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Abstract

Mononuclear gold complexes supported on MgO powder were prepared by adsorption of ¢(@H7O,) and tested as catalysts
for ethylene hydrogenation at atmospheric pressure and 353 K. The catalyst was characterized in the working state with extended X-ray
absorption fine structure (EXAFS), X-ray absorption near-edgetire (XANES), and infrared (IR) spectroscopies. EXAFS and XANES
data demonstrate the presencenainonuclear Au(lll) complexes as the predominantaefgold species during edysis, with no evidence
of metallic gold clusters, confirmed by the lack of Au—Au contributions in the EXAFS spectra and the presence of the characteristic features
of Au(lll) in the XANES spectra. Tie mononuclear gold complex is bomid® two oxygen atoms of the MgO surface at an Au-O distance
of 2.16 A. Ethyl andr-bonded ethylene on the mononuclear gold were identified by IR spectroscopy, with the former identified as a reactive
intermediate and the latter appatfgra spectator or involved as an intermediate ifually equilibrated steps. Hydrogen on the mononuclear
gold is inferred to form by dissociative adsorption of s indicated by the order of the catalytic reaction yndfi0.5.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction transition-metal complexes solution. Spectra characteriz-
ing precisely synthesized catalysts of this type promise rapid
Ethylene hydrogenation is a widely used test reaction advances in the understanding of how they funci&in
for supported metal particles and surfaces, offering the ad- Our goal was to investigate the performance of a site-
vantages of small reactant negules that form adsorbates isolated mononuclear gold complex catalyst and to iden-
(ligands) that may be identified by infrared (IR)] or sum tify the reactant-derived ligands on the metal during ethyl-
frequency generation (SFG) spectrosc¢®y under reac- ene hydrogenation catalysis and to characterize the metal—
tion conditions. With many metals, the reaction occurs under support bonding. We report rates of catalytic hydrogenation
such mild conditions that significant alteration of the catalyst of ethylene and extended X-ray absorption fine structure
structure, such as sintering of the mggjl can be avoided.  (EXAFS), X-ray absorption near-edge structure (XANES),
Spectra of supported mononuclear metal complex catalystsand IR spectra of a MgO-supported gold complex catalyst
for ethylene hydrogenation allow characterization of the lig- in the working state. Gold was chosen because mononu-
ands on the metal, providing a basis for comparison of metal clear gold complexes are used frequently in organometallic
surfaces and cationic metal complexes (such as Wilkinson'schemistry, having been idéfied as catalysts for reactions
catalyst) as catalysfd]. including addition of alcohols to alkyndg], asymmetric
Notwithstanding the novelty and practical importance of 3|dol reactiong8], C-C bond formatiorf9], oxidative car-
supported single-site metal complex catalysts (exemplified ponylation of amine§10], selective hydrosilylation of alde-
by the commercial successe$ metallocenes for alkene  hydeq11], addition of water or methanol to terminal alkynes
polymerizatior{5]), they are much less well understood than [12] formation of hydrogen peroxidfi3], selective oxi-
dation of glycerol to glyceric acif14], hydrogenation of
~ * Corresponding author. crotonaldehyde and of butenfdl5], and hydrochlorination
E-mail addresshcgates@ucdavis.edu (B.C. Gates). of acetylend16]. We recently communicated evidence of a
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MgO-supported mononuclear gold complex as an ethyleneout with an ethylene partial pressurBehyiend of 40 Torr

hydrogenation cataly$17]; here, we provide a full reportof ~ and aPhydrogen0f 160 Torr at 353t 2 K. Kinetics exper-

the catalyst performan@nd characterization. iments were done by varying the ethylene ang pértial
pressures in the range 35-300 and 35—-450 Torr, respectively.
Experiments were also carried out at other reaction tem-

2. Experimental methods peratures. Steady-state reaction rates, reported as turnover
frequency (TOF, rate of reaction per Au atom per second),

2.1. Materials, sample preparation, and handling were determined from differential conversions with an accu-
racy of about=10%.

The synthesis and handling of the MgO-supported mono-
nuclear gold complex were carried out as befdrg under
anaerobic and anhydrous catmghs on a double-manifold
Schlenk vacuum line and in a glove box purged withthit
was recirculated through traps containing particles of sup-  X-ray absorption experiments were performed at beam-
ported Cu and zeolite 4A for removal ohb@nd moisture,  line X-11A of the National Synchrotron Light Source
respectively. He (Matheson, 99.999%) and ethylene (Mathe- (NSLS) at Brookhaven National Laboratory, Upton, NY. The
son, 99.5%) were purified by passage through similar traps.ing current was 110-250 mA, and the storage ring operated
H> was supplied by Matheson (99.999%) or generated by With an electron energy of 2.5 GeV. Higher harmonics in the
electrolysis of water in a Balston generator (99.99%) and X-ray beam were minimized by detuning the Si(111) dou-
purified by passage through traps. The MgO support (EM ble crystal monochromator by 20-25% at the Ay kedge
Science, 97%) was calcined inp@t 673 K for 2 h (BET ~ (11919eV).
surface area, 60 fiy~1), isolated, and stored in a glove Transmission X-ray absorption spectroscopy (XAS) ex-
box until it was usedu-Pentane solvent (Fisher, 99%) was periments were used to characterize the sample in the pres-
dried and purified by refluxing over sodium benzophenone ence of flowing mixtures of He, /i and GHa as hydrogena-
ketyl and deoxygenated by sparging of.N'he precursor  tion catalysis took place; the conditions essentially matched

2.3. X-ray absorption spectra of functioning catalysts

Au(CHgs)2(acac) (Strem, 98%; acac i;iB702) was puri- those of the flow reactor experiments described in the pre-
fied by sublimation after it was received; this compound is ceding section. In a Nfilled glove box at the synchrotron,
temperature sensitive dmequires refrigeration. 0.2 g of powder sample was loaded into an XAS cell/reactor

The samples were prepared by slurrying Augifiacac) (the powder catalyst was held in the middle of an XAS
in dried and deoxygenatedpentane with partially dehy-  cell/reactor by glass wool plugs), which was then isolated,
droxylated MgO powder. The slurry was stirred for 1 day and removed from the glove box, and installed in the flow sys-

the solvent removed by evacuation (pressur0—2 Torr) tem at the beamline without contact of the catalyst with air or
for 1 day. moisture. The XAS cell/reactor operating at low conversions

is well approximated as an isothermal plug-flow reactor; de-
2.2. Ethylene hydrogenation catalysis in a plug—flow tails of its design and analysis of its operation are presented
reactor elsewherg18].

Ethylene hydrogenation catalysis was carried out in 24
a once-through tubular quartz reactor (8 mm i.d.) at at-
mospheric pressure and 353 K. The reactor in the glove box
was loaded with a mixture of inert-Al,O3 and catalyst Catalysis was also carried outin an IR cell/reactor (In-situ
powder (typically 100-200 mg) in a 100:1 ratio by mass. Research Institute, Inc.,08th Bend, IN) under conditions
The loaded reactor was isolated, removed from the glove Similar to those used in the kinetics and X-ray absorption
box, and installed in a flow system without contact of the SPectroscopy experiments. A Bruker IFS 66v spectrome-
catalyst with air or moisture. ter with a spectral resolution of 4 cth was used to col-

An on-line gas chromatograp(Hewlett—Packard, HP-  lect transmission IR spectra of the sample powder. Samples
5890 Series I1), equipped with a 30-m0.53-mm DB-624 were pressed into self-supporting wafers and loaded into the
(J&W Scientific) capillary column (with M as the carrier ~ cell connected to a vacuum/adsorption system, which al-
gas, flowing at 2.5 mL (NTP) mint) and a flame-ionization ~ lowed recording of spectra \ith the treatment gases flowed
detector, was used to analyze the reaction products. Converthrough and around the wafer during catalysis. IR spectra of
sions of ethylene to ethane at steady state were differentialadsorbate ligands were determined by subtracting the spec-
(less than 5%), determining reaction rates directly. trum of the sample in He from that of the sample in the treat-

The total feed flow rate (He Hz + CoHy) to the reactor  ment gas. Spectra charactergithe ligands present during
was 100 mL (NTP) mint. Under these conditions, the reac- steady-state ethylene hydrogenation catalysis were recorded
tor is well approximated as asathermal plug—flow reactor.  under various reaction conditions. Each reported spectrum is
Catalytic hydrogenation of ethylene was typically carried the average of 128-512 scans.

IR spectroscopy of functioning catalysts
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Table 1
Crystallographic data characterigitthe reference compounds and Fourier tiams ranges used in the EXAFS analysis
Reference Shell Crystallograplui data Fourier transform
compound N R A) Ref. N Ar (A) nP
Au Au-Au 12 288 [22] 1.00-2000 0.00-800 3
Au foll Au-Au 12 288 [21] 2.64-1960 150-340 3
Au(CHg)»(acac) Au-0 2 D8 [21] 2.61-1631 130-240 2
NayPt(OH) Pt—O (Au-0) 6 205 [20] 2.67-1569 000-210 2
Au(CHg)»(acac) Au-C 2 D5 [21] 2.64-1960 150-340 2
AuMgs Au-Mg 8 270 [23] 0.00-2000 000-800 3

@ Notation: N is the coordination number the distance between absorber and backscatterer atdheswave vector, andk and Ar the range intervals
used in the Fourier transformation.

boA k1 weighting was used in the Fourier transformation of the data for purpdsedracting the reference phasedamplitude functions of the absorber—
backscatterer pair.

3. EXAFSdata analysis Table 2
EXAFS results characterizing §0-supported mononuclear gold com-

Analysis of the EXAFS data was carried out with a dif- Plexe$
ference file technique by use of the software XDHP]. Shell N R Ac? x 10 AEg
No attempt was made to account for the small atomic X-ray Q) (A% (ev)
absorption fine structure (data obtained at low values, of  Au-Au b - - -
the distance from the absorber atom, Au) of the spectrum Au-Cs 21 216 020 345
other than by application of standard background subtractionAﬂz g'g ggg 12;‘ 125
techniques. lterative fitting was carried out until excellent ,,_ 20 204 235 257

. _ l_
Z‘greemﬁ?t;vg‘stattafmfftwehel: thle Ctalcmatdd) .k t’ and d & Notation: N, coordination numberR, distance between absorber and
-weighted datak(is the p O oelectron Wave. vector) an backscatterer atomsyo2, Debye—Waller factorA Eq, inner potential cor-
the postulated model. Experimentally determined referencerection. Expected errors: +10% R:+0.02 A, Ac2:+20% A Eq: +20%.

files prepared from EXAFS data&presenting materials of
known structureg[20,21] and theoretically determined ref-

erence files calculated by using the software FEFF 7.0 or

FEFF 8.0[22,23] were used in the analysi3dble 1. De-

The subscripts s and | refer to short and long, respectively.
b Undetectable.

typical of Au—Au bonds (e.g., 2.88 A), consistent with the

tails of the preparation of the reference files and data analysisinference that the supported species were highly dispersed

procedures are presented elsewHa#25] The number of

and mononuclear. The EXAFS data show that the gold atom

parameters used in fitting the data to each model is justi- in the surface complex was bonded to two oxygen atoms
fied statistically by the Nyquist theorem. The fitting ranges (Table 2. These are inferred to be part of the MgO sur-
in both momentum space and real space were determined byace, because the Au-O distance was found to be 2.16 A (vs
the data quality. The quality of the fitting was confirmed by 2.08 A in Au(CHs)2(acac)[26]), typical of M—O bonding

the values of fit diagnostic parametes$,(goodness of fit)  distances in other zeolitend oxide-supported mononuclear
and the variances between the data and the model predicgroup 8 metal complexd&7].

tions for the EXAFS functiory and the Fourier transform The XANES data characterizing this supported gold com-
of x (for k%, k1-, andk?-weighting of the data). plex are virtually identical to those characterizing crystalline
Au(CHgz)2(acac)[28]. This comparison indicates that the
gold retained its oxidation state eflll after chemisorption

of the precursor. This pointis addressed further below on the
basis of XANES data characterizing the working catalyst.
4.1. Synthesis of mononuclear Au(lll) complexes supported
on MgO

4. Results

4.2. Kinetics of ethylene hydrogenation

Adsorption of Al (CHs)»(acac) on MgO that had been
calcined at 673 K led to the formation of supported'Au
(CHz3)2{OMg} 2 (where the {OMg} ligands are part of the
support), consistent with our previous repfi?] and ev-
idenced by the IR bands in thecy region at 2954 and

The catalytic activities are reported per total Au atom, and
the EXAFS data, summarized below, show that they were all
present in mononuclear complexes in the working catalysts.

After a brief transient induction period (typically, 30 min)
[29], the supported gold complex catalyst was found to
2910 cnt! (which nearly match those representing thesCH have stable activity for ethylene hydrogenation at 353 K,
groups in solid Au(CH)z(acac)) and by the lack of Au—Au  Phydrogen= 160 Torr, Pethylene= 40 Torr, and Pue =
first- and second-shell contributions in the EXAFS spectrum 560 Torr, corresponding to a reaction rate (determined from
(Fig. 1). No Au—Au contributions were found at distances differential conversion data) of.2 x 10~3 molecules of
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g | Fig. 2. Arrhenius plot for ethylene hydrogenation catalyzed by mononu-
= clear gold complexes supported on MgO. Reaction conditions: 160 Torr
‘5 of Hop, 40 Torr of GHy, 560 Torr of He. The total feed flow rate was
E 0.00 100 mL (NTP) mim1, and the mass of catalyst was 0.10 g.
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Fig. 1. Results of EXAFS analysidaracterizing MgO-supported mononu- :_’ 0.01 -
clear gold complexes: (A) Experimental EXAFS function (solid line) and E
sum of the calculated Au-Ayg- Au-Os + Au-O + Au-Mg + Au-C
contributions (dotted line). (B) Imaginary part and magnitude of un-
corrected Fourier transformk({ weighted) of experimental EXAFS
function (solid line) and sum of the calculated Au-AuAu-Os +
Au-Qy + Au-Mg + Au-C contributions (dotted line). The Au-Au bond-
ing distance (2.88 A) in bulk gold metal is shown by a vertical dashed line. 0.001 T
10 100 1000
ethylene converted (Au atom s)~1. The only product ob- H, Partial pressure, Tor

served was ethane, and there was no measurable conversio

of ethylene and Hlin the absence of catalyst. The support 0.005

alone had a negligible activity. =
Kinetics data were collected for ethylene hydrogenation 0.004 -

catalyzed by the supported gold complexes. The apparent

activation energy determined from the dependence of TOF _ ., | i 3 s ¥

on temperature was found to be 51 kJ mo{Fig. 2). Data @

characterizing steady-state ethylene hydrogenation at 353 K"E"

indicate that the reaction order irpHat Pethylene= 40 Torr) 00027

was 0.5 and that the reaction order in ethylen&@érogen=

160 Torr) was 0.0Kig. 3). 0.001 -

4.3. XANES evidence of oxidation state of gold during 0.000 ; : ‘ : ‘ ‘
ethylene hydrogenation catalysis 0 50 100 150 200 250 300 350

C,H, Partial pressure, Torr
XANES data provide information about the electron den-
sity (oxidation state) and site symmetries of the gold species. Fig: 3. Kinetics of ethylene hydrogation catalyzed by MgO-supported
XANES peak locations and intensities characterizing refer- Menenuctear gold complexes at 383(A) Dependence of rate ong-par-
. . . . T tial pressure at a constant ethylenetipapressure of 40 Torr (the reaction
ence materials containing gold in various oxidation states, orger in 1 is 0.5). (B) Dependence of kabn ethylene partial pressure
summarized elsewhef29—-31] provide a basis for interpre-  at a constant K partial pressure of 280 Torr (the reaction order in ethyl-

tation of the data. The XANES spectra characterizing com- ene s 0.0).
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Table 3

EXAFS results characterizing §0-supported mononuclear gold com-
plexes during ethylene hydrogenationatgsis at atmospheric pressure and

353 K&

Conditions during scan Shell N R Ac? AEg
ag- Pethylene Phydrogen Phelium (A) X1203 ev)
& (Torr) (Torr) (Torr) (A%

e 40 40 680  Au-Au b - _ -
% Au-Os 20 218 134 278
28 Au-O, 0.8 287 253 312
.‘g Au-Mg 08 274 256 266
B Au-c P - - -
©
E 40 160 560 Au-Au B - — -
2 Au-Os 20 218 214 234
Au-O, 09 287 313 464
Au-Mg 09 273 246 317
Au-C b - -
220 220 320 Au-Au B - - -
Au-Os 20 219 324 178
Au-O, 09 288 322 856
Au-Mg 09 274 246 532
Au-C 06 199 -1.23 623
Fig. 4. XANES data characterizing MgO-supported mononuclear gold
complexes during ethylene hydrogéina catalysis at atmospheric pres- 220 460 80 Au-Au B - - -
sure and 353 K. Conditions: 353 K, 760 Torr (40-460 Torr of, H Au-Os 20 219 226 351
40-220 Torr of GHy, and the balance He); the total feed flow rate was Au-O 09 288 246 589
100 mL (NTP) min'1; the mass of catalyst was 0.1 g. Au-Mg 09 274 375 436

Au-C 05 194 -117 513
@ Notation: N, coordination numberR, distance between absorber and
plexes containing Au(III) show a prominent feature (White backscatterer atomsjo2, Debye—Waller factorA Eg, inner potential cor-

line) centered at an energy 4 eV higher than that of the Au rection. The total feed flow rate was 100 mL (NTP) min Expected errors

. . . .. N:£10% R:+0.02 A, Ac2: £ 20% A Eg: + 20%. The subscripts s and |
Ly edge. This absorption peak is missing from the spec- (efer to short and long, respectively.

tra of metallic gold because of the complete occupancy of
the d states (the gold ground-state electron configuration
is [Xe]4f'*5d%s"). Furthermore, the spectrum of Au(lll) 4.4, EXAFS evidence of structure of gold complex during
shows a broad shoulder at an energy 50 eV higher than thalethylene hydrogenation catalysis

of the X-ray absorption edge, whereas the spectrum of Au(0)

shows a shoulder at 15 eV and intense peaks at 25 and 50 €V The EXAFS parameters charadting the working cat-

beyond the edgi29-31]} alyst at 353 K and 760 TorrRethyienein the range of 40—
The XANES data characterizing MgO-supported gold 220 Torr, Phygrogenin the range of 40-460 Torr, and the bal-
complexes during catalysis at 353 K and at 760 Torr gnce He) show that the mononuclear gold complexes were
(160 Torr of H, 40 Torr of GHa, and the balance He)  maintained, as shown by the lack of Au—Au first- and higher-

show that the gold maintained the oxidation state+dff, shell contributions in the EXAFS spectrurfiaple 3. This
as shown by the retention of the intense peak at an energyresult and the observation that the support was catalytically
4 eV higher than that of the X-ray absorption edge and the inactive for ethylene hydrogenation bolster the inference that
broad shoulder at 50 eV beyond the X-ray absorption edge mononuclear gold complexes were the catalytically active
(Fig. 4). Similar results (not shown) were obtained when the species.
ethylene and bl partial pressures were varied in catalysis A small contribution in the EXAFS spectrum attributed to
experiments; Au(lll) complexes were identified in all cases Au—C (Table 3 is not sufficient to distinguish among possi-
during catalysis; the spectra were indistinguishable from that ble reaction intermediates bonded to the gold; however, this
of Fig. 4 contribution is consistent with the presence of hydrocarbon
The only observed changes in the XANES data char- ligands (possibly reaction intermediates) on the gold.
acterizing MgO-supported gold complexes during catalysis  Although the nuclearity of the gold complexes was main-
occurred within the first 30 min on stream (when the catalyst tained during catalysis, the structural parameters deter-
was approaching steady state), consisting of a slight reduc-mined by EXAFS spectroscopy that characterize the metal
tion in intensity of the white lineKig. 4), which is attributed complex—support interaction were altered when the catalyst
to changes in site symmetry of the mononuclear gold specieswas brought in contact with the reactants, as indicated by
rather than changes in oxidation state of gold. changes in the Au—9and Au-Q contributions (the sub-

b Undetectable.
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Table 4
Infrared bands characterizing adsates on mononuclear gold complexes
supported on MgO during ethylene hydrogenation catdlyaisd vibra- 1
tional spectra of reference materfals )
3 -

Sample Band locations Adsorbate Reference o 0.8

cm 1) £ 06
Au/MgO 2960, 2923, 2865  ethyl [Thiswork] &
Iraly-AlpO3 2957, 2929, 2863  ethyl [32] 2 400 Torr of Hp
CHgCH,Cl 2967, 2947,2881  ethyl [39] < 04 e
Pt(111) 2918 ethyl [40]
Au/MgO 3085 n-bonded ethylene  [This work] 0.2 1 40 Torr of Hy
Irg/MgO 3090 -bonded ethylene [33] i i e s S e iy
Iraly-Al,O3 3060, 3026 x-bonded ethylene  [32] 0 : ; ; S et

@ Conditions of ethylene hydrogenaticatalysis: 353 K, 760 Torr (40— G
400 Torr of H, 40 Torr of GHg, and the balance He), and the total feed '
flow rate was 100 mL (NTP) min'. Fig. 5. IR spectra characterizing ti@&-H-stretchingfrequency range of
b Data obtained at relatively low ethylene partial pressures, which are the |igands on mononuclear go|d COerS during e[hy|ene hydrogena_

comparable with our catalytic conditions. tion catalysis at 353 K, 760 Torr (40-400 Torr of H10 Torr of GHy, and

the balance He), and at a total feed flow rate of 100 mL (NTP)vhitthe

. . mass of catalyst was 0.02 g.
scripts s and | refer to short and long, respectively) and v g

a weak contribution tentatively identified as Au—Mgaf
bles 2 and B The data are consistent with inferen¢@82]
that the presence of ligands on supported metal complexes . .
P 9 Pp P The IR spectra are not sensitive enough to determine

or clusters during alkene hydrogenation catalysis alters the
d yerod y whether gold hydride formed wherphvas brought in con-

structural parameters characterizing the metal-support inter- ;
face tact with the mononuclear gold complex at 100-760 Torr

and 300 K, but we do not rule out the possibil[86,37]
Furthermore, the IR spectra did not show any evidence of
CHs ligands bonded to the gold, consistent with the EXAFS
data Table 3 indicating removal of methyl groups initially

IR spectra of the ligands present on the mononuclear gold Ponded to the gold complex. _ _
complexes during pretreatment of the catalystin flowing eth- ~ When the gold complex was brought in contact with
ylene or b and also during steady-state ethylene hydrogena-2 Mixture of ethylene, b and He Fethylene= 40 Torr,
tion catalysis were collected over a wide range of conditions Phydrogen= 40-400 Torr, the balance He) at 353 K and
so that the different adsorleat could be identified and their 760 Torr, the IR spectra demonstrated the presence of lig-
band intensities correlated with catalytic activity. When H ~ ands during catalysis (with values of TOF in the range
ethylene, or a catalytidig reacting mixture of H, ethylene, ~ of (0.2-2.2)x 102 molecules of ethylene converted (Au
and He was brought in contact with the MgO support with- atom x s)7%) indicated by the presence of bands in the
out gold, no ethylene-derived ligands were observed. C—H-stretching range at 3085, 2960, 2923, and 2865'cm

The IR spectra show that ethylene (at partial pressures(Fig. 5. These results, and those showing that there were no
of 40-760 Torr, in He, and at 300 or 353 K) interacts with measurable IR peaks of adsorbates in the presence of MgO
the mononuclear gold complexes to form only the adsorbed alone, bolster the inference of the formation of ethylene-
species characterized by the band at 3085 tnwhich derived ligands on the gold and not on the support. The
is assigned tar-bonded ethylene on mononuclear gold peak at 3085 cmt! is assigned, as before, tobonded eth-
(m-C2Ha/AU{OMg} », Table 4, nearly matching the spec- ylene on gold £-CoHa/Au{OMg} 2) (Table 4. The bands
tra attributed tor-bonded ethylene on 4fy-Al203 (3060  at 2960, 2923, and 2865 crh are assigned to ethyl on
cm1) [32], Irg/MgO (3090 cnt) [33], and Rh(111[34] gold (CHsCH>Au{OMg} ») (Table 4, because they occur at
or Pt(111) (3060 cm?) [35].% frequencies similar to those of ethyl chloride (2967, 2947,

and 2881 cml) [38] and of ethyl on l§/y-Al,03 (2957,

1 The CHp stretch ofr-bonded ethylene was observed at a frequency 2929, and 2863 cm) [32] and on Pt(111) (2918 cnt)
25 e 1 higher than that of:-bonded ethylene on Rh(11[34] or Pt(111) [39]. Specifically, the peak at 2865 crhoccurs at a fre-
[35]. However, this band has been observed at a similar frequency-for ~ quency similar to that of the CHsymmetric stretch of
bo“dedt ethg'iﬂet‘:r:‘ Sg_lff’fpa"t“id“_m; clusters (_Ie(/jl\_/lg?), f‘;a(:)“ Zasdb‘:ﬁn ethyl chloride (and 2881 cnt) [38]. Additional peaks rep-
suggeste al e difrerence In frrequency Inaicates onaeda etn- . . .
ylegrse on ttII:;II\]/IgO is considerably Iessq hybii)iliad than that on the single resentative of ethyl, (CH S_tretCh and CH an,tlsymmemc
crystals. Thus, we infer that a similar effect may pertair tbonded ethyl- stretch) were not discernible above the noise in the spec-
ene in the mononuclear gold complexes. tra.

4.5. IR evidence of adsorbates on mononuclear gold
complex during ethylene hydrogenation catalysis
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5. Discussion metal at the metal—-support interface (but other explanations
are not excluded).

5.1. Identification of supported mononuclear gold

complexes as catalytically active species 5.3. Comparison between mononuclear gold complexes
and gold clusters as hydrogenation catalysts

The EXAFS data show that the mononuclear Au(lll)
complexes on MgO were the grdletected gold species dur-
ing catalytic hydrogenation of ethylene. There was no ev-
idence of metallic gold clusters or any other gold species
during catalysis. Furthermqgrieecause there was no measur-
able conversion of ethylene and th the absence of catalyst .
and the support alone was catalytically inactive for ethyl- ?ndesr?tripr;[ 'EQV\ELAUH(EE&&??% ?eang%tJ?gg\?éegaziérgagre-
ene hydrogenation, we infer that the supported mononuclear . gre b )
gold complexes are the cagiitally active species duction and sintering). The results, already communicated

Additional evidence supporting this conclus.ion is pro- [17], indicate that the ethylene hydrogenation activity de-

. . : creased as the Au—Au coordination number (and the average
vided by IR spectroscopy demonstrating the formation of . Py . :
ethylene-derived ligands on the gold centers when ethylenegOId cluster siz¢40])”in the catalysts prior to use increased.

d H . tact with th ted gold lex: The highest activity was observed for the sample contain-
\?vrr:en e(t?r?;?eenlen ;r?g f—lccavr\::e in ecc?zgjz:?rvsi thgtc;le Zﬂrggo‘i(’ ing only mononuclear Au(lll) complexes. Cationic gold was

. X observed by XANES along with zerovalent gold clusters in
alone, there was no detectablerfation of ethylene-derived the working catalysts when th&usters were relatively small

Our results show that supported mononuclear gold com-
plexes are catalytically active for ethylene hydrogenation. To
test whether supported gold clusters might also be catalysts
for this reaction, we also investigated a family of supported
samples containing gold clusters of various sizes (made by

ligands. (but the data were not sensitive enough to detect them when

. - the clusters were larger). That imply that zerovalent gold
5.2. Metal-support bondingnd stability ofthe supported clusters and particles are notaftically active for ethylene
gold complex during ethylene hydrogenation catalysis hydrogenation.

In summary, all the data are consistent with the identifi-
The XANES data characterizing the gold complex on cation of cationic gold comples as the catalytically active
MgO during catalysis show that the oxidation state of gold species. There is no evidence of catalytic activity of gold
remained as-11l, and the small change observed in the spec- clusters for ethylene hydrogenation, consistent with conven-
trum during the 30-min induction period is suggested to be tional wisdom about the lack of activity of bulk, zerovalent
evidence of the removal of GHigands from the precursor  gold[41].
Au'l (CHz)2{OMg} » and the formation of other ligands on
the gold. The IR results confirm the removal of the methyl 5.4. Formation of ethylene-derived ligands on supported
groups during H treatment and demonstrate the forma- metal complexes, supported clusters, and metal surfaces
tion of ethylene-derived ligands during treatment in ethylene
and H. Only -bonded ethylene and ethyl were observed on the
The EXAFS data characterizing the supported gold com- supported gold complexes during ethylene hydrogenation
plex during catalysis at 353 K demonstrate the stability of catalysis under the conditionsatir experiments. The inten-
the complex for more than 4 h TOS, as indicated by the sity of the peak assigned to-bonded ethylene on mononu-
lack of Au-Au first- and second-shell contributions. We in- clear gold remained approximately constanPagirogenand
fer that our reaction conditions were mild enough to prevent the catalytic activity increasedig. 6). In contrast, the ethyl
changes of the single-site metal complex, such as aggregaband intensities increased with increasifgdrogenand as
tion of gold. the catalytic activity increasedrig. 6). The results are con-
Although the nuclearity of the gold complexes was main- Sistent with the suggestion that ethyl ligands on the gold are
tained during catalysis, theX&FS parameters characteriz- reactive intermediates in ¢thydrogenation of ethylene and
ing the gold—support interaction (Au—oxygen and Au—-Mg thatz-bonded ethylene is a spectator or involved as an inter-
contributions) were altered slightly from those of the cata- Mediate in virtually equilibrated steps.
lyst precursor. The result3gble 3 indicate a small increase This observation is consistent with mechanisms sug-
in the Au—oxygen distance, but the difference between the 9ested for the hydrogenation of ethylene on small sup-
two distances (0.03 A) is barely larger than the estimated Ported metal clusters ¢MgO and lu/y -Al203 [3]), when
error (+0.02 A). Thus, the data suggest but do not demon- IR spectra were used to identify di-bonded ethylene,
strate that the interactions between the ligands and the gold? -Ponded ethylene, ethylidyne, and ethyl on the clusters dur-
affect the metal-support bonding. Such interactions are ex-iNg catalysis. Ethyl, diz-bonded ethylene, and-bonded
pected to be maximized for the smallest metal complexes or
clusterd3,32]. Changes in the Au-oxygen distance mightbe 2 caiculated from Au-Au coorditian numbers (first- and second-
related to changes in the degree of charge polarization of theshell), geometrical shapes, and on the basis of a proposed model.
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