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The supported clustersPRuly-Al,0; were prepared by adsorption of the bimetallic precursgRB(CO),:-
(us-H)(u-H)s from CH,CI, solution ontoy-Al,0; followed by decarbonylation in He at 30C. The resultant
supported clusters were characterized by infrared (IR) and extended X-ray absorption fine structure (EXAFS)
spectroscopies and as catalysts for ethylene hydrogenation-anthne hydrogenolysis. After adsorption,
thevco peaks characterizing the precursor shifted to lower wavenumbers, and some of the hydroxyl bands of
the support disappeared or changed, indicating that the CO ligands of the precursor interacted with support
hydroxyl groups. The EXAFS results show that the metal core of the precursor remained essentially unchanged
upon adsorption, but there were distortions of the metal core indicated by changes in thenmegdidtlistances.

After decarbonylation of the supported clusters, the EXAFS data indicated that Pt and Ru atoms interacted
with support oxygen atoms and that about half of the Rt bonds were maintained, with the composition

of the metal frame remaining almost unchanged. The decarbonylated supported bimetallic clusters reported
here are the first having essentially the same metal core composition as that of a precursor metal carbonyl,
and they appear to be the best-defined supported bimetallic clusters. The material was found to be an active
catalyst for ethylene hydrogenation andutane hydrogenolysis under conditions mild enough to prevent
substantial cluster disruption.

Introduction only ligands such as hydride, alkyl, and CO, which may be
readily removed without substantial disruption of the metal

Supported catalysts incorporating two noble metals are frame

important in technology. Examples include platinum catalysts ) )
modified by a second metal, including-Rt supported on AOs Such precursors include the family of HRu clusters,
for naphtha reforming and Pt-Rh supported on ceramic ~ &xemplified by PARW(CO)s P(RUC(CO)e and PiRU(COR:-
monoliths for automobile exhaust conversiPt-Ru catalysts  (4a-H)(u-H)s.1°"1* Supported catalysts have been prepared from
on carbon are used in hydrogen fuel cells for automotive @ll but the last of these precursors. The local environments
applications® The second metal in a combination, although it around the metal atoms in the supported samples can be
may be less active than the primary metal, may improve thermal characterized by extended X-ray absorption fine structure
stability and resistance to deactivation (as in-P} of the ~ (EXAFS) spectroscop§ The available data show that after
catalyst as well as influencing catalytic activity and selectivity @dsorption of the precursor clusters on carbon supports followed
by affecting the metal surface composition and distribution of Py decarbonylation, the resultant supported clusters were usually
the atom<:5 larger than the metal core of the precursor, indicating that
Industrial bimetallic catalysts are prepared by deposition of aggregation had occurré®:'’ In contrast, when the precursor
two metal salts on a support. This conventional method is PeRW(CO)swas adsorbed op-Al:0s, EXAFS spectra showed
economical but results in particles or clusters of metal that are that the average decarbonylated cluster contained less than about
nonuniform in size, structure, and composition. It is difficult to Nine metal atoms, indicating that aggregation had occurred, but
prepare bimetallic catalysts in which the metals are not t0 @ markedly smaller degree than in the carbon-supported
segregated. Molecular precursors, in contrast, allow control over samples.
the composition and structure of supported bimetafliéMany In an attempt to prepare uniform and well-defined supported
potential bimetallic precursors, however, are unattractive becausePt—Ru clusters, we used a cluster precurssupport combina-
they incorporate stabilizing ligands (e.g., phosphines) that remaintion affording the opportunity to adsorb the precursor intact and
on the metal or the support after activation and act as catalystremove the ligands with minimal disruption of the metal frame.
poisons and complicate structural characterization of the metal PERus(CO)1(us-H)(u-H)s was chosen to be the precursor
species. Thus, it is advantageous to use precursors incorporatindpecause it was expected to have a high reactivity with the
supporty-Al,Os, associated with its hydride ligands.
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octahedror3 The middle layer of the cluster core contains three  EXAFS Spectroscopy EXAFS experiments were performed
Pt atoms shared by the first and third layer consisting of three at X-ray beamline X-18B at the National Synchrotron Light
Ru atoms each. One triruthenium face incorporates three hydrideSource (NSLS), Brookhaven National Laboratory, Upton, New
ligands, one bridged to each edge, and another hydride ligandYork. The storage ring energy was 2.5 GeV, and the ring current
is triply bridged to the other triangular Riiace. The hydride was in the range of 110250 mA. Each sample (0.3 g) was
ligands could be replaced by P}Rh (Ph is phenyl) and pressed into a self-supporting wafer with an approximate
transferred to an alkyne, thus forming an alkene, a result thatthickness of 0.3 mm in an Ar-filled glovebox at the synchrotron,
indicates that the hydride ligands could be removed easily. placed in a holder, and mounted in a déllThe cell was
Removal of the hydride ligands from this precursor on the evacuated, installed at the beamline, and cooled to nearly liquid-
surface of a support is expected to allow relatively strong nitrogen temperature. The sample was scanned at the, Pt L
cluster-support interactions, stabilizing the supported clusters. edge (11564 eV) and the Ru K edge (22117 eV) in transmission
One of our goals was to test the hypothesis that the removal of mode, with integration fol s ateach energy in the range from
carbonyl ligands from such precursors stabilized on a support 200 eV below the absorption edge to 975 eV beyond the edge.
would result in supported gRuUs clusters that were freed of A double-crystal Si(111) monochromator was used. Details of
ligands and catalytically active. the EXAFS measurements are as reported elsewhere.

We now report the synthesis of a supported catalyst containing  Catalytic Activity of PtRu/ y-Al,O3 for Ethylene Hydro-
bimetallic clusters nearly matching the frame of the precursor genation.The ethylene hydrogenation experiments were carried
PtRUs(CO)1(us-H)(1-H)s. Changes of the supported species out with 10-20 mg of pretreated catalyst diluted with 600 mg
after the precursor adsorption prAl,Os and after subsequent  of inert, nonporoust-Al,03 powder in a stainless steel U-tube
decarbonylation were monitored by infrared (IR) and EXAFS flow reactor operated at atmospheric pressure. Each sample was
spectroscopies. The decarbonylated samples were evaluated gsretreated in flowing He or Hat 300°C for 2 h, loaded into
catalysts for ethylene hydrogenation amtiutane hydrogenoly-  the reactor in an Ar-filled glovebox, isolated from air and
sis under conditions mild enough to minimize the likelihood of moisture, and transferred to the flow reactor system. With the
disruption of the cluster frames. sample in flowing He, the reactor was cooled to the desired
. temperature, whereupon flow of a gas mixture ef &;H,, and
Experimental Methods He was started at a rate of 100 mL (NTP)/min. The effluent

Reagents and Materials.y-Al.Os powder (Degussa, BET  gas mixture was analyzed with an online gas chromatograph
surface area approximately 10G/g) was calcined in flowing (Hewlett-Packard HP 6890) equipped with an@d capillary
Oz at 400°C for 2 h and evacuated (pressarel0 2 Torr) for column (50 mx 0.53 nmx 15.0 um film thickness) and a
14 h before usen-Hexane anah-pentane solvents (Fisher, 99%)  flame ionization detector. Catalytic reactions were carried out
were distilled over Na/benzophenone and purged wightdN with the partial pressure&,, = 200 Torr andPc,, = 40 Torr,
remove Q. Dichloromethane (CkCl) solvent (Fisher>99.5%) with the remainder being He and the pressure atmospheric; the
was dried over a 4A molecular sieve to remove traces of water catalytic reaction temperature was varied fres0 to —5 °C.
and deoxygenated with Nbefore use. Gases [He (Airgas,  catalytic Activity of PtRu/ y-Al,O3 for n-Butane Hydro-
99.99%), Ar (Airgas, 99.99%), £, (Matheson, 99.5%),  genolysis. The activity of the catalyst was determined for
n-C4Hio (Airgas, 99.5%), and fH{(Matheson, 99.999% orformed  p.pytane hydrogenolysis. A blank test was carried with feed to
by electrolysis of water in a BalstonzHgenerator, 99.99%)] 3 quartz-tube reactor packed with inert, nonporeual,Os
were purified by passage through traps containing reduced Cu/ynder the following conditions, giving no evidence of reaction

Al,O3 and activated zeolite particles to remove traces paal in the absence of the supported bimetallic catalyt; = 540
water. Torr, Prc,, = 60 Torr; feed flow rate= 100 mL (NTP)/min;
Preparation of Cluster Precursor. PRUs(CO)1(us-H)(u- and reactor temperature 220 °C.

H)s was synthesized from fRuy(CO)ig and H at 97 °C and
purified by washing with colch-pentané? Its structure and
purity were confirmed byH and13C NMR spectroscopy with
the sample in actetornd; at —88 °C and by IR spectroscopy
with the sample in CECly.

Preparation of Pt—Ru/y-Al,O3 Catalysts. The supported
clusters (referred to as PRuly-Al,0O3) containing 1.0 wt % Pt

In an Ar-filled glovebox, approximately 30 mg of catalyst
sample was mixed with inert, nonporoosAl,Os, loaded into
the reactor, and isolated from air and moisture before being
transferred to the flow reactor system. The reactor was heated
to the desired temperature with He flowing through it before
the start of flow of a mixture containing #in-C4H1o, and He
° at a rate of 100 mL (NTP)/min. The effluent gas mixture was
and 1.0 wt % Ru were prepared by slurryingRs(COpa(us- analyzed with the online gas chromatograph equipped with the
H)(u-H)s in CHCl, with y-Al20; powder for 1 day. After  c41;mn mentioned above. The reaction conditions were as
re_moval _of the CHCl, so_Iv_ent by evacuation for 1 day, the ¢ ows: Py, = 540 Torr, Pocy, = 60 Torr, with the
dried solid sample containing adsorbed clusters was character-temperature varied from 190 to 26Q.
ized by IR spectroscopy. To transform the supported clusters
into the catalytically active form, the sample was treated in :
flowing He at 300°C for 2 h toremove ligands; it was then EXAFS Data Analysis
characterized again by IR spectroscopy. The four sets of raw EXAFS data characterizing each sample
Extraction of Adsorbed SpeciesAfter solvent removal from were averaged with the software ATHENA developed by
they-Al,0z-adsorbed bimetallic cluster precursor by evacuation, Ravaf® and analyzed with the software EXAFSPAK developed
the adsorbed species were recovered by extraction withh CH by George et & The phase shifts and backscattering amplitudes
Cl, for approximately 30 min with continuous stirring. After  characterizing PtPt, Pt-Ru, Pt-Osyppot Ru—RU, Ru-Pt, and
filtration and drying, the extract solution and the extracted dry Ru—Osypport interactions were calculated with the software
sample were characterized by IR spectroscopy. FEFF7.0?22 The EXAFS data fitting was carried out with
IR Spectroscopy.IR spectra were recorded with a Bruker EXAFSPAK?2! with single and multiple scattering paths calcu-
IFS-66v spectrometer with a resolution of 4 TmEach sample lated with FEFF7.32 Fitting was done both in space ( is the
was scanned 64 times, and the signal was averaged. distance from the absorber atom, Pt or Ru) &rgpace K is
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the wave vector) with application &f, k!, andk® weightings 0.16
until excellent agreement between the fit for each of khe
weightings and the data was attained. The Atand Ru—Al
contributions could not be determined with confidence because

2065
0.12 4

- 2048
these are small and not uniquely defined, because the nonuni- &
formity of the support surface results in various clustaupport 3 0.08 2081 2023
interactions. Others have reported that the errors in métal %
contributions were large (when the metal was Rh or3gf §

Many authors reporting similar data have simply omitted such 0.04
contributions from their fits of EXAFS data.

The EXAFS Pt ly-edge data characterizing the supported
clusters prepared from $Rus(CO)1(us-H)(u«-H)s before decar-
bonylation were Fourier-transformed over the ranges 356
< 12.85 A1 with k3 weighting without phase correction and
0.0 <r < 5.0 A. The data characterizing this sample at the Ru
K edge were Fourier-transformed over the ranges 4256<
1450 A1 and 0.0< r < 4.0 A. The statistically justified
numbers of free parameters estimated from the Nyquist theo-
ren?® for the Pt Ly, and Ru K edges were approximately 31
and 27, respectively.

The Pt Ly-edge EXAFS data characterizing the supported
clusters after decarbonylation in He were Fourier-transformed
over the ranges 3.25 k < 14.25 A1 and 0.0<r < 5.0 A.

The data at the Ru K edge were Fourier-transformed over the c
ranges 3.40< k < 14.45 A1 and 0.0< r < 4.0 A. The 0.015 |
statistically justified number of free parameters estimated from
the Nyquist theorem at the PtyLand Ru K edges were
approximately 36 and 29, respectively.

Absorbance (a.u.)

2065

Results 2046

Absorbance (a.u.)

Structural Characterization of the Cluster Precursor in 0.005 1 2031

Solution. The structure of BRuUs(CO)a(us-H)(u-H)s was

confirmed by !H and ¥C NMR spectroscopy and by IR
spectroscopy. The NMR data matched those repétddie 0
hydride peaks in théH NMR spectrum were observed at 2200 2100 2000 1900 1800
—15.84 and—19.28 ppm in a 3:1 ratio; the carbonyl carbon Wavenumber (cm™")

was observed in thEC NMR spectrum at 190.28 ppm. The IR Figure 1. (a) IR spectra irveo region of a solution of BRUs(CO)1-
spectrum of the cluster in the-o region (Figure 1a) includes  (ua-H)(u-H)sin CH,CL. (b) IR spectra inco region: (1) Dry supported

sample after adsorption of dRus(CO}1(us-H)(u-H)s on y-Al,Os; (2)
peaks at 2081(sh), 2065(s), 2048(|r(;1)'band Z%ZS(W)T;m .__dry supported sample after extraction with £Hp; (3) PtRuj-Al 03
Because IR spectroscopy could be used to characterize,ger gecarhonylation. (c) IR spectrum of extract solution after extraction
samples both in solution and in the solid state, it was an of the supported sample with GEll.

important tool for investigation of changes of the precursor at

each step of catalyst preparation. indicates the lack of significant changes in structure of the cluster
Structural Characterization of Metal Carbonyls Initially as a result of adsorption.
Formed on Support. After slurrying of the cluster dissolved After the adsorbed species grAI,O3 had been brought in

in CHXCl, with y-Al,Os, the cluster's dark brown color  contact with CHCI, and the solid had been dried by evacuation,
disappeared slowly as the solid darkened, consistent with theit still had an IR spectrum similar to that of the sample before
cluster's being adsorbed on theAl,Os. After stirring for 1 contacting with CHCI, (Figure 1b, spectrum 2), indicating that
day, the brown color characterizing of the cluster in solution the precursor was chemisorbed on the support and barely
had become very light, indicating that almost all of it had been changed as a result of the attempted extraction. The peaks
adsorbed. representative of the solvent GEl, (at 2988 and 3060 cnd)

The spectrum of the sample consisting of the adsorbed were absent from the spectrum (not shown), indicating that its
precursor ony-Al,O; after drying is shown in Figure 1b, adsorption was negligible.
spectrum 1. The spectrum of the adsorbed precursor is similar Information about the extracted species is given in the
to that of the precursor in solution (Figure 1a), but the peaks following section.
are broadened and shifted, to 2073(w, sh), 2038(s), and 2011- A weak peak at 2137 cm was observed in the spectrum of
(w, sh) cnT!. The existence of theco bands confirms that the  the supported precursor, both before and after the attempted
adsorbed species were still metal carbonyls; the shifting and extraction; this might be assigned to small amounts of supported

broadening of these bands indicate changes of th& ®ond P&T—CO or Pt—CO species formed from the bimetallic
strength after metal atoms in the precursor interacted with clusters; peaks characterizing such species have been observed
oxygen atoms of the nonuniform support surfa&eSuch in the range of 21352110 cnm1.27.28 Furthermore, there was a

interactions resulted in more back-bonding from metatto weak, broad band at 1589 ciy suggesting the coordination
antibonding orbitals of carbonyl carbon and weakened th©®C  of some clusters to surface #lions (Lewis acid sites) of the
bond. The similarity of the spectral shape to that of the precursor y-Al,03.2°
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Figure 2. IR spectra invon region: (1) barey-Al,Os calcined at 400 =
°C for 14 h; (2) dried sample prepared fromsRUs(CO)a(us-H) (- %
H)3 and j/-A|203. 8
Treatment of the supported metal carbonyl in He at 300 £
for 2 h led to essentially complete decarbonylation, indicated 2 i~ - Supported sample after treated in He
by the disappearance of all of the carbonyl bands (Figure 1b, ] "z”pi":"e" sample before treated n He
==Ru folil
spectrum 3). 0.0 . . : .
Extraction of Adsorbed Metal Carbonyl Precursors. After 30 10 10 30 50 70

30 min of contact of the supported metal carbonyl clusters with Relative Energy, E-E, (eV)

CH.Cl,, thevco peaks remained essentially unchanged, indicat- Figure 3. (top) XANES spectra scanned at Ri ledge characterizing

; he y-Al,Os-supported PtRu sample prepared by adsorption {uet
ing that the supported clusters were strongly adsorbed, but thetf€7-Al20s ;

. : L (CO)(us-H)(u-H)s before and after treatment in He at 3@Wcompared
extract solution had very light brown color similar to that of with Pt foil. (bottom) XANES spectra scanned at Ru K edge

the solution after the initial adsorption step. This observation characterizing the-Al Os-supported PtRu sample prepared by adsorp-
shows that a small amount of the adsorbed precursor wastion of PERuUs(CO)a(us-H)(u-H)s before and after treatment in He at
extracted into ChCl,. Thevco spectrum of the extract solution 300 °C compared with Ru foil.

was characterized by three low-intensity peaks, at 2065(s), 2046-

(m), and 2031(w) cm' (Figure 1c); the spectrum is similar to  respectively) show oscillations up to values kfof ap-
that of the precursor in solution, except that the shoulder at 2081 proximately 13 and 15 AL, respectively, indicating the presence
cm~1 was barely observed. of near-neighbor higlZ backscatterers around the Pt and Ru

Evidence of Reaction of Cluster Precursor withy-Al,0s. atoms.

Consistent with bonding of OH groups of the support to the A self-consistent EXAFS analysis requires that the bond
metal carbonyl, the IR bands in they region of the spectrum  distances and DebyéNaller factors representing the-FRu
characteristic of barg-Al O3 at 3786 and 3728 cni (Figure interactions be equivalent in the fits determined at each metal
2, spectrum 1) decreased in intensity after adsorption of the edge; furthermore, the corresponding coordination number,
metal carbonyl cluster (Figure 2, spectrum 2), consistent with Npr, must be related ttrypt as follows: NpirdNrupt = NrY
reaction of the support OH groups with the cluster during the np, whereng, andng; are the total numbers of Ru and Pt atoms
adsorption. (The IR spectra comparing the bp+al,O3; and in sample?~® These constraints were applied in the data fitting.
that with adsorbed precursor are not quantitatively comparable, The resultant EXAFS parameters are summarized in Table 1.
because separate samples with different thicknesses were used.) The EXAFSPAK softwaré was used to obtain estimates of

The bands at 3786(w), 3728(m), and 3672(m) have beenthe error bounds in these parameters (Tables 1). The error
assigned to isolated surface OH groups, and the broad absorptiotrounds represent precisions determined from statistical analysis
centered at 3575 cm has been assigned to hydrogen-bonded of the data from the multiple scans, not accuracies. The
OH groups®®31 The only bands in theoy region remaining estimated accuracies of the EXAFS parameters (and those
after adsorption of the cluster were observed at 3679(w)lcm  reported below) characterizing the metatetal contributions
(representing isolated OH grotfisand 3587(w) cm? (repre- are approximately as follows: coordination numbgr:20%;
senting hydrogen-bonded OH groug§! Thus, we infer that  distanceR, £1%; Debye-Waller factorAo?, +30%; and inner
the cluster precursor reacted principally with isolated surface potential correctiom\Eg, +£10%; the accuracies of the metal
OH groups of the support. oxygen contributions are somewhat less.

XANES Data Characterizing Supported Sample Before The EXAFS results of Table 1 include coordination numbers
and After Decarbonylation. The raw XAS data characterizing and distances of metametal (Pt-Pt, Pt-Ru, Ru-Pt, and Ru-
the supported clusters prepared frorsRRE(CO)1(us-H) (1-H)3 Ru); metat-carbonyl carbon (PtC, Ru—C); and metat-support
before and after decarbonylation, showing changes at thg Pt L (Pt—Osypport Ru—Osuppor) bONds, as well as of PIOO* and Ru-
and Ru K edges, are presented in Figure 3a and b, respectivelyO* contributions, where O* represents carbonyl oxygen. The
These data are similar to those characterizing the respectivemetal-metal coordination numbers (Table 1) are consistent with
metal foils and indicate the metals in oxidation states near zero,the inference that the cluster core of adsorbed precursor,
but further statements are not justified. although distorted, remained essentially intact.

EXAFS Data Characterizing Adsorbed Metal Carbonyl Table 1 includes a comparison of the EXAFS-determined
Clusters. The normalized and Fourier-transformed EXAFS data bond distances and coordination numbers of the adsorbed
are shown in Figure 4 (solid line), along with the fits (dotted precursor ony-Al,0O3 with the crystallographic data character-
line). The data at the Ptl.and Ru K edges (Figure 4A and C, izing PtRuUs(CO)i(us-H)(u-H)3.*® The average PPt bond
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Figure 4. EXAFS results scanned at Pf,Ledge and at Ru K edge characterizing thal ,Os-supported PtRu sample prepared by adsorption of
PERUs(CO)(us-H)(u-H)s: (A) Experimental EXAFS function (solid line) and sum of the calculated Rt Pt-Ru, Pt-C, Pt-O*, Pt—Os, and
Pt—0, contributions (dotted line). (B) Magnitude of uncorrected Fourier transféPravéighted) of experimental EXAFS function (solid line) and
sum of the calculated PPt, Pt-Ru, Pt-C, Pt-O*, Pt—Os, and P+ O, contributions (dotted line). (C) Experimental EXAFS function (solid line)
and sum of the calculated RiRu, Ru-Pt, Ru—C, Ru—0*, Ru—0s, and Ru-O, contributions (dotted line). (D) Magnitude of uncorrected Fourier
transform K° weighted) of experimental EXAFS function (solid line) and sum of the calculatedRRy Ru-Pt, Ru-C, Ru—0*, Ru—0,, and
Ru—0, contributions (dotted line).

TABLE 1: Summary of Structural Data Characterizing Crystalline Pt 3Rug(CO),1(us-H)(#-H)3,12 Supported Species Formed
from this Cluster on y-Al,03, and Sample after Adsorption of PERug(CO),1(s-H)(u-H)3 on y-Al,052

XRD?*3 data
characterizing EXAFS data characterizing sample formed by EXAFS data characterizing sample formed by
PERUs(CO)1 adsorption of RRUs(CO)1(us-H)(u-H)s on adsorption of RRuUs(CO)1(us-H)(u-H)s on
(uz-H)(u-H)s y-Al203 y-Al Oz after treatment in He at 30 for 2 h
10 x Ac? 10° x Ao?
edge shell N R(A) N R(A) (A? AEq (eV) N R(A) (A? AE (eV)
PtLy Pt—Pt 2.0 264 2201 2.68+0.01 6.4+03 27+£01 1.7+£02 264+001 3.0£07 —-45+0.8
Pt—Ru 4.0 2.80 3.9-0.1 2.95+0.01 6.9+ 0.1 —-8.2+0.1 22+01 2.68+0.01 4.2+05 6.0+ 0.3
Pt+CO
Pt-C 1.0 185 0.8t01 1.85+0.01 -0.1+04 6.2+ 0.3
Pt—0O* 1.0 299 0.8:0.1 3.09+0.01 —-109+0.1 10.6+0.2
Pt*osuppon
Pt0Os 1.8+0.1 2.55+0.01 0.7+£0.2 —0.6+0.1 22+0.1 208+0.01 11.3+-14 8.7+ 0.6
Pt—0 234+0.1 3.05£0.01 -7.3+£01 19.2+0.1 08+0.1 2.99+0.02 —23+20 -7.6+14
RuK Ru-Ru 2.0 3.04 1901 2.83+0.01 125+06 7.1+0.2 21+0.1 2.62+0.01 4.1+03 -13.3+0.3
Ru—Pt 2.0 280 2.6£0.1 2.95+0.01 7.0£0.5 9.9+ 0.3 1.0+0.1 2.68+0.01 45+ 0.7 —-11.5+1.0
Ru—CO
Ru—-C 3.0 189 3.H0.1 1.88+0.01 3.8+0.2 —43+0.3
Ru—O* 3.0 3.03 3.1+0.1 3.00+0.01 1.6+03 —-1.4+0.2
RuU—Osupport
Ru—0s 14+0.1 2.34+0.01 9.3+ 0.7 123+0.2 1.2+0.1 2.06+0.01 10.9+1.7 4.1+ 0.7
Ru—G 06+0.1 340+0.01 -21+12 16.2+05 21+01 289+0.01 0.1+0.7 11.8+0.2

2 Notation: O* refers to carbonyl oxygen;s@nd Q refer to support oxygen at short and long distances, respectively.

length in the chemisorbed cluster (2.880.01 A) is slightly less than that in the precursor (average value, 3.04 A). These
greater than that in the crystalline precursor (average, 2.64 A), results indicate distortion of the cluster frame upon adsorption.
but the average P{Ru bond length in the chemisorbed cluster ~ The average distances between Pt (or Ru) atoms and the
(2.954 0.01 A) is markedly greater than that in the crystalline carbon atom of the carbonyl ligands in the adsorbed species
precursor (average value, 2.80 A). The average-Ru bond nearly match those in the precursor. The-8t distance is 0.1
length in the adsorbed species (2.830.01 A) is markedly A greater than that of the precursor, and the-fR distance
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Figure 5. EXAFS results scanned at Pfledge and at Ru K edge characterizing $hal,Os-supported PtRu sample prepared by adsorption of
Pt&RuUs(CO)a(us-H)(u-H)s followed by treatment in He. (A) Experimental EXAFS function (solid line) and sum of the calculateft PPt-Ru,
Pt—Os, and P+O; contributions (dotted line). (B) Magnitude of uncorrected Fourier transfdfhweighted) of experimental EXAFS function
(solid line) and sum of the calculated-A?t, Pt=Ru, Pt-Os, and PtO, contributions (dotted line). (C) Experimental EXAFS function (solid line)
and sum of the calculated RiRu, Ru-Pt, Ru-Os, and Ru-O; contributions (dotted line). (D) Magnitude of uncorrected Fourier transfdfm (
weighted) of experimental EXAFS function (solid line) and sum of the calculatedRRil Ru—Pt, Ru—0Os, and Ru-O, contributions (dotted line).

is barely different from that of the precursor. The data give  Furthermore, the EXAFS data confirm the IR data in showing
evidence of interactions between the metal and support oxygenthat the decarbonylation was essentially complete because
atoms, characterized by a-RDs distance (s refers to short) of  neither P+C nor Ru-C contributions were observed for the
2.55+ 0.01 A (with a coordination number of 18 0.1) and sample treated in He.
a Ru-Osdistance of 2.34t 0.01 A (with a coordination number The values of the metaimetal coordination numbers show
1.4+ 0.1). These data provide evidence of strong metapport that the decarbonylated clusters on the support were similar in
interactions, which presumably helped to induce the aforemen-size to the metal frame of the precursor.
tioned distortions in the metal frame and changes in the metal Models of the supported clusters consistent with these
CO bonding. coordination numbers are shown in Table 2. The models were
EXAFS Data Characterizing Decarbonylated Clusters on constructed on the basis of the metaletal coordination
Support. The normalized and Fourier-transformed EXAFS data numbers obtained in the analysis of the EXAFS data, with errors
and the corresponding fits representing the supported PtRuof approximately+20%. For simplification in construction of
clusters after decarbonylation are shown in Figure 5. The datathe models, the atomic sizes of Pt and Ru were assumed to be
scanned at the PtlLand Ru K edges (Figure 5A and C) show the same, and the interactions between metal and support oxygen
oscillations at values df of as much as about 13 and 14 & were not included.
respectively, indicating the presence of near-neighbor High-  Catalytic Activity of Supported Bimetallic Clusters for
backscatterers around Pt and Ru atoms. The relatively weakEthylene Hydrogenation. In the catalytic reaction experiments
oscillations in the higtk regions indicate the absence of large with ethylene and Kas the feeds, the only observed product
(aggregated) metal clusters in the sample. was ethane. The conversions of ethylene andfltictuated
Table 1 also includes a summary of the EXAFS results around 11.0% at the first 50 min time on stream (TOS) at the
characterizing the metametal (Pt-Pt, Pt~Ru, Ru-Pt, and temperature-40 °C and became nearly constant at 10.0% for
Ru—Ru) and metatsupport contributions (PtOsypporrand Ru- the duration of the testing (up to 110 min TOS). The catalytic
Osuppor)- Each of the metatmetal bonds after ligand removal  activities in terms of turnover frequency (TOF) and the
from the supported clusters was shorter than that characterizingiemperature dependence of TOF (the apparent activation energy,
the adsorbed precursor. Although the—Pt and RuRu Eapp Of these PtRu catalysts and other Pt catalysts are compared
coordination numbers did not change significantly upon decar- in Table 3. TOF was calculated on the basis of the inference
bonylation, the PtRu and Ru-Pt coordination numbers  from the EXAFS data that essentially all of the metal atoms in
decreased to approximately half of the initial values. The clear the clusters were accessible to reactants. (The calculation ignores
evidence of PtRu bonds (based on data at both metal edges) any lack of accessibility of Pt or Ru atoms resulting from their
demonstrates that intact bimetallic PtRu clusters were preparednearness to the support.) The rate data are summarized in the
successfully from the bimetallic precursor. Arrhenius plots of Figure 6.
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TABLE 2: Top View of Models of Bimetallic Clusters on y-Al,O3 Prepared from PtsRug(CO)1(us-H)(#-H)3 after Treatment in
He at 300°C for 2 h Based on EXAFS Metal-Metal Coordination Numbers?

Structure Proposed cluster models N
D Pt R PPt =2

Pt-Ru =23

Ru-Ru=2

¢

Ru-Pt =1.2
Pt-Pt =2

(m
Pt—Ru =23

Ru-Ru=2

A
=

Ru-Pt =12
Pt-Pt =2

(1)
Pt-Ru =2
Ru-Ru=2

:

Ru-Pt =1
P-Pt =2

(Iv)
u Pt-Ru =2
Ru-Ru=2

Ru-Pt =1

2

V) Pt-Pt =13
Pt-Ru =23
Ru-Ru=2

Ru-Pt =1.2

rg
2
c

@ The estimated errors in the coordination numbéy gre +20%.

TABLE 3: Activities of Ethylene Hydrogenation Catalysts: Supported PtRu and Pt Clusterg

activity,
turnover frequency 10* Eapp temperature
precursor(s) support (sh at—40°C (kcal/mol) (°C) refs

P&ERUs(CO)1(us-H) (u-H)s y-Al;03 12.2+1.0 7.4+0.1 —40to—5 this work
Pt(acac) + Ru(acac) y-Al,03 1544+ 0.4 8.1+ 0.1 —50to—10 36
Pt(cod)C} + Ru(cod)Ch y-Al;03 6.8+ 0.2 6.7+ 0.1 —50to—10 36
RuPt(CO)(PPh); functionalized 78+1.2 7310 98 37

cross-linked

polystyrene
Pt vapor ALO3 10.2+ 0.2 40 to 150 38, 39

a Notation: Eapp apparent activation energy; cod, 1,5-cyclooctadiene; Ph, phenyl.

Catalytic Activity of Supported Bimetallic Clusters for duration of the experiment (250 min TOS) with temperatures
n-Butane Hydrogenolysis. The products of the reaction of varied in the range of 196260 °C. These results imply that
n-butane and Hwere methane, ethane, and propane, consistentcatalyst deactivation such as might be caused by aggregation
with the occurrence of catalytic hydrogenolysisdiutane. The of metal particles or coking did not occur significantly during
conversions of-butane and kiranged from 0.5 to 41.1% for  the catalytic tests.
temperatures in the range of 190 to Z&0 The activity of the The catalytic activity in terms of TOF at 22@ was found
catalyst is represented as the average TOF calculated fromto be (5.24 0.2) x 104 s~L The product distribution data are
conversions to methane, ethane, and propane presuming thashown in Figure 8. As the temperature increased, the amount
they were differential; this is only an approximation for the of ethane, propane, amsb-butane decreased, becoming almost
higher conversions. independent of temperature at temperatures higher thah20

Figure 7 shows thab-butane hydrogenolysis activity at In contrast, the selectivity for methane increased as the
temperatures in the range of 19R60 °C increased with temperature increased, becoming almost independent of tem-
temperature. There was almost no activity at 2@0 At this perature at temperatures higher than 220An Arrhenius plot
temperature, the conversion increased slowly with TOS in the (Figure 9) shows the temperature dependence of the approximate
flow reactor and became constant at about 1.1% after 60 min. TOF values, with the data obtained at ascending temperatures
At 260 °C, the conversion became approximately 20% after 160 in the range of 190 to 26€C; the apparent activation energy
min TOS, and then it remained nearly constant for the whole was found to be 30.9 kcal/mol.
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Figure 6. Arrhenius plot representing ethylene hydrogenation catalyzed
by PtRuf-Al,0; samples prepared from adsorption ofFRE(CO):-
(ua-H)(u-H)a.
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Figure 7. Dependence of activity with time on stream (TOS) for
n-butane hydrogenolysis catalyzed by PtRMOs.
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Figure 8. Dependence of selectivity on reaction temperature for
n-butane hydrogenolysis catalyzed by PtRM,Os.

Discussion

IR Evidence of Interactions between Cluster Precursor
and y-Al,03. The carbonyl bands in the IR spectra show that
PtRUs(CO)a(us-H)(u-H)s was adsorbed essentially intact on
y-Al,03, becoming somewhat distorted and interacting with the
surface primarily via C&ligand—OH group combinations. The

Chotisuwan et al.
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Figure 9. Arrhenius plots characterizing-butane hydrogenolysis
catalyzed by PtRgtAI Oz the TOF values represented here are
approximate, because the conversions were not all differential, and the
data demonstrated deactivation of the catalyst.

between the metal atoms in the clusters and support oxygen
atoms might have had more influence on the changes of carbonyl
bands than the hydrogen bonds. When metal atoms accept
electron from support oxygen atoms, they have an increased
tendency to back-donate electron density to emgtprbitals

of carbonyl carbon atoms, resulting in weakened@hbonds

and causing the shift of theco bands to lower frequency.

The IR spectrum of the dried sample after the attempted
extraction with CHCI, (Figure 1b, spectrum 2) closely re-
sembles that of the freshly prepared sample, indicating that the
adsorbed species remained stably adsorbed. The tight binding
of the precursor to the support, combined with the evidence
summarized above indicating retention of the cluster frame,
demonstrates the preparation of strongly adsorbed clusters from
which ligands might be removed without substantial breakup
of the metal frame or aggregation of the metal.

EXAFS Evidence of Interactions between Cluster Precur-
sor and y-Al,03. The EXAFS parameters indicating cluster
support interactions (Table 1) represent averageMpport
distances and coordination numbers (where M is Pt or Ru). The
interactions are characterized by both short and long metal
oxygen contributions (MOs and M—0;). We infer that the
interactions between the metal and support oxygen atoms helped
to maintain the cluster dispersed on the support. The average
Pt—0Os distance was 2.5% 0.01 A with a coordination number
1.8+ 0.1, and the average R®s distance was 2.34 0.01 A
with a coordination number of 1.4 0.1. Both distances are
longer than the 2.26- 0.01 and 2.13t 0.01 A for PtOs and
Ru—0Os reported previously for a cluster lacking hydride ligands,
PtRw(CO)s adsorbed ory-Al,03.% These Ru-Os distances
Zre longer than that characterizingdRTiO); on y-Al ,05 (2.17

).32

These observations agree with the inference based on electron
counting that the metal core of the precursor with hydride
ligands, PiRus(CO)1(us-H)(u-H)s, was coordinatively saturated
and interacted more weakly with oxygen atoms of th&l ;03
than the metal core of fRw(CO)s, which was not coordina-
tively saturated® We infer that the distances between the metal
atoms and the support oxygen atoms were relatively long
because the metal frame was surrounded by carbonyl ligands,

changes of the support OH bands show that the adsorptionwhich prevented closer contact. Consistent with this inference,

involved interactions of the clusters with support OH groups,

these distances became smaller when the CO ligands were

presumably by hydrogen bonding; however, the carbonyl oxygen removed, as discussed below.

atom was only slightly polarized, and the hydrogen bonds are

The data also indicate changes in the average distances and

inferred to have been weak. We suggest that the interactioncoordination numbers of the MCO bonds resulting from the
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adsorption. The M-Ogypportinteractions between the precursor
andy-Al,03 were evidently sufficient to lengthen some-O
bonds (with a corresponding observed increase of theOPt
distance). The data of Table 1 show that the ®tand Ru-C

J. Phys. Chem. B, Vol. 110, No. 25, 20062467

adsorbed precursors; and the interactions between the metals
and support oxygen atoms indicated by the EXAFS data. The
shift of the carbonyl bands to lower frequency indicates
weakening of the €0 bonds, which could be the result of

distances and coordination numbers characterizing the adsorbedhteractions between the carbonyl oxygen and support (e.g.,
species were similar to those in the crystalline precursor (bond support OH groups) and/or donation of electron density by

distance 1.85+ 0.01 and 1.88+ 0.01 A, respectively). The
average PtO* distance in the adsorbed species was 309

support oxygen atoms to the metals, resulting in increased back-
donation of electron density from the metal A% orbital on

0.01 A, longer than the distance in the unsupported crystalline carbon.

form (2.99 A, Table 1}3

In summary, the IR and EXAFS data show that the adsorption

In summary, the comparison indicates that the precursor of PERUs(CO)i(us-H)(u-H)s on y-Al,O3 gave chemisorbed
adsorbed strongly on the support, and on the basis of thespecies similar to the cluster precursor but with some distortions
preceding discussion we infer two types of interactions: those that are indicative of the adsorbatsupport bonding.
between the metal and support oxygen atoms and those between  Stability of the Metal Frame in Decarbonylated Clusters.

carbonyl oxygen atoms and support OH groups.
In contrast to the PtCO contributions, the R4CO contribu-

tions did not change significantly as a result of adsorption.

A principal goal of this research was to prepare supported
bimetallic clusters that were nearly uniform (with the metal
frames intact) and highly dispersed on the support while no

Ru—C and Ru-O* interactions were observed at distances of longer incorporating the original ligands. Because the metals

1.88+ 0.01 and 3.08: 0.01 A, respectively, with coordination
numbers of 3.1 0.1. Interpretation of the RuCO contribu-

in metal carbonyl precursors are typically present in low
oxidation states, the activation to remove these ligands can often

tions is inferred to be complicated by changes of the hydride be carried out under mild conditions, with the prospect of leaving

ligands upon adsorption (see the next section).
Structure of the Cluster Frame after Adsorption. Table 1

the metals in a reduced state. Supported bimetallic clusters
prepared in this way offer the prospect of being highly selective

shows a comparison of the bond distances and coordinationcatalysts, associated with their near uniformity of structuPe.

numbers of RRUs(CO)1(us-H)(u-H)s (determined crystallo-

Characterization of the decarbonylated clusters by EXAFS

graphically®) with those of the adsorbed clusters determined spectroscopy provides evidence of any changes in the metal
by EXAFS spectroscopy. The most significant result is that the frame. The data show that as a result of the decarbonylation
metal-metal coordination numbers indicate that the metal core the Pt-Pt bond distance decreased from 2.68 to 2.64 A and the
of the precursor was essentially intact in the adsorbed clusters.Ru—Ru distance decreased from 2.83 to 2.62 A. The average
The essentially unchanged R€ and Ru-C coordination Pt—Ru (and Ru-Pt) bond distances (i.e., those determined from
numbers indicate the lack of decarbonylation. The average Pt the EXAFS data at the Pt (and Ru) edges, respectively)
Pt and P+Ru distances increased upon adsorption, from 2.64 decreased, from 2.95 to 2.68 A, but, most important for our
to 2.68 A and from 2.80 to 2.95 A, respectively. The cluster goals, the PtPt and Ru-Ru coordination numbers changed
expansion might have been caused by the interactions of Ptonly barely (if at all, in view of the errors in the data).
atoms with the support oxygen atoms. In contrast, the averageSpecifically, the values changed from 2:20.1 to 1.7+ 0.2
Ru—Ru distance decreased from 3.04 to 2.83 A. We suggestand from 1.9+ 0.1 to 2.1+ 0.1, respectively. These results
that the shortening of the average-RRu distance was the result  indicate that metal core was quite stable upon decarbonylation,
of loss of hydride ligands attached to afface and Ru-Ru with the metal frames remaining essentially intact, with no
edges; the new RuRu distance is similar to the averageRu  evidence of substantial aggregation of the metal on the support.
Ru distance of the hydride-free Réace of PtRus(CO)1(u- This is the first example of such structurally simple and uniform
CPhCHPh)¢-H), 2.81 A3 bimetallic clusters with the original ligands removed.

Removal of the hydrides would have provided empty  However, we emphasize that the coordination number
coordination sites on Ru to allow their interaction with the representing the PiRu and Ru-Pt contributions decreased from
support. The comparatively short RO distance of 2.34 A 3.9+ 0.1 to 2.2+ 0.1 and from 2.0+ 0.1 to 1.0+ 0.1,
supports this statement. Again, we expect that the interactionrespectively, indicating that metainetal bonds were broken
was hindered by carbonyl ligands and became stronger uponduring the decarbonylation. The changes in thef1 and Ru-

decarbonylation of the clusters.

The changes in average metahetal distances were different
from those observed for the physisorption ofFRY(CO)sg,°
corresponding to its lack of hydride ligands; the metaletal

Pt coordination numbers show that the bimetallic frames were
restructured as a result of the decarbonylation, presumably to
accommodate increased interactions with jth&l ;05 surface.

Models of the resultant bimetallic clusters are proposed on

distances of the adsorbed clusters nearly matched those of thehe basis of the PtPt, Pt~-Ru, Ru-Ru, and Ru-Pt coordination

precursor. The stronger precurs@upport interaction could

numbers (Table 2) (recall that the errors in these values are

have resulted from partial decarbonylation to provide empty approximately+20%). Metal atoms were presumed to be in a
coordination sites on the metals. reduced state after decarbonylation. Because the atomic radii
Our results, in contrast, show that a cluster precursor that of Pt and Ru are almost the same, namely, 1.38 and 1.34 A,
incorporates hydride ligands offers the opportunity for cluster respectively?® a nearly close packing of the metal atoms in the
chemisorption associated with loss of hydride ligands instead model clusters was taken as an appropriate approximation. We
of carbonyl ligands. caution that the data are not sufficient to determine the exact
Evidence that Supported Clusters were Chemisorbedlo cluster structures and that the presence of mixtures cannot be
repeat, a number of results support the inference that there wereexcluded.
strong interactions between the precursor and support: the After removal of the carbonyl ligands, the metal atoms had
shifting of the carbonyl bands of the precursor to lower more empty coordination sites and could form stronger bonds
frequencies; the decrease in the intensity of bands representingvith the electronegative surface oxygen atoms. The average Pt
support OH groups; the lack of significant extraction of the Os distances decreased from 2.55 A in the adsorbed metal
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carbonyl species to 2.08 A (with a coordination number of 2.2) selectivity for ethane, suggesting that bonding rebutane

in the decarbonylated sample. The latter distance indicates Pt occurred mainly through 2,3-adsorption, was reported for RhPt/
Os bonds, which are typical of supported platinum-group metal Si0,.*2 The mainn-butane hydrogenolysis reaction on RhPt/
catalysts’? The PtOs coordination number increased some- SiO, was central-bond cleavage to form ethane, with methane
what, from 1.8+ 0.1 to 2.2+ 0.1, indicating that the triangular ~ and propane resulting from terminal-bond cleavage or 1,2-
Pt; unit might have tilted to the support to increase interaction adsorption. Thus, our data suggest that most of tHatitane

with support oxygen. The average ROs distance also bonded to the bimetallic catalyst as 2,3-adsorbed species giving
decreased, from 2.34 to 2.06 A. Furthermore;-Rudistances ethane as the main product, rather than 1,2-adsorbed species.
longer than normal RuO bond distances were observed, However, the data do not exclude multiple hydrogenolysis,
namely, Ru-O; at 2.89 A and RuOp at 3.32 A. The consistent with the observed higher selectivity for methane than
observations imply that the Ru atoms were in a more open propane.

structure than the Pt atoms, which were located between Ru

atoms (Table 2). The coordination number characterizing the Conclusions

Ru—Os contribution decreased only ingignificantly, from B4 PRUs(CO)p1(us-H) (u-H)s was used as a precursor to prepare
0.1 to 1.2+ 0.1. The PO coordination number is greater  g,pnorted bimetallic clusters grAl ,0s. Chemisorption of the
than the RerOs coordination number, indicating that some Ru - yecyrsor followed by decarbonylation led to bimetallic clusters
atoms might have been positioned next to other metal atomsg, the support with a metal frame essentially the same size as
within the cluster. Th_us, models Il and IV in Table 2 are inferred 4t of the precursor. The hydride ligands on the precursor are
to be more appropriate than models I, Ill, and V. inferred to facilitate its simple chemisorption. As the CO ligands
The total coordination number characterizing groups bonded were removed from the adsorbed clusters by treatment in He at
to Pt was not significantly different from that of Pt atoms in 300 °C, the metals interacted more strongly with the support,
the crystalline form of the precursor or from that characterizing accompanied by some change in the structure of the metal frame,
the metal carbonyl ory-Al,O; before decarbonylation; the as characterized by EXAFS spectroscopy. Models of the
corresponding values for Ru are lower than those of the supported clusters are presented in Table 2. These supported
crystalline precursor and the adsorbed metal carbonyl. Therefore bimetallic clusters are evidently the first with metal frames
we infer that there was no significant aggregation of metal matching those of a bimetallic precursor and structurally the
resulting from decarbonylation in He at 300; these treatment  best-defined supported bimetallic catalysts.
conditions were evidently not severe enough to break all of the
Pt—Ru bonds. Acknowledgment. We thank N. E. Schore of the University
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