role of the support in catalysis, particularly important for between catalysis on metal clusters and catalysis on extended
supported metal clusters in which the metal-support interface metal surfaces and provide some justification for the use of
is maximized, as in our samples. single crystals as model catalysts. Nonetheless, extended metal
Figure 6 depicts the relationship between the IR band intensity surfaces differ substantially from supported metal clusters,
indicating the surface water concentration (relative to that of lacking supports and structures that would account for cluster
the catalyst in flowing He) and thBy,:Pc,n, ratio. At a Py, size effects, as summarized in the following.
Pc,n, ratio of about 2, no net hydrogen was spilled over onto ~ Contrasts between Iy and Irg as Ethene Hydrogenation
the support during ethene hydrogenation on supported fre Catalysts. The twoy-Al,Oz-supported clusters,Jand I, differ
equivalent statement pertains to supporte@tiaPy,:Pc,n, ratio severalfold in their catalytic activities for ethene hydrogenation.
of about 4 or 5. The results indicate that hydrogen competes Furthermore, the reaction orders in #iffer from one catalyst
with ethene for bonding sites on the clusters and are consistentto the other. When the ethene partial pressure was 40 Torr, the
with the reaction orders in flwhich range from 0.5 to 1.8.34 reaction orders in kHwere 0.68+ 0.04 and 0.6Gt 0.05 for Iy
Recent theoretical wofRprovides insights into the hydrogen — and I, respectively, and when the ethene partial pressure was
spillover/reverse spillover phenomena: Calculations done at the 250 Torr, the reaction orders in;ivere 0.81+ 0.01 and 0.71
density functional level representing Rtiusters supported on = 0.04 for Ir; and I, respectively. The results suggest that H
a faujasite zeolite show that the cluster decorated with three adsorption on lyoccurred more competitively (with ethene) than
hydrogen atoms is markedly more stable than the bare clusteron 11,3233 presumably becauseslwas more nearly saturated
on the zeolite containing hydroxyl groups bonded near the with hydrocarbon adsorbates that hindered the adsorption of
cluster (and more stable than the cluster decorated with C hydrogen.
atoms); the calculations indicate that reverse spillover of The IR data demonstrate that depletion of support water via
hydrogen to form the hydrogen-decorated clusters leads toreverse spillover of hydrogen to the clust@uring catalysis
oxidation of the clusters, with the Rh atoms near the cluster was more appreciable orslthan on Ii. The result is consistent
support interface becoming positively charged; the—Rh with the suggestion that ethene-derived adsorbates were more
prevalent on lg than on Iy and that these adsorbates blocked
(58) IR and'H NMR spectroscopies indicate hydride ligands or Bipported sites on the clusters and hindered hydrogen uptake directly from
on LaO; during ethene hydrogenation catalysis. The concentration of o - .
hydride was shown to correlate well with the catalytic activfty. the gas phase, shifting the hydrogen spillover/reverse spillover

(59) During ethene hydrogenation on JRla,0; at 298 and 760 K (348 Torr i
Ha, 75 Torr Ghla, and 337 Torr He). we observed (with IR aitd NMR) balance toward reverse spillover. Furthermore, at RigfPc,n,
terminally bonded hydride on the clustéfs.

(60) Vyssilov, G. N.; Gates, B. C.;'Roh, N.Angew. Chem2003 42, 1391. (61) Pradier, C.-M.; Berthier, YJ. Catal. 1991, 129, 356.
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ratios, when neither cluster would be saturated with hydrocarbonand ethyl, the abundances of which depend on the cluster size
adsorbates, the amount of hydrogen spilled over onto the supportand the composition of the reactant gas, witldiended ethene
from the clusters was about the same faf#Al O3 and I/ predominating at ethene partial pressures less than 200 Torr
y-Al ;03 (Figure 6). andr-bonded ethene more important at higher ethene partial
The spectroscopic data also indicate contrasts betweenpressures. The data indicate both similarities and differences in
catalysis on Iy and Iis. At low Pc,,, the band intensities of  the comparison of supported metal clusters and extended metal
di-o-bonded ethene ongcorrelate well with catalytic activity,  surfaces as catalysts, and they illustrate the role of hydrogen
but the statement does not pertain tg IFhe results suggest  gpjlled up from the support in the catalysis and suggest a role
that the adsorbates are more reactive githian on I, even o of increased adsorbat@dsorbate interactions on the smaller
the extent that ethyl is not apparent on the former clusters. If (Ir) clusters favoring the catalytic activity ofslover Ir.
the suggestion of greater ligand-ligand interactions on the
smaller clusters, I has some validity, it would suggest that Acknowledgment. This research was supported by the
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