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Abstract: [Irg(CO)s)?~ was formed by surface-mediated synthesisyefil 03 powder by treatment of adsorbed
[Ir(CO)z(acac)] in CO at 100C and 1 atm. The supported clusters were characterized by infrared and extended
X-ray absorption fine structure (EXAFS) spectroscopies and by extraction into solution by cation metathesis. Treatment
of y-Al,Os-supported [l§(CO)5)%~ in He at 300°C led to decarbonylation without disruption of the cluster frame,
giving Irg/y-Al 03, as indicated by EXAFS data determining a first-shelilircoordination number of 4.0% 0.07

(where the error bounds represent precision, not accuracy), matching that of the suppg@)HP-, with a
first-shell Ir—Ir coordination number of 4.0& 0.03. The supported drclusters were found to be catalytically
active for toluene hydrogenation at temperatures in the range-o1®0°C; the turnover frequency at 6@ with

a toluene partial pressure of 50 Torr and apartial pressure of 710 Torr was 17 103 s™1. The catalyst was

stable in operation in a flow reactor, and consistent with this observation, EXAFS results for the used catalyst indicated
that the nuclearity of the supported tlusters was essentially unchanged during catalysis. yTAkBOs-supported

Irg catalyst is an order of magnitude less active (per total Ir atom) for toluene hydrogenation than a catalyst consisting
of small aggregates of iridium (with an average of about 50 atoms each) supporjedlle@;. Because toluene
hydrogenation is known to be a structure-insensitive catalytic reaction, the data suggest that the concept of structure
insensitivity in catalysis does not extend to clusters as smallkadHowever, the relatively low activity of thedr
clusters may be more an indication of an effect of the support as a ligand changing the electronic properties of the
iridium in the cluster than an effect of the cluster size.

Introduction n-hexane solution was brought in contact with the uncalcined
| y-Al,03 support. After removal of the solvent by evacuation,
the solid was beige and had an infrared spectrum with two strong
vco bands, at 2075 and 1994 cip indicating an iridium
dicarbonyl specie. This is formulated as Ir(1)(CQJy-Al ,0s.11

Treatment of Ir(I)(COyy-Al,0s in flowing CO at 100°C
for 10 h led to an orange-brown solid with an infrared spectrum
(vco: 2067 sh, 2040 m, 2010 vs, 1837 w thFigure 132
closely resembling that of §¢CO)s]2~ supported on MgO
powder ¢co:. 2060 m, 2012 vs, 1832 w cm¥).13 Extraction
of the surface species with [PPN][CI] [PPN is bis(triphenylphos-
phine)nitrogen()] in freshly distilled THF (tetrahydrofuran)
resulted in a red-brown solution, the infrared spectrum of which
is shown in Figure 2. Theco bands at 2030 sh, 1983 s, 1979
s, 1922 w, and 1772 m cmi match those reported for [PPN]
[Irg(COXsg in THF.24 This result is consistent with the inference
Results that [Irs(CO)5]?~ formed on the surface of-Al,Os and was
extracted into solution by cation metathesis.

The weakvco bands at 2042 and 1957 cincharacterizing
the extract solution (Figure 2) indicate the presence of a small

Supported metals are among the most important industrial
catalysts, usually consisting of metallic particles dispersed on
metal oxide supports:® The recent industrial application of
platinum clusters, typically 45 atoms in nuclearit§,in LTL
zeolite as catalysts for naphtha dehydrocyclizdifdmas led to
heightened interest in extremely small clusters on supports and
their catalytic propertie$. Only a few catalysts consisting of
structurally well-defined metal clusters on supports have been
reported®1® Following a recent communication of catalytic
results for such clustef8,we now report (1) the synthesis of
[Ire(COXsl?~ on y-Al,05 (2) its decarbonylation to give
supported i, (3) the structural characterization of the supported
clusters, and (4) the catalytic performance e¢f for toluene
hydrogenation.

Evidence of Formation of [Irg(CO)152~ on y-Al,03. A.
Infrared Spectroscopy and Extraction. [Ir(CO)z(acac)] in

* To whom correspondence should be addressed. amount of unconverted mononuclear iridium carbonyl species
®1AbAit£?;OPnUT'Sé‘;?ugﬁﬁléagfcﬁ Qaﬁli ét;f;ascg\ﬂcagggr*éﬁgg Ney [hat were presumably extracted from the surface along with
YO|('k) 1975. yst ) [Ire(COX]?~.25 Another weakvco band was observed for the
(2) Boudart, M.J. Mol. Catal.1985 30, 27. extract solution, at 2015 crd. This band shows that a small
A (?T‘) Sti_nfelt,EJ. H.I|\3Aimetallic hCE\i/tIaIIYStS:I\I Dissmelr(iei,gsgonceptsy and  amount of another (unidentified) iridium carbonyl was extracted,
pplications; Exxon Monograph; Wiley: New York, . ; — 16
(4) Boudart, M.Adv. Catal. 1969 20, 153. possibly [HIu(COXy".

(5) Boudart, M.; Djga-Mariadassou, GKinetics of Heterogeneous (11) Kawi, S.; Chang, J.-R.; Gates, B.L Phys. Cheml993 97, 5375.
Catalytic ReactionsPrinceton University Press: Princeton, NJ, 1984. (12) Infrared evidence of formation of surface intermediates: when the
(6) Vaarkamp, M.; Grondelle, J. V.; Miller, J. T.; Sajkowski, D. J.; temperature was ramped to 180 at a rate of 3C/min after exposure of

Modica, F. S.; Lane, G. S.; Gates, B. C.; Koningsberger, BC&al. Lett. the sample to CO at 1 atm, tireo band at 1994 crmi decreased in intensity
199Q 6, 369. and shifted to 1997 cnt; the band at 2075 cnt shifted to 2071 cmt. A
(7) Oil Gas J 1992 190, 29. new band appeared at 2036 chand increased in intensity.
(8) Rotman, D.Chem. Weel992 150, 8. (13) Maloney, S. D.; Kelley, M. J.; Koningsberger, D. C.; Gates, B. C.
(9) Gates, B. CChem. Re. 1995 95, 511. J. Phys. Chem1991, 95, 9406.
(10) Xu, Z.; Xiao, F.-S.; Purnell, S. K.; Alexeev, O.; Kawi, S.; Deutsch, (14) Gladfelter, W. L. Personal communication, 1991.
S. E.; Gates, B. CNature (London)1994 372 346. (15) Kawi, S.; Gates, B. Anorg. Chem.1992 31, 2939.
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Figure 1. Infrared spectrum of the species prepared by adsorption of &
[Ir(CO),(acac)] on uncalcineg-Al O3 followed by treatment in CO at g
1 atm and 100C for 10 h. = 0
£
0.7 — 3
(1
001
015 - —
=z 0.02
S 0 1 2 3 4
> o
S 013 - . A
o 0015
o] C
o
g on — o010 |-
o]
2
2 g -
a 5 0,005
< 0w+ — 2
L
=
g
5
007 \ L n £
2200 2100 2000 1900 1800 1700
Wavenumber, cm™’
Figure 2. Infrared spectrum of the extract solution formed by bringing 0015 | ] g 1
the sample represented by the spectrum in Figure 1 in contact with 0 1 2 3 4
[PPN][CI] in THF. . A

. . Figure 3. Results of EXAFS data analysis characterizing\l,0s-
B. Mass Spectrometry. Analysis of the extract solution _ sugpported [(COXg? (A) raw EXAFS fu);ction (solid Iineg}g\nd sum
by fast atom bombardment mass spectrometry in the negativeyt the calculated kir + Ir—C; + Ir—Cy + Ir—O* + Ir—Osypport+
ion mode provided a confirmation thatdl€O)s]*~ was present  |r—Al contributions (dashed line); (B) imaginary part and magnitude
in the extract solution. The mass spectrum included a peak atof Fourier transform (unweightedAk = 3.50-16.45 A2) of raw
m/z1577 corresponding to the dianiong[lEO)s)?~, which was EXAFS function and sum of the calculatec-ir + Ir—C; + Ir—Cp +
accompanied by numerous other peaks, including some con-Ir—0O* 4 Ir—Osyppornt Ir—Al contributions (dashed line); (C) residual

sistent with loss of carbonyl ligands and fragmentation of the spectrum illustrating the contributions of carbonyl ligands: imaginary
metal framework. part and magnitude of Fourier transform (unweightA&; = 3.50-

16.45 A1) of raw EXAFS data minus calculatedHIr + Ir—Osypport
. .C' EXAFS Spectroscopy. The raw EXAFS .data character- + Ir—Al contributions (solid line) and calculated—c; + Ir—Cp +
izing the carbonylated sample, shown in Figure 3A, are an |._q« contributions (dashed line).

average of results for six scans. The data show oscillations up
to a value ofk, the wave vector of "’;bo‘“. 17.57 W'tlh theh 0.0005. The EXAFS analysiwas done with experimentally
standard deviation in the EXAFS function being less than determined reference files described in the section below entitled

(16) Angoletta, M.; Malatesta, L.; Caglio, G. Organomet. Chenl975, EXAFS .Referencel Data; thg methods of data analysis are
94,99. summarized below in the section entitled EXAFS Data Analysis.
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Table 1. EXAFS Results Characterizing-Al ,0s-Supported [l§(CO)s]?~ Prepared from [Ir(CQJacac)] Supported op-Al,O; after
Treatment in CO at 100C and 1 atm for 10 h

10° x Debye-Waller inner potential

shell coordination noN distancer, A factor, Ao?, A2 corr, AEg, eV EXAFS ref
Ir—Ir 4.07+ 0.03 2.7514+ 0.000 2.1+ 0.04 4.544+ 0.10 PtPt
Ir—CO

Ir—C; 2.13+0.04 1.8744+ 0.002 0.74+ 0.21 4.27+0.21 I-C

Ir—Cp 1.17+ 0.06 2.1914 0.004 1.03+ 0.57 17.53+ 0.53 I-C

Ir—O* 2.03+0.01 2.985+ 0.001 0.92+ 0.09 —1.26+ 0.04 Ir—0O*
Ir—Osupport 0.47+ 0.06 2.1504+ 0.009 0.50+ 0.57 —5.02+0.39 PtO
Ir—Al 0.56+0.01 1.543+ 0.001 5.76+ 0.23 3.82+0.32 Ir—Al

aThe error bounds stated here were obtained from the statistical analysis of the data; they indicate the precisions, not accuracies. The subscripts
b and t refer to bridging and terminal, respectively.

In addition to the IeIr, Ir—C, Ir—O* (where O* refers to ‘ ’ '
carbonyl oxygen), and #Osypport (Where Qupport refers to
oxygen of the support) contributions, a small contribution,
tentatively associated with Al of the support, was included to
give good agreement between the fit and the data. The structural
parameters are summarized in Table 1, and the comparisons of
the data and the fit, both ik space and im space, are shown
in Figures 3A and 3B. The residual spectrum determined by
subtracting the sum of the Hir + Ir—Osypport + Ir—Al
contributions from the raw EXAFS data (which gives evidence
of the carbonyl ligands) is shown in Figure 3C.

The number of parameters used to fit the data in this main-
shell analysis is 24; the statistically justified number is ap-
proximately 42, estimated from the Nyquist theortm =
(2AKAr/z) + 1, whereAk and Ar respectively are thi andr
ranges used in the data fittingk = 12.95 AL, Ar = 5 A).
Estimates of the standard deviations in the EXAFS parameters

Absorbance, arbitrary units
%FFF

were determined with the XDAP softwaPg(calculated from : = : L
the covariance matrix including the statistical errors of the 2200 2100 2000 1900 1800 1700
experimental points), as summarized in Table 1. Wavenumber, cm”!

Influence of Water on the Formation of y-AloOs-Sup- Figure 4. Infrared spectra of samples prepared by adsorption of [Ir
2 ; . -
ported [Ir (CO).g]*". The same carbonylation process was also (COX(acac)] ony-Al,Os followed by treatment in CO at 1 atm and

carried out with samples prepargd from [Ir(G(@kac)] adsorbed 100 °C for 10 h; they-Al,Os support was calcined at different
on y-Al,03 that had been calcined at 100, 300, or 4@ temperature3: (A) uncalcined; (B)T = 100°C; (C) T = 300°C; (D)
Treatment of each sample in CO at @for 10 h (the standard T = 400°C.
treatment conditions) led to the infrared spectra shown in Figure
4. s)® in the solution. The results suggest that tetrairidium
The spectrum of the carbonylated species supported on 100carbonyl clusters, either neutral or anionic, were the predominant
°C-calcinedy-Al 03 hadvco bands in the same positions (2067  species formed on the surface)efAl O3 and that, in addition,
s, 2040 ms, 2010 s, and 1837 vw tthas were observed for  there were unconverted mononuclear iridium dicarbonyl precur-
[Ire(COXs)?~ on uncalcined/-Al 03, but with different intensi- sors and small amounts of hexairidium carbonyl clusters. Thus
ties, indicating an incomplete conversion of mononuclear [Ir- the results show that the chemistry occurring on the surface of
(CO)(acac)] into hexairidium carbonyls on the surface of y-Al,O;5 calcined at 300C is different from that occurring on
y-Al20s. the surface of uncalcineg-Al ,0s.
The infrared spectrum of the carbonylated species formed The infrared spectrum of the carbonylated specieso:(
on y-Al,0;3 calcined at 300C hadvco bands at 2071 s, 2036 2075s, 2036vw, 1994s crt) prepared fromy-Al,O3 that had
w, and 2002 sh cm. Extraction of the surface species by been calcined at 408C was virtually the same as that of the
[PPN][CI] in freshly distilled THF gave an infrared spectrum original iridium dicarbonyl species¢o: 2075 s, 1994 s cri),
suggesting the presence of4[IEO) 7] (vco: 2067 s, 2029 except that the intensity of theco band at 1994 cmt had
m),1520[HIr 4(CO)1]~ (vco: 2015 s, 1800 w8 [Ir 4(CO)1Cl 1~ decreased slightly, indicating that the carbonylation process had
(vco: 2043 s, 2003 s, 1833 m};2122[Irg(CO)s]? (vco: 1985 taken place to only a small extent on the surface that had been
w, 1976 w, 1779 w}* and [Ir(COYCl;]~ (vco: 2043 s, 1957 calcined at 400C and thus was more highly dehydroxylated
than the samples calcined at lower temperatétes.

(17) Koningsberger, D. C. IrSynchrotron Techniques in Interfacial

ElectrochemistryMelendres, C. A., Tadjeddine, A., Eds.; Kluwer: Dor- Red}JCtive Carbonylation—Oxidative Fragmentation Cyclg.
drecht, The Netherlands, 1994; p 181. _ Overnight exposure of-Al,0s-supported [I§(CO)s]?~ to air
(18) Crozier, E. D.; Rehr, J. J; Ingalls, R. X-ray Absorption: led to a violet-blue sample, the infrared spectrum of which is

Principles, Applications, Techniques of EXAFS, SEXAFS, and XANES; R
Koningsberger, D. C., Prins, R., Eds.; Wiley: New York, 1988; p 395. shown in Figure 5B. Theco bands at 2075 s and 1994 stn

(19) Vaarkamp, M.; Linders, J. C.; Koningsberger, DPBysica B1995 are the same as those characteristic of the mononuclear iridium
209, 159. _ dicarbonyls adsorbed op-Al,Oz; the vco bands at 2062 sh,
78’(21%)7296‘"13' D. M.; Taylor, I BJ. Chem. Soc., Faraday Trans1882 2040 w, and 2023 m cm match almost exactly the infrared

(21) Chini, P.; Ciani, G.; Garlaschelli, L.; Manassero, M.; Martinengo, Spectrum of [I5(CO),2] adsorbed ory-Al Oz (vco: 2062 s, 2040
S.; Sironi, A.; Canziani, FJ. Organomet. Chenl97§ 152 C35. m, 2024 s, 2003 m)! Thus these data indicate that the

(22) Della Pergola, R.; Garlaschelli, L.; Martinengo,JS Organomet.
Chem.1987, 331, 271. (23) Kntzinger, H.; Ratnasamy, Ratal. Re.—Sci. Eng.1978 17, 31.
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Figure 5. Infrared spectra characterizing the reactivityy0fl,Os- Figure 6. Infrared spectra characterizing the decarbonylation of
supported [I§(COxs)?>: (A) y-Al,Os-supported [l§(COxs)>; (B) y-Al,0z-supported [I§(CO)5]>~ by treatment in He at 1 atm as the
sample after exposure to air overnight; (C) after subsequent CO temperature was ramped up to 30C at 3 °C/min, followed by
treatment of sample at 10@ for 10 h. recarbonylation of the iridium clusters: (Ay-Al,Os-supported

[Ire(COXs)?~; (B) sample in He at 100C; (C) sample in He at 280

hexairidium carbonyl ory-Al,03 was oxidatively fragmented. ~ °C; (D) sample after treatment in He at 300 for 2 h; (E) sample

Treatment of the mixture of supported iridium carbonyls 2fter subsequent CO treatment at T@Dfor 3 h. o
formed by oxidation in a flow reactor with CO at 1 atm and carbonylated species formed on the surface depend primarily
room temperature immediately brought the color back to beige, N the concentration of surface hydroxyl groups, which is
then orange-pink. Continuation of the CO treatment at (0 determined by the temperature of treatment (provided that_ there
for 10 h led to the infrared spectrum shown in Figure 5C, which &re enough surface hydroxyl groups to influence the reactivity);
is the same as that of fICO)<]2~ supported ory-Al,Os (Figure formatlon of metal crystallites by sintering is likely if the surface
5A). Thus we conclude that B{CO)s2~ was reversibly is largely delhyd'roxylateéﬁ o
fragmented and reconstructed on the surface by successive Characterization of Decarbonylated Iridium Clusters by
oxidation and carbonylation treatments. The surface speciesEXAFS Spectroscopy. The EXAFS data characterizing the
are robust, the cycle is repeatable, and the treatment conditionglécarbonylated iridium clusters formed by thermal treatment
are mild. Thus samples that might be inadvertently contami- Of [Ire(COxs]*~ in He at 300°C for 2 h were analyzed as
nated with air can be reconverted into metal carbonyl clusters. described in the section entitled EXAFS Data Analysis. The

Infrared Spectra Characterizing the Decarbonylation of normahzed EXAFS function for the decarbonylayed clusters was
[Ir (CO)1J2~ on y-Al,0s. Treatment of the supported optalned from the average of the.X-.ray a}bsorptlon spectra frpm
[Ir(CONs2™ in flowing He at 1 atm as the temperature was SIX Scans, with the standard deviations in the EXAFS function
ramped up at 3C/min to 300°C led to a series of changes in being less than 0.0005 over the whole rangek space; the
the infrared spectra of the surface species (Figure 6). When'"2W EXAFS data show oscillations up koequal to about 17
the temperature had reached Q0 thevco band at 2010 et A~1 (Figure 7A).

had shifted to lower frequency, 2002 cibut remained the The EXAFS data analysis results (Table 2) confirm the
same intensity: the intensity of theso band at 2068 cr presence of_an tIr contribution and metal-suppo_rt contribu-
increased; and the bridgingo band at 1836 crmf was reduced ~ 10ns, including IF-Os and Ir-O (where the subscripts s and |
in intensity. When the temperature had reached ZB0the refer to short and long, respectively); the-Ds distance is a

vco bands at 2068 and 1836 cinhad disappeared, and the bond?ng d_istance, but thg_+|0| distance is too _Iong to be a
vcoband at 2002 crri was broadened and reduced in intensity. bonding distance. In addition, a smalHAI contribution was
Continuation of the treatment in CO at 360G for 2 h led to included in the fitting. The structural parameters with standard
the complete disappearancesef bands in the spectrum. deviations are sum_manzed in Table _2. The numbe_r of
Recarbonylation of the Decarbonylated Iridium Clusters. parameters used to fit the data in this main-shell analysis is 16;
CO at 1 atm was introduced into the room-temperature cell the statistically jUStiﬁ?g number, ca_lculated from the Nyquist
containing the decarbonylated clustersyeAl,O; that had been theorem pk = 12.5 A ’ Ar=35 A)’. Is approximately 41. To
formed by treatment of supported flEO)2 in He at 300 show the goodness of fit for both high¢Ir) and lowZ (O, Al)
°C. As the temperature increased to Tat a rate of 5C/ contributions, the raw data are compared with the fit 8pace
min, vco bands appeared at 2070 s, 2035 sh, and 2004 sh cm and inr space (Figures 7A and 7B); the agreement is good.

(Figure 6E). The spectrum did not change after further treatment .The Ir—Ir coordination number of 4.0% 0.07 is consistent
of the sample at 108C for 3 h. The spectrum of (CO)s]2- with the presence of octahedrab Bind the postulate that the

on y-Al,O3 did not reappear. Rather, the spectrum almost octahedral m_etal frame of BCON*~ re_ma_ined intact a}fter
matches that of the mixture of carbonylated species (mainly decarbonylation. The decarboqylgtgd |r.|d|um cluster is thus
tetrairidium carbonyls and mononuclear iridium carbonyls) that rhepresentedhasadyl-,?l 205, where it is implied that the cluster
had been formed op-Al ;O3 calcined at 300C (2071 s, 2036 as an octahedral frame.

w, and 2002 sh crmi, Figure 4C). The results suggest that the (24) Triantafillou, N. D.; Gates, B. Cl. Phys. Chem1994 98, 8431.
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Table 2. EXAFS Results Characterizing the Iridium Clusters Formed by Decarbonylations(@ Qs> on y-Al,03 in He at 300°C?

10° x Debye-Waller inner potential
shell coordination nol\ distancer, A factor,Ao?, A? corr, AEg, eV EXAFS ref
Ir—Ir 4.05+ 0.07 2.704+ 0.001 5.83:0.11 —2.70+0.16 Pt-Pt
Ir—osupport
Ir—Os 0.83+0.01 2.227+ 0.002 2.27+0.31 —19.51+0.16 P+0O
Ir—=0 0.61+ 0.02 2.706+ 0.002 —6.94+0.11 —6.95+ 0.26 PO
Ir—Al 0.58+ 0.02 1.554+ 0.002 12.5 0.37 14.58+ 0.42 Ir—Al

aThe error bounds stated here were obtained from the statistical analysis of the data; they indicate the precisions, not accuracies.
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Figure 8. Toluene hydrogenation catalyzed fyAl ,Os-supported i
0015 clusters in a flow reactor: evidence of stability of the catalyst. Reaction
B conditions: Puene = 50 Torr, Py, = 710 Torr, temperature= 60 °C.
0010 = Table 3. Kinetics of Toluene Hydrogenation Catalyzed by Iridium

Catalysts aPioene= 50 Torr andPy, = 710 Torr

§

1C® x catalytic activity (molecules of toluene/(Ir ates))

£ .

_:0_‘ reaction

2 temp CC) ||'6/V'A| 203 IraggregatJﬁ/‘AI 2042
S ooo

= 60 1.7 9.7

g 80 3.8 17.7

3 0005 100 7.3 35.3

2 The activity is stated per total Ir atom in the catalyst.
0010

. of [molecules of toluene converted (Ir ates)T!], as summarized
1 ! I in Table 3. The apparent activation energy determined from
! 2 3 4 the temperature dependence of the turnover frequency was found

r, A to be 9.0+ 0.7 kcal/mol, which is approximately the same as
Figure 7. Results of EXAFS analysis characterizipghl ;Os-supported that reported for toluene hydrogenation catalyzed by supported
iridium clusters formed by decarbonylation @fAl,Os-supported Pt and Pd catalysts consisting of metallic particles on metal
[Ire(CO)s]2™ in He at 300°C for 2 h: (A) raw EXAFS function (solid oxide supportg526
line) and sum of the calculated-tir + Ir—Os + Ir—O; + Ir—Al B. Iridium Aggregates Supported ony-Al,0z. Toluene
contributions (da_shed line); (B) imaginary part and magnitude of_Fourier hydrogenation experiments were done in the same way with
transform (unweightedik = 3.68-16.26 A™) of raw EXAFS function  yne catalyst consisting of aggregates of iridium onthal ;03
gohd line) and sum of the calculatecHir + Ir=0s + Ir=0; + Ir= support. The iridium aggregates (crystallites) were formed by

contributions (dashed line). .
treatment ofy-Al ;Os-supported [1§(CO) 5] in He at 400°C for

1.5 h, followed by treatment in 4t 400°C for 1 h and purging
in He at 400°C for 0.5 h. The rates of toluene hydrogenation
was carried out with the catalyst formed by decarbonylation of OPserved for this catalyst (Table 3) are reported per total Ir atom;
y-Al,05-supported [I§COXg? as a result of treatment in He thus the rates chgracterlzmg the iridium aggregates are not
at 300°C for 2 h. The iridium clusters in the unused catalyst turnover frequencies because not all the iridium atoms were
are represented as; lon the basis of the EXAFS results stated Surface atoms, as shown by EXAFS results stated below. Thus
above. The catalytic activity was measured in a once-through the comparison of activities of the two catalysts per total Ir atom
flow reactor under the following conditions®,, = 710 Torr, (Table 3) un_der_states the |ntr|n_5|_c difference in their activities.
Pioluene= 50 Torr, temperature: 60, 80, or 100C. The catalyst Characterization of Used Iridium Catalyst by EXAFS
achieved a stable steady state in operation after an inductionSPectroscopy. A. Ie/y-Al;03. A sample of Ig/y-AlOs
period of typically an hour and remained stable for at least 20 catalyst that had been used in the flow reacto#ftr onstream
h on stream (Figure 8). The reported rate data correspond to@t 60°C with a H partial pressure of 710 Torr and a toluene
steady-state operation following the induction period. The rates Partial pressure of 50 Torr was characterized by EXAFS

were determined from differential conversidhiess than about (25) Lin, S. D.; Vannice, M. AJ. Catal. 1993 143 554.
0.2%, and they are represented as turnover frequencies in units (26) Rahaman, M. V.; Vannice, M. Al. Catal 1991, 127, 251.

0015
0

Toluene Hydrogenation Catalyzed byy-Al ,Os-Supported
Iridium Catalysts. A. Ir ¢/y-Al,Os. Toluene hydrogenation
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Table 4. EXAFS Results Characterizingslp-Al,O; after Use as a Catalyst for Toluene Hydrogenation under the Following Conditions:

Protene = 50 Torr, Py, = 710 Torr, Temperature= 60 °C2>

10° x Debye-Waller inner potential

shell coordination nol\ distancer, A factor, A2, A2 corr, AEy, eV EXAFS ref
Ir—Ir 4.05+ 0.04 2.701+ 0.001 4.5% 0.08 —2.224+0.09 Pt-Pt
Ir—osupport

Ir—0s 1.04+ 0.01 2.2214+ 0.001 7.424+0.24 —18.70+ 0.11 PtO

Ir—Q 0.82+0.01 2.723+ 0.001 —5.924+0.13 —13.20+£0.12 PO
Ir—Al 0.37+0.01 1.518+ 0.001 8.1+ 0.22 17.03+ 0.33 Ir—Al

aThe catalyst had been used # h in theflow reactor.” The error bounds stated here were obtained from the statistical analysis of the data;

they indicate the precisions, not accuracies.
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Figure 9. Results of EXAFS analysis characterizing the uset/r
Al,O; catalyst for toluene hydrogenation after being on stream for 4 h
at 60°C underPuene= 50 Torr andPy, = 710 Torr: (A) raw EXAFS
data; (B) imaginary part and magnitude of Fourier transform (un-
weighted;Ak = 3.69-14.99 A1, Pt—Pt phase and amplitude corrected)
of raw EXAFS function of fresh y-Al,Os catalyst (solid line) and
used lg/y-Al,Os catalyst (dashed line).

are almost indistinguishable from each other, indicating that
there was almost no change in the catalyst structure during
operation. Consistent with this conclusion, thelirfirst-shell
coordination number of the used catalyst was found to be 4.05
=+ 0.04, which is indistinguishable from the value for the fresh
Irg/y-Al, O3 catalyst (Table 2). Thus we conclude that the
octahedral metal frame remained intact during catalysis; this
result is consistent with the lack of catalyst deactivation in the
steady-state flow reactor experiments.

B. Iridium Aggregates Supported ony-Al>03. A sample
consisting of iridium aggregates supportedyeAl ;03 that had
been used in the flow reactorrfd h onstream at 60C with
a H, partial pressure of 710 Torr and a toluene partial pressure
of 50 Torr was also characterized by EXAFS spectroscopy. The
EXAFS data were analyzed by the method stated for tile Ir
y-Al,05 catalyst, except that higher-shelHir contributions
were significant and accounted for. The structural parameters
with the standard deviations are summarized in Table 5. The
data indicate an average first-shel-Ir coordination number
of 7.89+ 0.07. Thus, this catalyst consisted of small (and no
doubt nonuniform) particles of iridium dispersed on thal ;03
support. The first-shell trIr coordination number corresponds
to aggregates with a dispersion of about 70%, consisting of about
50 atoms per aggregate, on averdgeThus, not all of the
iridium atoms were surface atoms, and the representation of
the rate of toluene hydrogenation per total Ir atom is an under
approximation of the turnover frequency.

Discussion

Chemistry of Formation of [Ir (CO)15]2~ on y-Al,03. A.
Evidence of Formation of [Ir¢(CO)15]2~. The results of the
infrared spectroscopy, EXAFS spectroscopy, and mass spec-
trometry experiments show that{{€O) ]2~ formed from [Ir-
(CO)(acac)] on ther-Al 03 surface. The EXAFS data indicate
the octahedral metal frame as well as two terminal carbonyl
ligands per Ir atom, as discussed below; both of these results
are consistent with the crystallographically determined structure
of [Ireg(CO)s5 =28

The infrared spectrum of the species extracted from the

spectroscopy. The normalized EXAFS function was o_btained y-Al,05 surface with [PPN][CI] in THF matches that of the
from the average of the X-ray absorption spectra from six scans, ppN salt of [I5(CO)52~,* except for minor peaks that are well
with the standard deviations in the EXAFS function being less jdentified with other iridium carbonyls. The mass spectrometry

than 0.0005 over the whole rangelo§pace; the raw EXAFS
data show oscillations up to 167A (Figure 9A). The data

data are also consistent with the identification of([DO)s]2~
as the cluster extracted from the surface. Furthermore, the

analysis was performed as for the fresh catalyst; details are givenjnfrared spectrum of the adsorbed species identified as

in the section entitled EXAFS Data Analysis.
The data analysis indicated the following contributions: Ir
Ir, Ir—=0s, Ir—0;, and Ir=Al. The structural parameters and the

[Ire(CO)s]?~ agrees well with that of the MgO-supported
iridium carbonyl identified as this cluster aniéh.
The result that [lf(CO)5)2~ was formed on the/-Al,Os3

standard deviations are summarized in Table 4. The numbergtace in high yield confirms that surface-mediated syntfesis

of parameters used to fit the data is 16; the statistically justified

number, calculated from the Nyquist theoretk(= 11.3 AL,
Ar =5 A), is approximately 37.

(27) Kip, B. J.; Duivenvoorden, F. B. M.; Koningsberger, D. C.; Prins,
R. J. Catal.1987,105, 26.
(28) Demartin, F.; Manassero, M.; Sansoni, M.; Garlaschelli, L.; Mar-

The Fourier transforms of the raw EXAFS data characterizing tinengo, S.: Canziani, F. Chem. Soc., Chem. Commas8q 903,

the fresh and usedgdlicatalysts are shown in Figure 9B; they

(29) Gates, B. CJ. Mol. Catal. 1994 86, 95.
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Table 5. EXAFS Results Characterizing thedyy-Al,O; Catalyst That Had Been Used for Toluene Hydrogenation under the Following
Conditions: Pioene= 50 Torr, Py, = 710 Torr, Temperature= 60 °C2P

10° x Debye-Waller inner potential

shell coordination nol\ distancer, A factor, A2, A2 corr, AEy, eV EXAFS ref
Ir—Ir (1)¢ 7.89+ 0.07 2.693+ 0.000 4.26+ 0.05 —1.91+0.08 PtPt
Ir—Ir (2)¢ 6.68+ 0.15 3.806+ 0.003 9.10+ 0.30 —-1.77+0.17 Pt+Pt
Ir—Ir (3)¢ 5.66+ 0.19 4.673+ 0.003 4.8 0.42 0.38+ 0.23 Pt-Pt
Ir—osupport

Ir—0O¢ 0.96+ 0.01 2.116+ 0.002 5.05+ 0.33 0.34+ 0.15 Pt+0O

Ir—Q 0.494+0.01 2.722+ 0.002 —8.37+0.14 —10.28+ 0.32 P+0O
Ir—=Al 0.56+ 0.04 1.5214+ 0.008 10.88t 0.93 20.31+ 1.57 Ir=Al

aThe catalyst had been used # h in theflow reactor.” The error bounds stated here were obtained from the statistical analysis of the data;
they indicate the precisions, not accuracks—Ir(1) represents the first-shell-Hir contribution.? Ir—Ir(2) represents the second-shel-Ir
contribution.® Ir—Ir(3) represents the third-shell-+ir contribution.

is an efficient method for preparation of this cluster; this work species formed from [Ir(CQfacac)] ony-Al,Os (Figure 4)
extends the synthesis of this clusterpt@l ,0s. indicate that [Ig(CO)s]?~ formed on they-Al,05 that had not

The vco spectrum of the surface-bound iridium carbonyl been calcined (and thus was hydroxylated). This conclusion
cluster is shifted and broadened with respect to the solution supports the hypothesis that traces of water or OH groups on
spectrum of [ls(CO)s]2~. The peak broadening is typical of the surface ofy-Al,Oz could have facilitated the reductive
supported metal carbonyls, being explained by the nonuniformity carbonylation process to form §{CO)£]2~.34 Angoletta et aks
of the y-Al,0O5; surface. The shift of both the terminal and reported that the reaction of J{CO);] with sodium in wet THF
bridgingvco bands to higher frequencies is indicative of electron gives [Is(CO)s]?~, which is not formed in dry THF. The
withdrawal from the metal framework, possibly by3Alsites authors proposed that nucleophilic attack on the CO ligands by
on the y-Al,O; surface with which the clusters interact. OH™ groups facilitates the reduction of iridium and the oxidation
Consequently, the backbonding due to the interaction betweenof CO to CGQ. Chini and Martineng® observed a large effect
the d orbital of the iridium atom and the antibonding orbital of of water on the synthesis of [RI€CO)¢ and of [Rhy(CO);]
the CO ligand is decreased and the@ bond is strengthened, from [Rh(CO)CI], and CO in organic solvents; the surface
resulting in the increase of the carbonyl stretching frequency. synthesis of [RE(CO)g] from [Rh(1)(CO),] species omj-Al ;0336

The postulated Al interaction is consistent with the results  is analogous to this solution synthesis, with water playing a
of the EXAFS data analysis for J(CO)s]2~ supported on key role. The formation of [RICO)¢] on then-Al,O3 surface
y-Al,05, as shown in Table 1, but we emphasize that this was found to be facile in the presence of both CO and excess
EXAFS contribution is small and not determined with a high water; removal of the excess water by evacuation resulted in
degree of confidence. Perhaps thg([dO)s]2~ on y-Al,0z is the destruction of the cluster frame and the appearance of the
distorted, allowing I+-Al interactions; alternatively, the +Al oxidized species, [Rh()(CQ)
contribution could be an indication of mononuclear species such  In contrast, tetrairidium carbonyls (in a mixture with mono-
as iridium subcarbonyls on the surface. The data are notnuclear iridium carbonyls) formed from [Ir(Cgacac)] on
sufficient to distinguish among the possible interpretations.  y-Al,03 that had been calcined at 300 and thereby was about

The observed shifts are different from some reported for metal 50% dehydroxylate@® The results thus indicate that the
carbonyl clusters on metal oxide supports. Often, the interaction partially dehydroxylated surface favors the formation of tetra-
of a metal carbonyl with a metal oxide support leads to shifts nuclear rather than hexanuclear clusters, although the conversion
to higher frequency of terminal CO bands accompanied by shiftsto the tetranuclear cluster was not complete. The infrared
to lower frequency of bridging CO bané%3! Such shifts have  spectrum of this mixture (Figure 4C) is nearly the same as that
been interpreted as a consequence of electron withdrawal fromof the sample formed by recarbonylation of the decarbonylated
the cluster by surface cations (leading to shifts to higher [Irg(CO)52~ ony-Al,Os (Figure 6E). This agreement suggests
frequencies of the terminal CO bands) and simultaneous that the degree of surface dehydroxylation of the latter sample
interaction of the oxygen atoms of bridging CO ligands with resulting from the thermal treatment in He at 3@was about
neighboring surface cations (leading to a shift to lower frequency the same as that of the partially dehydroxylated sample in which
of the bridging CO bands). This explanation is consistent with the mixture including tetranuclear iridium carbonyl formed
that of Shriver et at?33for the shifts ofvco bands resulting initially from [Ir(CO)2(acac)].
from adduct formation between [{85)Fe(CO}]. and Lewis In summary, the results demonstrate that water (or surface
acids such as Al(&s)s. Since, in the present work, we did  hydroxyl groups) was important in the synthesis of metal
not observe a shift to lower frequency of the bridging CO band, carbonyl clusters on metal oxide surfaces, consistent with related
we suggest that the bridging CO ligands did not interact directly solution chemistry.
with surface AP ions; this suggestion is consistent with the  Requctive Carbonylation and Oxidative Fragmentation
expectation that the At sites on they-Al,O; surface were  cycle. Treatment of [Ir(COXacac)] adsorbed op-Al 05 under
largely covered with OH groups in our sampfésyhich had CO at 100°C led to the formation of [i(CO).g2~. When the
not been treated at the high temperatures that give high degrees,_a|,0,-supported [I§(CO)5]2~ was exposed to air, a reaction

of surface dehydroxylation. occurred to yield surface species which are identified as a
Influence of Surface Water Content. Water affected the

surface chemistry. Infrared spectra of the iridium carbonyl  (34) In the present work, the content of surface hydroxyl groups could
be estimated approximately on the basis of the intensity oftheband

(30) Kawi, S.; Chang, J.-R.; Gates, B. L. Am. Chem. S0d.993 115, (3000-3750 cn1?) in the infrared spectra of-Al,O3 supports calcined at
4830. different temperatures. They bands decreased in intensity and shifted to
(31) Rao, L.-F.; Fukuoka, A.; Kosugi, N.; Kuroda, H.; Ichikawa, 3. higher frequencies as the support calcination temperature increased.

Phys. Chem1990, 94, 5317. (35) Chini, P.; Martinengo, Snorg. Chim. Actal969 3, 315.
(32) Shriver, D. FJ. Organomet. Chenl975 94, 259. (36) Smith, A. K.; Hugues, F.; Theolier, A.; Basset, J. M.; Ugo, R.;
(33) Horwitz, C. P.; Shriver, D. FAdv. Organomet. Cheml984 23, Zanderighi, G. M.; Bilhou, J. L.; Bilhou-Bougnol, V.; Graydon, W.IRorg.

219. Chem.1979 18, 3104.
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mixture of [Ir(I)(CO)] and [Ir,(CO)5 on the basis of a MgO and that of NaY zeolite or even SiO We emphasize,
comparison of the infrared spectrum with the spectra of [Ir- however, the reactivity of the-Al,O3 surface depends on the
(CO)(acac)] and [15(CO) ;] adsorbed ory-Al,0s. temperature as well as the degree of hydroxylation.

The oxidized iridium carbonyls op-Al ;O3 were reductively Confirmation by EXAFS Spectroscopy of the Structure
carbonylated by treatment in CO at 10C to give back of [Ir (CO)15]%~ on y-Al,03. The EXAFS results support the
[Irs(CO)s]2~. Kawi et al3® similarly reported an oxidative identification of [Is(CO)s]?~ ony-Al,Os. The backscatterers
fragmentation/reductive carbonylation cycle involvinggs{lr  in the immediate vicinity of the iridium absorber atoms in the
(CO)g] and [Ir(1)(CO)] in the pores of NaY zeolite and  y-Al:Os-supported iridium carbonyls include Ir and low-atomic-
suggested that the zeolite cages played a role in confining theweight backscatterers identified by the multiple scattering effects
supported metal carbonyls and hindering their migration out of as C and O*. The structural parameters agree, within experi-
the pores. Smith et 8f.reported a cycle involving [RYCO) 4| mental error, with the crystallographic data fos{CO)52.28
and [Rh(1)(CO}] on 5-Al,0Os and presumed that the oxidized The crystal structure of §(CO)s]2~ (in the [NMesCH,Ph}
species were weakly bound to each other to facilitate the salt) is that of an essentially regular octahedron of iridium atoms
reversible transformation at room temperature. Adopting this connected to 12 terminal and three symmetrically edge-bridging
reasoning, we suggest that there was perhaps little change infCO ligands. All the iridium atoms are stereochemically
the location of the iridium atoms on theAl O3 surface during equivalent, with each bonded to four iridium atoms at an average
the reversible cycle, since the recarbonylation reaction was distance of 2.773 A, to two terminal carbonyl ligands with an
facile. Thus the fragmented clusters were perhaps clusters inaverage I+C; distance of 1.860 A, and to one bridging CO
their own right; a similar suggestion was made on the basis of ligand with an average +C, distance of 2.038 A. The EXAFS
transmission electron microscopy for triosmium clusters formed data indicate an tIr first-shell coordination number of 4.07
from [Os(CO)y12] on y-Al,05.37 with an average distance of 2.75 A, an-{ coordination

Parallels between Solution Chemistry and Surface Chem- ~ humber of 2.13 with an average distance of 1.87 A, and an
istry of Iridium Carbonyl Clusters. There is a rich solution ~ Ir—Cs coordination number of 1.17 with an average distance
chemistry of iridium carbonyl clusters. Reductive carbonylation of 2.19 A (Table 1).
of IrCl33H,0 in weakly acidic solutions under CO leads to Thus all the EXAFS results except that characterizing the
[Ir(CO).Cly]~, which was subsequently transformed inta{Ir  Ir—O* interaction agree approximately with the crystallographic
(CO)12] when the solution was neutralizé8.In basic solutions, data for [I5(CO)s]?; the coordination number for HO* is
the reaction of [If(CO)2] under CO yields anionic iridium  2.03 instead of the expected 3. The discrepancy can be
carbonyl clusters, [HIXCO)11]~ and then [Ig(CO)s)2~ as the understood on the basis of multiple scattering effé&ts:4it
solution basicity is increaséd. The latter is converted to gr is a result of the existence of two types of carbonyl oxygen
(CO)q] in acidic medialt:38:39 contribution at nearly the same distance but experiencing

One can make a good beginning toward understanding of different degrees of multiple scattering, leading to a low estimate
the chemistry of iridium carbonyls on metal oxide surfaces by ©f the Ir—=O* coordination number; the same discrepancy has
comparing the functional groups of the surface with those of been reported by Maloney et*&land Kawi et af°
solvents. Syntheses of metal carbonyl clusters on some metal The lack of exact agreement between the other structure
oxide surfaces are comparable to those in neutral or basicparameters for the supporteds[IEO)s]?~ clusters determined
solutions; the metal oxide surface plays a role analogous to thatby EXAFS spectroscopy and those determined crystallographi-
of a basic solver®® Evidently, both Mg@315andy-Al,Os have cally for the salt of [Is(CO)s]?~ is attributed to (1) interactions
sufficiently basic surfaces to provide efficient media for the between the-Al,O; surface and the clusters (which affect the
synthesis of anionic iridium carbonyl clusters (and the degree structure of the supported clusters), (2) the presence of small
of hydroxylation is important). Chemistry similar to that amounts of other iridium carbonyls on the surface (which affect
reported here also occurs in the cages of NaX ze#flitén the EXAFS data), and (3) the inexactness of the EXAFS analysis
contrast, neutral iridium carbonyl clusters 4{{EO)] and [Irs- associated with the approximations in the theSryve are not
(CO)g, rather than anions, form as a result of similar reactions Yet able to resolve the separate issues; we emphasize that the
in the cages of NaY zeolit®;*2 which is less basic than NaX  error bounds stated with the EXAFS parameters (Table 1) are
zeolite, and on the nearly neutral Si¢3 measures only of the precision of the parameter estimates.

The iridium Carbony] Chemistry on the surface '}Oﬁ|203 EXAFS Results CharaCteriZing Decarbonylated Iridium
is, however, more complicated than what is stated in the Clusters Supported on y-Al;0s. The y-Al;Os-supported
preceding paragraph. The reaction of monovalent iridium iridium clusters were formed by decarbonylation o§(@O).s]*~
dicarbonyl precursors op-Al,Oz in CO at room temperature ~ 0Ny-Al2Os; infrared spectra showed the complete disappearance
yields the neutral iridium carbonyl cluster JI€QO)].1! In this of the vco bands after thermal treatment in He at 3@Wfor 2
work, the same precursors in CO at 1@were converted into
anionic hexairidium carbonyl clusters. Thus there are subtleties The raw EXAFS data characterizing thesél ,Os-supported
in the surface chemistry that are not yet well understood. The iridium clusters show oscillations up to a valuekodf 17 A-%;
results support the suggestion that theAl,Os surface is the data quality is very high. The data analysis showed a first-

intermediate in basicity between that of partially dehydroxylated shell Ir—Ir coordination number of 4.0% 0.07. Thus the results
are consistent with the identification of the clusters as octahedral

(37) Schwank, J.; Allard, L. F.; Deeba, M.; Gates, B.JCCatal.1983

84, 27. (43) van Zon, F. B. M.; Kirlin, P. S.; Gates, B. C.; Koningsberger, D.
(38) Garlaschelli, L.; Martinengo, S.; Bellon, P. L.; Demartin, F.; C.J. Phys. Chem1989 93, 2218.
Manassero, M.; Chiang, M. Y.; Wei, C.-Y.; Bau, B. Am. Chem. Soc. (44) The contribution from the oxygens of the bridging carbonyl ligands
1984 106, 6664. could be minimal in the total EXAFS since the multiple-scattering effect is
(39) Stevens, R. E.; Liu, P. C. C.; Gladfelter, W.J.Organomet. Chem. not significant when the #C—0O bond angle is less than approximately
1985 287, 133. 14C°. In crystalline [I5(CO)s)2~, the I=C—0; angle is 176, whereas the
(40) Kawi, S.; Chang, J.-R.; Gates, B. L.Catal. 1993 142 585. Ir—C—0y, angle is 13813
(41) Kawi, S.; Gates, B. CCatal. Lett.1991 10, 263. (45) Stern, E. A. InX-ray Absorption: Principles, Applications, Tech-

(42) Roberto, D.; Cariati, E.; Psaro, R.; Ugo, R.Organomet. Chem. niques of EXAFS, SEXAFS, and XANEKSningsberger, D. C., Prins, R.,
1995 488 109. Eds.; Wiley: New York, 1988; p 3.
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Irg clusters. The data show that the metal frame gfQ©)5]2~ nearly metallic in charactéf.Similarly, the catalytic activities
supported ory-Al,0O; was retained after cluster decarbonylation. of Iry, and I on MgO are low relative to that of iridium
We conclude that the supported tlusters are nearly uniform  aggregates on Mg®. Therefore, although the extremely small
and nearly molecular in character, being among the best definediridium clusters catalyze at least two of the same reactions as
supported metals. metallic iridium1051 their catalytic character is significantly

The lack of peaks in the Fourier transform corresponding to different, with the catalytic activity of the aggregates being
higher-shell I--Ir neighbors is consistent with the inference that greater than that of the clusters, even though theilridistances
there was no significant sintering of iridium to form larger are the same within the experimental accuracy of the EXAFS
clusters or crystallites on the-Al,O5 surface. measurements.

Decarbonylation of supported iridium carbonyl clusters with ~ Thus the concept of structure insensitivity metal catalysis
(near) retention of the metal frame has been reported to give may be limited to virtually metallic surfaces and may not extend
Iry on MgO2446 on y-Al,03,1 in NaY zeolite?” and in NaX to the smallest metal clusters on supports. Boudart and
zeolite*® These results demonstrate the preparation of nearly Sajkowsk?? measured turnover frequencies for the structure-
uniform, structurally well-defined metal clusters by decarbo- insensitive cyclohexene hydrogenation with a family of alumina-
nylation of metal carbonyl precursotssimilarly, Irs clusters supported rhodium catalysts, finding that the turnover frequency
were formed in NaY zeolité® The work reported here extends remained essentially unchanged as the aggregate or cluster
the preparation method toglclusters on an amorphous metal nuclearity of the fresh catalyst became as small as approximately
oxide support; earlier work involving decarbonylation of 12 atoms, on average, as estimated by EXAFS spectroscopy.
hexairidium carbonyl anions on MgO led to mixtures of clusters, Combining our results and those of Boudart and Sajkowski (and
including Irs.46 assuming that there was no aggregation of the metal in their

EXAFS Results Characterizing Used lg/y-Al 03 and Used catalyst during catalysis) leads to the suggestion that the changes
Ir agdy-Al 203 Catalysts. A sample of lg/y-Al,Os3 used as a in turnover frequency occur predominantly as the cluster
catalyst for toluene hydrogenation was characterized by EXAFS nuclearity becomes smaller than approximately 12.
spectroscopy. The good agreement between the Fourier trans- It is perhaps surprising that such a large change in turnover
form of the raw EXAFS data representing the fresh catalyst frequency as shown in Table 3 would result from a change in
and that representing the used catalyst (Figure 9B) indicatesaggregate or cluster nuclearity to 6 even though thelrlr
that the structure of the clusters in the catalyst was maintaineddistance remained unchanged within the accuracy of the EXAFS
during the catalysis. Analysis of the EXAFS data for the used measurements. We emphasize that the present results do not
catalyst confirms the conclusion; the results showed aitrlr ~ simply demonstrate the influence of cluster or aggregate size
coordination number of 4.0% 0.04, consistent with octahedral on the catalytic activity; the influence of the support on the
Irg clusters. metal oxidation state and catalytic properties is no doubt

Recently communicated resuftsindicate that I5 and I dependent on the cluster or aggregate size, and it may well be
supported on MgO, lron y-Al,Os, and Ig in NaY zeolite that the decrease in catalytic activity as the aggregates become
remained almost unchanged during toluene hydrogenationsmaller and approach the size of Ielusters is largely a
catalysis under conditions the same as those used in this work consequence of the increasing effect of #hal,O; support as
The data presented here, being of higher quality, strengthen the2 ligand bonded to the iridium and making it less like bulk,
conclusion and demonstrate the stability of the supported iridium metallic iridium. There are not yet sufficient data to resolve
clusters. Similarly, Kawi et &° found that I clusters on MgO  the effects of cluster size and support (“ligand”) effects.
remained intact during catalysis of propane hydrogenolysis at The y-Al,Os-supported I clusters are stable catalysts, as
200°C. Thus this family of supported iridium clusters offers shown both by the lack of significant changes in their activities
a unique opportunity to resolve the effects of cluster nuclearity during steady-state operation in a flow reactor and by the
and support structure on the catalytic properties of metal clusters.EXAFS results indicating retention of the metal framework

The EXAFS data for the used catalyst consisting of iridium during catalysis. Thus the supported clusters appear to be robust
aggregates om-Al,O3 demonstrate the presence of particles enough to be applied as practical catalysts, at least under

characterized by first-, second-, and third-shellircontribu- relatively mild conditions; furthermore, the reversible cycles of
tions; thus these particles have much more of the character ofcluster formation and fragmentation even suggest opportunities
bulk iridium than the lg clusters. The average first-shelHir for catalyst regeneration. The novel catalytic properties of the

distance in these particles is 2.693 A; the lirdistance in bulk supported clusters raise the possibility that reactions may be
iridium metal, determined by X-ray diffraction, is 2.714°4. found for which such clusters have catalytic properties (e.g.,
Within the accuracy of the EXAFS determination, these two Selectivity) better than those of conventional supported metals,
values are indistinguishable. For comparison, theérldistance but this suggestion remains to be evaludfed.
in Irg/y-Al,03 was found to be 2.704 A for the unused catalyst A comparison of the data presented here with those of Xu et
and 2.701 A for the used catalyst; within the experimental all0indicates that the-Al,Os-supported k clusters are an order
accuracy, these values are also indistinguishable from the valueof magnitude more active than MgO-supportegtlusters. This
for bulk iridium. comparison is a first step toward elucidation of support effects
Catalytic Properties of Irg Clusters and Iridium Ag- in catalysis by metal clusters, but more data are needed to
gregates for Toluene Hydrogenation. The catalytic activity elucidate the influence of catalyst pretreatment and the density
of Irg on y-Al,05 is low relative to that of iridium aggregates of surface OH groups.
(crystallites) on the same support (Table 3), which are more EXAFS Spectroscopy Characterizing Metat-Support
Interaction. The EXAFS data provide information about the
interactions between the-Al,O; support and the iridium

(46) van Zon, F. B. M.; Maloney, S. D.; Gates, B. C.; Koningsberger,
D. C.J. Am. Chem. S0d.993,115,10317.

(47) Kawi, S.; Chang, J.-R.; Gates, B.LPhys. Cher1993 97, 10599. clusters. The data indicated© contributions at two different
(48) Kawi, S.; Gates, B. Cl. Phys. Chem1995 99, 8824.

(49) Kawi, S.; Chang, J.-R.; Gates, B.LPhys. Chenl994 98, 12978. (51) Xu, Z.; Gates, B. CJ. Catal. 1995 154, 335.

(50) Weast, R. C.; Astle, M. J., Eddandbook of Chemistry and Physics (52) Boudart, M.; Sajkowski, D. Faraday Discuss. Chem. Sd991

CRC Press: Boca Raton, FL, 1980; F-219. 92, 57.
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distances, 2.2 and 2.7 A. Metabxygen contributions at
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Adsorption of [Ir(CO) x(acac)] on y-Al,Os. The mononuclear

approximately these same distances have been observed frelridium carbonyls supported op-Al20s were prepared by slurrying

guently for metal oxide-supported noble met&lsThe shorter
distance is suggestive of metadxygen bonding, with the metal
perhaps bearing a positive chafjeThe longer distance is not
fully explained®®

In the present work, the high quality of the EXAFS data
allowed identification of a small contribution suggested to be
Ir—Al, for both [Irs(CO)?~ and I clusters supported on
y-Al,03. van Zon et aff suggested a similar4Mg contribu-
tion for decarbonylated iridium clusters supported on MgO;
Otten et aP8 reported a PtAl interaction for platinum clusters
supported in the zeolite mordenite. However, the contribution
suggested here was small and not identified with confidence,
and the issues concerning such contributions are not fully

understood; the data are not sufficient to determine the structure

of the metal-support interface.
Purnell et af” postulated that clusters may reside preferen-

[Ir(CO).(acac)] and/-Al,0Os in degassed hexane (50 mL) in a Schlenk
flask under a M blanket. The mixture was stirred undep for 12 h

at room temperature and then dried by evacuation8fdn at room
temperature. The Ir content of the solid was calculated to be 1 wt %
on the basis of the assumption that the uptake was complete during
the preparation.

Infrared Spectroscopy. Transmission infrared spectra of the
samples were collected with a Bruker IFS-66v spectrometer. Samples
were pressed into thin self-supporting wafers and mounted in a sample
holder in an infrared cell. The temperature-controlled cell, which was
part of a flow system, was connected to a gas manifold allowing flow
of He, H, and CO. The sample was typically heated to a set
temperature and then scanned 64 times; the data were averaged. The
spectra of the sample were ratioed to the spectrum of air.

Flow Reactor for Carbonylation. Carbonylation of mononuclear
iridium species supported gnrAl,O; was carried out in a tubular flow
reactor. Typically 1 g of sample consisting of iridium carbonyl
supported ory-Al,0O; powder was loaded into the reactor and treated

tially at defect sites on a MgO support, and we speculate that in flowing CO at 100°C for 10 h. The powder was then unloaded in

the iridium clusters exist at defects on theAl,O; surface,
consistent with the suggested-il contributions in the EXAFS.

If the speculation about the placement of the clusters at surface

defects were correct, it might explain why the total loading of
iridium carbonyl precursors on theAl,0O5 surface could not

be increased beyond a few weight percent without causing
significant structural changés.

Experimental Section

Materials. [Ir(CO),(acac)] [dicarbonyl(acetylacetonato)iridium(l),
99%, Strem] and [PPN][CI] (Aldrich) were used as receivedAl O3
(Aluminum Oxide C, Degussa) was made into a paste by adding
deionized water, followed by drying overnight at 120. It was then
ground and evacuated at 2& overnight. The resultang-Al,Os
support was stored in a drybox-Hexane ¢99.9% purity, Aldrich)

the drybox and characterized by infrared spectroscopy and EXAFS
spectroscopy.

Extraction of Metal Carbonyl Clusters from y-Al,Os. Surface-
bound iridium carbonyls were extracted from the surface-éf,0;
as the supported metal carbonyls were brought in contact with a solution
of [PPN][CI] in freshly distilled THF under B The liquid was
transferred by syringe into a solution infrared cell and quickly scanned.
The spectra were ratioed to the spectrum of THF.

Mass Spectrometry. Fast atom bombardment mass spectrometry
was performed with a VG-Analytical ZAB-2F mass spectrometer. The
solution of iridium carbonyl clusters extracted by [PPN][CI] in freshly
distilled THF was placed on a stainless steel probe tip and vaporized
prior to bombardment of the sample. The resultant ionic species were
scanned betweem/z= 600 and 2200 in the negative ion mode.

X-ray Absorption Spectroscopy. The experiments were performed
on beamline X-11A of the National Synchrotron Light Source (NSLS)
at Brookhaven National Laboratory, Upton, Long Island, NY, and on

and toluene (99.7%, J. T. Baker) were degassed by sparging of N peamline 2-3 of the Stanford Synchrotron Radiation Laboratory (SSRL)
(99.997%, Liquid Carbonic) before use. THF (anhydrous, 99.9%, atthe Stanford Linear Accelerator Center, Stanford, CA. The storage
Aldrich) was dried by refluxing over sodium benzophenone ketyl under ring operated with an electron energy of 2.5 GeV at NSLS and 3 GeV
N2 and degassed. He (99.995%) was supplied by Liquid Carbonic and at SSRL; the beam current was 14240 mA at NSLS and 76100
passed through beds of &uand molecular sieve 4A to remove traces mA at SSRL.

of Oz and moisture. Kwith a purity of 99.99% was generated by a Wafers for the transmission EXAFS experiments were prepared in
Balston hydrogen generator and passed through the same beds usegloveboxes at the synchrotrons. The wafers were prepared as fol-
for He. CO was purchased from Liquid Carbonic (CP grade, 99.5%) |ows: Each powder sample was placed in a holder in the glovebox.
and passed through a bed;of\l20; particles to remove traces of iron  The holder was placed in a pressing die, and the sample was pressed
carbonyl conta_lminants and through a bed of molecular sieve particlesinto a self-supporting wafer. After pressing, the sample in the holder
to remove moisture. was loaded into an EXAFS cell and sealed.

Sample Preparation. Preparation and handling of the air-sensitive EXAFS data were recorded with the sample under vacuum and at
materials were carried out on a Schlenk vacuum line and in a Braun approximately liquid nitrogen temperature. Higher harmonics in the
(MB-150M) glovebox filled with N that was recirculated through traps ~ X-ray beam were minimized by detuning the Si(111) double-crystal
to remove Q and water. Typical @and water concentrations were  monochromator at NSLS by 20% or the Si(220) double-crystal
<2 and 0.4 ppm, respectively. monochromator at SSRL by $20% at the Ir l, edge (11215 eV).

Calcination. Partially dehydroxylateg-Al,O3; was prepared as the Precautions were taken to allow transport of the samples from the
y-Al,03 powder was heated in flowing:Qo 100, 300, or 400C and University of California at Davis to the synchrotrons without air
then held at the final temperature for 2 h. Thel,O; was evacuated contamination. Each sample was placed inside double layers of glass
at the final temperature overnight, cooled under vacuum to room vials, each individually sealed with a vial cap and parafilm.
temperature, and unloaded in the glovebox. Toluene Hydrogenation Catalyzed by Supported Iridium. Tolu-
ene hydrogenation catalyzed pyAl ,0s-supported iridium clusters or
aggregates was carried out in a tubular flow reactor. The catalysts
were pretreateéh situ prior to the kinetics measurements. Typically,
40 mg of sample consisting of iridium carbonyl clusters supported on
y-Al,0; powder was loaded into the reactor to give a thin catalyst bed.
The precursors were either decarbonylated in He at°80fbr 2 h to
form supported iridium clusters or they were treated in flowing He at
400°C for 1.5 h, followed by treatment in flowing 4t 400°C for
1.0 h and then purging with He for 0.5 h at the same temperature to

the preparation method used in this work was found to be about 2 wt %; fo_rm iridium aggregates C.MAI 20s. Toluene was d_eg:_'slssed by_ purging

for comparison, if all the surface Otbr O sites could interact with the  With N2 for 2 h before being charged to an Isco liquid metering pump
[I(CO)x(acac)] precursor, the loading would be expected to be about 20 (Model-260D). A reaction mixture consisting of;tnd vaporized

wt % Ir. toluene at atmospheric pressure passed through the reactor at a total

(53) Koningsberger, D. C.; Gates, B. Catal. Lett.1992 14, 271.

(54) Chang, J.-R.; Gron, L. U.; Honji, A.; Sanchez, K. M.; Gates, B. C.
J. Phys. Chem1991, 95, 9945.

(55) Vaarkamp, M.; Modica, F. S.; Miller, J. T.; Koningsberger, D. C.
J. Catal. 1993 144 611.

(56) Otten, M. K.; Reifsnyder, S. N.; Lamb, H. Rhysica B1995 209
651.

(57) Purnell, S. K.; Xu, X.; Goodman, D. W.; Gates, B.JXCPhys. Chem.
1994 98, 4076.

(58) The maximum loading of Ir on the uncalcingéil ;O3 obtained by
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Table 6. Structural Parameters Characterizing Reference Compounds and the Fourier Transform Range Used for Preparation of the Reference

Zhao and Gates

Files
crystallographic data Fourier transfgrm

ref compd shell N r,A ref Ak, A1 Ar, A n
Pt foil Pt—Pt 12 2.77 64 1.919.8 1.9-3.0 3
NaPt(OH) Pt-0O 6 2.05 65 1.417.7 0.5-2.0 3
[Ir4(CO)2 Ir—C 3 1.87 66 2.816.5 1.1-2.0 3

Ir—O* 3 3.01 66 2.8-16.5 2.0-3.3 3
IrAl alloy Ir —Alb 8 2.58 46 2.7+12.0 0.98-2.98 3

aNotation: Ak, limits of forward Fourier transformar, limits of shell isolationn, power ofk used for Fourier transformatioh After subtraction
of Ir—Ir contribution: N = 6,r = 2.98 A, Ac?2 = —0.001 &, AE, = —3.3 eV46 ¢ A theoretical IAl EXAFS function was calculated with the
FEFF prograrft and adjusted to agree with the limited-IAl reference data obtained as described here for use of a larger intetvapice for

fitting the iridium data'®

flow rate of 43 mL/min (NTP); the reactor was mounted in an

in the section above entitled EXAFS Reference Data. The

electrically heated and temperature-controlled Lindberg furnace. The unweighted raw EXAFS data were fitted knspace over the

effluent gas mixture was analyzed with a Hewlett-Packard gas
chromatograph (HP-5890 Series 1) equipped with a DB-624 capillary
column (J&W Scientific) and a flame ionization detector.

EXAFS Data Analysis

EXAFS Reference Data. The EXAFS data were analyzed
with experimentally determined reference files obtained from
EXAFS data for materials of known structure. TheIr and
Ir—Osypport interactions were analyzed with phase shifts and
backscattering amplitudes obtained from EXAFS data for Pt
foil and NaPt(OH), respectively. The transferability of the

range 3.50< k < 16.45 A1, the data were also fitted inspace
overtherange G r <5 A, wherer is the distance from the
absorber Ir atom.

The analysis of the EXAFS data was performed with the
Koningsberger difference file technidiié’ and the XDAP data
analysis softwaré? As a first step in the iterative analysis, the
Ir—Ir contribution, the largest in the EXAFS spectrum, and the
Ir—O* contribution were estimated from the reference data;
since the Ir-O* contribution was found to be strongly coupled
with the Ir—Ir contribution, these two contributions had to be
analyzed simultaneously. Because thelfrcontribution and

phase shifts and backscattering amplitudes obtained fromthe multiple scattering associated with the @—O* group are

EXAFS data for platinum and iridium has been justified
experimentally?® The Ir—C and Ir-O* interactions were

significant in the highk range (7.50< k < 16.45 A1), with
Ir—Osupportand Ir—C contributions being insignificant in this

analyzed with phase shifts and backscattering amplitudesrange, the structural parameters were estimated initially by fitting

obtained from EXAFS data for crystalline J(CO).5] (which
has only terminal CO ligands) mixed with SIO[Ir4(CO)2]
was chosen because the multiple scattering effect in th©tr
shell is significant as a consequence of the linearity of the Ir
C—0 moiety, and it was necessary to fit metahrbonyl oxygen
contributions with a reference that exhibits multiple scattetthg.
The Ir—Al interaction was analyzed with phase shifts and
backscattering amplitudes obtained from a theoreticalAlr
EXAFS function calculated with the FEFF progrémand
adjusted to agree with the-tAl reference data obtained from
IrAl alloy.“6 The details of the preparation of the reference files
are described elsewhel¥263and the parameters used to extract
these files from the EXAFS data are summarized in Table 6.
Analysis of EXAFS Data for [Ir (CO)15?~ Supported on
y-Al,03. The normalized EXAFS function characterizing
[Irg(CO)s]2~ supported ory-Al,O3 was obtained for each of

six X-ray absorption spectra after a cubic spline background

only the data in this range. Further analysis, following
subtraction of the calculatedtr and Ir—O* contributions from

the raw data, led to characterization of the @, Ir—Cy, (where

the subscripts t and b refer to terminal and bridging, respec-
tively), and IF—Osypport cONtributions. The initial guesses for
parameter estimation were obtained by adjusting the coordina-
tion parameters to give the best fit of the residual spectrum both
in r space and itk space. The fit of the raw data with the sum
of the five contributions was still not satisfactory, and it was
shown in the Fourier transform of the EXAFS function that an
additional contribution involving an unknown backscatterer at
a distance of about 1.5 A from the Ir absorber atom had to be
accounted for. The sixth contribution involved a low-atomic-
number backscatterer, which could be the Al of the support;
the contribution is thus referred to as-Wl, although it is so
small that it could not be identified with confidence.

The structural parameters characterizing theQy; Ir—C,,

subtraction, followed by division by the height of the absorption Ir—Osuppors and Ir—Al contributions were determined by fitting
edge. The raw EXAFS data shown in Figure 3A are an averageine residual spectrum. The calculatee-@, Ir—Ogppor and

of the results for the six scans. Because the infrared data|,_a| contributions were subtracted from the raw data, and
indicate that carbonyl ligands were present in the sample, andpetter estimates of the parameters representing thie &nd
because the metal atoms are expected to interact with the oxygen, o+ contributions were then estimated by fitting the residual

of the support, the data were first analyzed forlh, Ir—C,
Ir—0%*, and Ir—Ogypportinteractions. The EXAFS analysis was

done with experimentally determined reference files described

(59) Duivenvoorden, F. B. M.; Koningsberger, D. C.; Uh, Y. S.; Gates,
B. C.J. Am. Chem. S0d.986,108, 6254.

(60) Teo, B.-K.J. Am. Chem. S0d.981,103, 3990.

(61) Lu, D.; Rehr, J. 3. Phys. (Paris) C8986,47, 67.

(62) van Zon, J. B. A. D. Ph.D. Dissertation, Eindhoven University of
Technology, The Netherlands, 1988.

(63) van Zon, J. B. A. D.; Koningsberger, D. C.; van't Blik, H. F. J,;
Sayers, D. EJ. Chem. Phys1985,82, 5742.

(64) Wyckoff, R. W. G .Crystal Structures2nd ed.; Wiley: New York,
1963; Vol. 1, p 10.

(65) Tramel, M.; Lupprich, E.Z. Anorg. Chem1975 414, 160.

(66) Churchill, M. R.; Hutchinson, J. Rnorg. Chem.1978 17, 3528.

spectrum. The iteration was continued until good overall
agreement was obtained.

Analysis of EXAFS Data for Ir ¢/y-Al,03. The normalized
EXAFS function for the decarbonylated iridium clusters was
obtained from the average of the X-ray absorption spectra from
six scans. The data analysis was performekispace over the
range 3.68< k < 16.26 A1, as well as inr space over the
range 0< r < 5 A, by using the unweighted raw EXAFS data.
The Ir—Ir contribution was estimated by calculating an EXAFS
function that agreed as closely as possible with the experimental

(67) Kirlin, P. S.; van Zon, F. B. M.; Koningsberger, D. C.; Gates, B.
C. J. Phys. Cheml1990,94, 8439.
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results in the highc range (7.50< k < 16.26 A%, as the Ir clusters are nearly uniform and nearly molecular in character,
metal-support contributions in this region are small. The being among the best defined supported metals. The supported
EXAFS function calculated with the first-guess parameters was Irg clusters are stable catalysts for the hydrogenation of toluene
then subtracted from the overall EXAFS data, with the residual at temperatures in the range of 6000 °C; the turnover
spectrum being expected to represent thestipport interactions.  frequency at 60C with a toluene partial pressure of 50 Torr
The difference file was estimated with twe1© contributions, and a H partial pressure of 710 Torr was 17 103 sL
Ir—Os and Ir=0y, as both short and long metadupport oxygen EXAFS results characterizing the used catalyst show that the
distances have been frequently obse®%edhe more accurate  supported I§ clusters remained intact during catalysis. The
parameters were achieved by using the difference file technique,y-Al,Os-supported I catalyst is an order of magnitude less
and the improved fits for the +lr, Ir—Os, and IO, contribu- active (per total Ir atom) for toluene hydrogenation than a
tions were then added and compared with the raw data in bothcatalyst consisting of aggregates of iridium (with anlirfirst-
k space and space; the fit was not yet satisfactory. The Fourier shell coordination number of 7.9, consisting of crystallites of
transform of the residual spectrum showed an additional about 50 atoms each, on average) supportedy&k 0.
contribution atr equal to about 1.5 A, which was assumed to Because toluene hydrogenation is known to be a structure-
be an interaction between Ir and Al of the support. The insensitive catalytic reaction, we suggest that the concept of
structural parameters characterizing theAt contribution were structure insensitivity in catalysis may not extend to clusters as
determined by fitting the residual spectrum. The iteration was small as lg. However, the reasons for the differences in
continued as stated above, until good overall agreement wascatalytic activity of the Ig clusters and the iridium aggregates
achieved. are not understood; it may be that the difference in activity of
Analysis of EXAFS Data for Used Catalysts. The normal- the clusters and the aggregates does not represent an effect of
ized EXAFS function for the used catalyst incorporating Ir  cluster or aggregate size but instead represents an effect of the
supported ony-Al,O3 was obtained from the average of the support as a ligand affecting the electronic state of the metal in
X-ray absorption spectra from six scans. The data analysis wasthe clusters more than that in the aggregates, which more nearly
performed ink space over the range 3.69k < 14.99 A1, as resemble bulk metallic iridium.
well as inr space over the range 8 r < 5 A, by using
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nylated by treatment in He at 300C without a significant
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