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A mononuclear gold complex catalyst supported on MgO:
spectroscopic characterization during ethylene hydrogenation catalysi
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Abstract

Mononuclear gold complexes supported on MgO powder were prepared by adsorption of Au(CH3)2(C5H7O2) and tested as catalys
for ethylene hydrogenation at atmospheric pressure and 353 K. The catalyst was characterized in the working state with exten
absorption fine structure (EXAFS), X-ray absorption near-edge structure (XANES), and infrared (IR) spectroscopies. EXAFS and XAN
data demonstrate the presence ofmononuclear Au(III) complexes as the predominant surface gold species during catalysis, 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
of Au(III) in the XANES spectra. The mononuclear gold complex is bonded to two oxygen atoms of the MgO surface at an Au–O dista
of 2.16 Å. Ethyl andπ-bonded ethylene on the mononuclear gold were identified by IR spectroscopy, with the former identified as a
intermediate and the latter apparently a spectator or involved as an intermediate in virtually equilibrated steps. Hydrogen on the mononucl
gold is inferred to form by dissociative adsorption of H2, as indicated by the order of the catalytic reaction in H2 of 0.5.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Ethylene hydrogenation is a widely used test reac
for supported metal particles and surfaces, offering the
vantages of small reactant molecules that form adsorbate
(ligands) that may be identified by infrared (IR)[1] or sum
frequency generation (SFG) spectroscopy[2] under reac-
tion conditions. With many metals, the reaction occurs un
such mild conditions that significant alteration of the cata
structure, such as sintering of the metal[3], can be avoided
Spectra of supported mononuclear metal complex cata
for ethylene hydrogenation allow characterization of the
ands on the metal, providing a basis for comparison of m
surfaces and cationic metal complexes (such as Wilkins
catalyst) as catalysts[4].

Notwithstanding the novelty and practical importance
supported single-site metal complex catalysts (exempl
by the commercial successes of metallocenes for alken
polymerization[5]), they are much less well understood th
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0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
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transition-metal complexes insolution. Spectra characteri
ing precisely synthesized catalysts of this type promise r
advances in the understanding of how they function[6].

Our goal was to investigate the performance of a s
isolated mononuclear gold complex catalyst and to id
tify the reactant-derived ligands on the metal during eth
ene hydrogenation catalysis and to characterize the m
support bonding. We report rates of catalytic hydrogena
of ethylene and extended X-ray absorption fine struc
(EXAFS), X-ray absorption near-edge structure (XANE
and IR spectra of a MgO-supported gold complex cata
in the working state. Gold was chosen because mon
clear gold complexes are used frequently in organomet
chemistry, having been identified as catalysts for reaction
including addition of alcohols to alkynes[7], asymmetric
aldol reactions[8], C–C bond formation[9], oxidative car-
bonylation of amines[10], selective hydrosilylation of alde
hydes[11], addition of water or methanol to terminal alkyn
[12], formation of hydrogen peroxide[13], selective oxi-
dation of glycerol to glyceric acid[14], hydrogenation of
crotonaldehyde and of butenal[15], and hydrochlorination
of acetylene[16]. We recently communicated evidence o
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MgO-supported mononuclear gold complex as an ethy
hydrogenation catalyst[17]; here, we provide a full report o
the catalyst performanceand characterization.

2. Experimental methods

2.1. Materials, sample preparation, and handling

The synthesis and handling of the MgO-supported mo
nuclear gold complex were carried out as before[17] under
anaerobic and anhydrous conditions on a double-manifol
Schlenk vacuum line and in a glove box purged with N2 that
was recirculated through traps containing particles of s
ported Cu and zeolite 4A for removal of O2 and moisture
respectively. He (Matheson, 99.999%) and ethylene (Ma
son, 99.5%) were purified by passage through similar tr
H2 was supplied by Matheson (99.999%) or generated
electrolysis of water in a Balston generator (99.99%)
purified by passage through traps. The MgO support (
Science, 97%) was calcined in O2 at 673 K for 2 h (BET
surface area, 60 m2 g−1), isolated, and stored in a glov
box until it was used.n-Pentane solvent (Fisher, 99%) w
dried and purified by refluxing over sodium benzophen
ketyl and deoxygenated by sparging of N2. The precurso
Au(CH3)2(acac) (Strem, 98%; acac is C5H7O2) was puri-
fied by sublimation after it was received; this compoun
temperature sensitive and requires refrigeration.

The samples were prepared by slurrying Au(CH3)2(acac)
in dried and deoxygenatedn-pentane with partially dehy
droxylated MgO powder. The slurry was stirred for 1 day a
the solvent removed by evacuation (pressure< 10−3 Torr)
for 1 day.

2.2. Ethylene hydrogenation catalysis in a plug–flow
reactor

Ethylene hydrogenation catalysis was carried out
a once-through tubular quartz reactor (8 mm i.d.) at
mospheric pressure and 353 K. The reactor in the glove
was loaded with a mixture of inertα-Al2O3 and catalys
powder (typically 100–200 mg) in a 100:1 ratio by ma
The loaded reactor was isolated, removed from the g
box, and installed in a flow system without contact of
catalyst with air or moisture.

An on-line gas chromatograph (Hewlett–Packard, HP
5890 Series II), equipped with a 30-m× 0.53-mm DB-624
(J&W Scientific) capillary column (with N2 as the carrie
gas, flowing at 2.5 mL (NTP) min−1) and a flame-ionization
detector, was used to analyze the reaction products. Co
sions of ethylene to ethane at steady state were differe
(less than 5%), determining reaction rates directly.

The total feed flow rate (He+ H2 + C2H4) to the reactor
was 100 mL (NTP) min−1. Under these conditions, the rea
tor is well approximated as an isothermal plug–flow reacto
Catalytic hydrogenation of ethylene was typically carr
-
l

out with an ethylene partial pressure (P ethylene) of 40 Torr
and aP hydrogenof 160 Torr at 353± 2 K. Kinetics exper-
iments were done by varying the ethylene and H2 partial
pressures in the range 35–300 and 35–450 Torr, respect
Experiments were also carried out at other reaction t
peratures. Steady-state reaction rates, reported as tur
frequency (TOF, rate of reaction per Au atom per seco
were determined from differential conversions with an ac
racy of about±10%.

2.3. X-ray absorption spectra of functioning catalysts

X-ray absorption experiments were performed at be
line X-11A of the National Synchrotron Light Sourc
(NSLS) at Brookhaven National Laboratory, Upton, NY. T
ring current was 110–250 mA, and the storage ring oper
with an electron energy of 2.5 GeV. Higher harmonics in
X-ray beam were minimized by detuning the Si(111) d
ble crystal monochromator by 20–25% at the Au LIII edge
(11919 eV).

Transmission X-ray absorption spectroscopy (XAS)
periments were used to characterize the sample in the
ence of flowing mixtures of He, H2, and C2H4 as hydrogena
tion catalysis took place; the conditions essentially matc
those of the flow reactor experiments described in the
ceding section. In a N2-filled glove box at the synchrotron
0.2 g of powder sample was loaded into an XAS cell/rea
(the powder catalyst was held in the middle of an X
cell/reactor by glass wool plugs), which was then isola
removed from the glove box, and installed in the flow s
tem at the beamline without contact of the catalyst with ai
moisture. The XAS cell/reactor operating at low conversi
is well approximated as an isothermal plug-flow reactor;
tails of its design and analysis of its operation are prese
elsewhere[18].

2.4. IR spectroscopy of functioning catalysts

Catalysis was also carried out in an IR cell/reactor (In-
Research Institute, Inc., South Bend, IN) under condition
similar to those used in the kinetics and X-ray absorp
spectroscopy experiments. A Bruker IFS 66v spectro
ter with a spectral resolution of 4 cm−1 was used to col
lect transmission IR spectra of the sample powder. Sam
were pressed into self-supporting wafers and loaded into
cell connected to a vacuum/adsorption system, which
lowed recording of spectra while the treatment gases flowe
through and around the wafer during catalysis. IR spectr
adsorbate ligands were determined by subtracting the s
trum of the sample in He from that of the sample in the tre
ment gas. Spectra characterizing the ligands present durin
steady-state ethylene hydrogenation catalysis were reco
under various reaction conditions. Each reported spectru
the average of 128–512 scans.
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Table 1
Crystallographic data characterizing the reference compounds and Fourier transform ranges used in the EXAFS analysisa

Reference
compound

Shell Crystallographic data Fourier transform

N R (Å) Ref. �k (Å−1) �r (Å) nb

Au Au–Au 12 2.88 [22] 1.00–20.00 0.00–8.00 3
Au foil Au–Au 12 2.88 [21] 2.64–19.60 1.50–3.40 3
Au(CH3)2(acac) Au–O 2 2.08 [21] 2.61–16.31 1.30–2.40 2
Na2Pt(OH)6 Pt–O (Au–O) 6 2.05 [20] 2.67–15.69 0.00–2.10 2
Au(CH3)2(acac) Au–C 2 2.05 [21] 2.64–19.60 1.50–3.40 2
AuMg3 Au–Mg 8 2.70 [23] 0.00–20.00 0.00–8.00 3

a Notation:N is the coordination number,R the distance between absorber and backscatterer atoms,k the wave vector, and�k and�r the range intervals
used in the Fourier transformation.

b A kn weighting was used in the Fourier transformation of the data for purposesof extracting the reference phase and amplitude functions of the absorbe
backscatterer pair.
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3. EXAFS data analysis

Analysis of the EXAFS data was carried out with a d
ference file technique by use of the software XDAP[19].
No attempt was made to account for the small atomic X-
absorption fine structure (data obtained at low values or,
the distance from the absorber atom, Au) of the spect
other than by application of standard background subtrac
techniques. Iterative fitting was carried out until excell
agreement was attainedbetween the calculatedk0-, k1-, and
k2-weighted data (k is the photoelectron wave vector) a
the postulated model. Experimentally determined refere
files prepared from EXAFS data representing materials o
known structure[20,21] and theoretically determined re
erence files calculated by using the software FEFF 7.
FEFF 8.0[22,23] were used in the analysis (Table 1). De-
tails of the preparation of the reference files and data ana
procedures are presented elsewhere[24,25]. The number of
parameters used in fitting the data to each model is ju
fied statistically by the Nyquist theorem. The fitting rang
in both momentum space and real space were determine
the data quality. The quality of the fitting was confirmed
the values of fit diagnostic parameters,ε2

ν (goodness of fit)
and the variances between the data and the model pr
tions for the EXAFS functionχ and the Fourier transform
of χ (for k0-, k1-, andk2-weighting of the data).

4. Results

4.1. Synthesis of mononuclear Au(III) complexes suppo
on MgO

Adsorption of AuIII (CH3)2(acac) on MgO that had bee
calcined at 673 K led to the formation of supported AuIII -
(CH3)2{OMg} 2 (where the {OMg} ligands are part of th
support), consistent with our previous report[17] and ev-
idenced by the IR bands in theνCH region at 2954 and
2910 cm−1 (which nearly match those representing the C3
groups in solid Au(CH3)2(acac)) and by the lack of Au–A
first- and second-shell contributions in the EXAFS spectr
(Fig. 1). No Au–Au contributions were found at distanc
y

-

Table 2
EXAFS results characterizing MgO-supported mononuclear gold com
plexesa

Shell N R

(Å)
�σ2 × 103

(Å2)

�E0
(eV)

Au–Au –b – – –
Au–Os 2.1 2.16 0.20 3.45
Au–Ol 0.9 2.85 1.04 1.02
Au–Mg 0.9 2.72 1.45 1.35
Au–C 2.0 2.04 2.35 2.57

a Notation:N , coordination number;R, distance between absorber a
backscatterer atoms;�σ2, Debye–Waller factor;�E0, inner potential cor-
rection. Expected errorsN :±10%,R:±0.02 Å,�σ2:±20%,�E0:±20%.
The subscripts s and l refer to short and long, respectively.

b Undetectable.

typical of Au–Au bonds (e.g., 2.88 Å), consistent with t
inference that the supported species were highly dispe
and mononuclear. The EXAFS data show that the gold a
in the surface complex was bonded to two oxygen ato
(Table 2). These are inferred to be part of the MgO s
face, because the Au–O distance was found to be 2.16 Å
2.08 Å in Au(CH3)2(acac)[26]), typical of M–O bonding
distances in other zeolite- and oxide-supported mononucle
group 8 metal complexes[27].

The XANES data characterizing this supported gold co
plex are virtually identical to those characterizing crystall
Au(CH3)2(acac) [28]. This comparison indicates that th
gold retained its oxidation state of+III after chemisorption
of the precursor. This point is addressed further below on
basis of XANES data characterizing the working catalys

4.2. Kinetics of ethylene hydrogenation

The catalytic activities are reported per total Au atom, a
the EXAFS data, summarized below, show that they wer
present in mononuclear complexes in the working cataly

After a brief transient induction period (typically, 30 mi
[29], the supported gold complex catalyst was found
have stable activity for ethylene hydrogenation at 353
Phydrogen = 160 Torr, Pethylene = 40 Torr, and PHe =
560 Torr, corresponding to a reaction rate (determined f
differential conversion data) of 2.9 × 10−3 molecules of
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Fig. 1. Results of EXAFS analysis characterizing MgO-supported monon
clear gold complexes: (A) Experimental EXAFS function (solid line) a
sum of the calculated Au–Au+ Au–Os + Au–Ol + Au–Mg + Au–C
contributions (dotted line). (B) Imaginary part and magnitude of
corrected Fourier transform (k0 weighted) of experimental EXAFS
function (solid line) and sum of the calculated Au–Au+ Au–Os +
Au–Ol + Au–Mg + Au–C contributions (dotted line). The Au–Au bon
ing distance (2.88 Å) in bulk gold metal is shown by a vertical dashed

ethylene converted (Au atom× s)−1. The only product ob
served was ethane, and there was no measurable conv
of ethylene and H2 in the absence of catalyst. The supp
alone had a negligible activity.

Kinetics data were collected for ethylene hydrogena
catalyzed by the supported gold complexes. The appa
activation energy determined from the dependence of T
on temperature was found to be 51 kJ mol−1 (Fig. 2). Data
characterizing steady-state ethylene hydrogenation at 3
indicate that the reaction order in H2 (atPethylene= 40 Torr)
was 0.5 and that the reaction order in ethylene (atPhydrogen=
160 Torr) was 0.0 (Fig. 3).

4.3. XANES evidence of oxidation state of gold during
ethylene hydrogenation catalysis

XANES data provide information about the electron d
sity (oxidation state) and site symmetries of the gold spec
XANES peak locations and intensities characterizing re
ence materials containing gold in various oxidation sta
summarized elsewhere[29–31], provide a basis for interpre
tation of the data. The XANES spectra characterizing c
n

t

Fig. 2. Arrhenius plot for ethylene hydrogenation catalyzed by mononu-
clear gold complexes supported on MgO. Reaction conditions: 160 Torr
of H2, 40 Torr of C2H4, 560 Torr of He. The total feed flow rate was
100 mL (NTP) min−1, and the mass of catalyst was 0.10 g.

Fig. 3. Kinetics of ethylene hydrogenation catalyzed by MgO-supported
mononuclear gold complexes at 353K. (A) Dependence of rate on H2 par-
tial pressure at a constant ethylene partial pressure of 40 Torr (the reaction
order in H2 is 0.5). (B) Dependence of rate on ethylene partial pressure
at a constant H2 partial pressure of 280 Torr (the reaction order in ethyl-
ene is 0.0).
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Fig. 4. XANES data characterizing MgO-supported mononuclear g
complexes during ethylene hydrogenation catalysis at atmospheric pre
sure and 353 K. Conditions: 353 K, 760 Torr (40–460 Torr of H2,
40–220 Torr of C2H4, and the balance He); the total feed flow rate w
100 mL (NTP) min−1; the mass of catalyst was 0.1 g.

plexes containing Au(III) show a prominent feature (wh
line) centered at an energy 4 eV higher than that of the
LIII edge. This absorption peak is missing from the sp
tra of metallic gold because of the complete occupanc
the d states (the gold ground-state electron configura
is [Xe]4f145d106s1). Furthermore, the spectrum of Au(II
shows a broad shoulder at an energy 50 eV higher than
of the X-ray absorption edge, whereas the spectrum of A
shows a shoulder at 15 eV and intense peaks at 25 and 5
beyond the edge[29–31].

The XANES data characterizing MgO-supported g
complexes during catalysis at 353 K and at 760 T
(160 Torr of H2, 40 Torr of C2H4, and the balance He
show that the gold maintained the oxidation state of+III,
as shown by the retention of the intense peak at an en
4 eV higher than that of the X-ray absorption edge and
broad shoulder at 50 eV beyond the X-ray absorption e
(Fig. 4). Similar results (not shown) were obtained when
ethylene and H2 partial pressures were varied in cataly
experiments; Au(III) complexes were identified in all cas
during catalysis; the spectra were indistinguishable from
of Fig. 4.

The only observed changes in the XANES data ch
acterizing MgO-supported gold complexes during catal
occurred within the first 30 min on stream (when the cata
was approaching steady state), consisting of a slight re
tion in intensity of the white line (Fig. 4), which is attributed
to changes in site symmetry of the mononuclear gold spe
rather than changes in oxidation state of gold.
t

Table 3
EXAFS results characterizing MgO-supported mononuclear gold com
plexes during ethylene hydrogenation catalysis at atmospheric pressure a
353 Ka

Conditions during scan Shell N R

(Å)
�σ2

×103

(Å2)

�E0
(eV)Pethylene

(Torr)

Phydrogen

(Torr)

Phelium
(Torr)

40 40 680 Au–Au –b – – –
Au–Os 2.0 2.18 1.34 2.78
Au–Ol 0.8 2.87 2.53 3.12
Au–Mg 0.8 2.74 2.56 2.66
Au–C –b – – –

40 160 560 Au–Au –b – – –
Au–Os 2.0 2.18 2.14 2.34
Au–Ol 0.9 2.87 3.13 4.64
Au–Mg 0.9 2.73 2.46 3.17
Au–C –b – – –

220 220 320 Au–Au –b – – –
Au–Os 2.0 2.19 3.24 1.78
Au–Ol 0.9 2.88 3.22 8.56
Au–Mg 0.9 2.74 2.46 5.32
Au–C 0.6 1.99 −1.23 6.23

220 460 80 Au–Au –b – – –
Au–Os 2.0 2.19 2.26 3.51
Au–Ol 0.9 2.88 2.46 5.89
Au–Mg 0.9 2.74 3.75 4.36
Au–C 0.5 1.94 −1.17 5.13

a Notation:N , coordination number;R, distance between absorber a
backscatterer atoms;�σ2, Debye–Waller factor;�E0, inner potential cor-
rection. The total feed flow rate was 100 mL (NTP) min−1. Expected errors
N : ± 10%,R: ± 0.02 Å, �σ2: ± 20%,�E0: ± 20%. The subscripts s and
refer to short and long, respectively.

b Undetectable.

4.4. EXAFS evidence of structure of gold complex durin
ethylene hydrogenation catalysis

The EXAFS parameters characterizing the working cat-
alyst at 353 K and 760 Torr (Pethylene in the range of 40–
220 Torr,Phydrogenin the range of 40–460 Torr, and the ba
ance He) show that the mononuclear gold complexes w
maintained, as shown by the lack of Au–Au first- and high
shell contributions in the EXAFS spectrum (Table 3). This
result and the observation that the support was catalytic
inactive for ethylene hydrogenationbolster the inference
mononuclear gold complexes were the catalytically ac
species.

A small contribution in the EXAFS spectrum attributed
Au–C (Table 3) is not sufficient to distinguish among pos
ble reaction intermediates bonded to the gold; however,
contribution is consistent with the presence of hydrocar
ligands (possibly reaction intermediates) on the gold.

Although the nuclearity of the gold complexes was ma
tained during catalysis, the structural parameters de
mined by EXAFS spectroscopy that characterize the m
complex–support interaction were altered when the cata
was brought in contact with the reactants, as indicated
changes in the Au–Os and Au–Ol contributions (the sub
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Table 4
Infrared bands characterizing adsorbates on mononuclear gold complex
supported on MgO during ethylene hydrogenation catalysisa and vibra-
tional spectra of reference materialsb

Sample Band locations

(cm−1)

Adsorbate Reference

Au/MgO 2960, 2923, 2865 ethyl [This work
Ir4/γ -Al2O3 2957, 2929, 2863 ethyl [32]
CH3CH2Cl 2967, 2947, 2881 ethyl [39]
Pt(111) 2918 ethyl [40]
Au/MgO 3085 π -bonded ethylene [This work
Ir6/MgO 3090 π -bonded ethylene [33]
Ir4/γ -Al2O3 3060, 3026 π -bonded ethylene [32]
Pt(111) 3060 π -bonded ethylene [35]

a Conditions of ethylene hydrogenation catalysis: 353 K, 760 Torr (40
400 Torr of H2, 40 Torr of C2H4, and the balance He), and the total fe
flow rate was 100 mL (NTP) min−1.

b Data obtained at relatively low ethylene partial pressures, which
comparable with our catalytic conditions.

scripts s and l refer to short and long, respectively)
a weak contribution tentatively identified as Au–Mg (Ta-
bles 2 and 3). The data are consistent with inferences[3,32]
that the presence of ligands on supported metal comp
or clusters during alkene hydrogenation catalysis alters
structural parameters characterizing the metal–support i
face.

4.5. IR evidence of adsorbates on mononuclear gold
complex during ethylene hydrogenation catalysis

IR spectra of the ligands present on the mononuclear
complexes during pretreatment of the catalyst in flowing
ylene or H2 and also during steady-state ethylene hydroge
tion catalysis were collected over a wide range of conditi
so that the different adsorbates could be identified and the
band intensities correlated with catalytic activity. When H2,
ethylene, or a catalytically reacting mixture of H2, ethylene,
and He was brought in contact with the MgO support w
out gold, no ethylene-derived ligands were observed.

The IR spectra show that ethylene (at partial press
of 40–760 Torr, in He, and at 300 or 353 K) interacts w
the mononuclear gold complexes to form only the adsor
species characterized by the band at 3085 cm−1, which
is assigned toπ -bonded ethylene on mononuclear go
(π -C2H4/Au{OMg} 2, Table 4), nearly matching the spec
tra attributed toπ -bonded ethylene on Ir4/γ -Al2O3 (3060
cm−1) [32], Ir6/MgO (3090 cm−1) [33], and Rh(111)[34]
or Pt(111) (3060 cm−1) [35].1

1 The CH2 stretch ofπ -bonded ethylene was observed at a freque

25 cm−1 higher than that ofπ -bonded ethylene on Rh(111)[34] or Pt(111)
[35]. However, this band has been observed at a similar frequency foπ -
bonded ethylene on supported iridium clusters (Ir6/MgO), and it has been
suggested[33] that the difference in frequency indicates thatπ -bonded eth-
ylene on Ir6/MgO is considerably less hybridized than that on the singl
crystals. Thus, we infer that a similar effect may pertain toπ -bonded ethyl-
ene in the mononuclear gold complexes.
s

-

Fig. 5. IR spectra characterizing theC–H-stretchingfrequency range o
the ligands on mononuclear gold complexes during ethylene hydrogen
tion catalysis at 353 K, 760 Torr (40–400 Torr of H2, 40 Torr of C2H4, and
the balance He), and at a total feed flow rate of 100 mL (NTP) min−1; the
mass of catalyst was 0.02 g.

The IR spectra are not sensitive enough to determ
whether gold hydride formed when H2 was brought in con
tact with the mononuclear gold complex at 100–760 T
and 300 K, but we do not rule out the possibility[36,37].
Furthermore, the IR spectra did not show any evidenc
CH3 ligands bonded to the gold, consistent with the EXA
data (Table 3) indicating removal of methyl groups initiall
bonded to the gold complex.

When the gold complex was brought in contact w
a mixture of ethylene, H2, and He (Pethylene= 40 Torr,
Phydrogen= 40–400 Torr, the balance He) at 353 K a
760 Torr, the IR spectra demonstrated the presence o
ands during catalysis (with values of TOF in the ran
of (0.2–2.2)× 10−2 molecules of ethylene converted (A
atom × s)−1) indicated by the presence of bands in
C–H-stretching range at 3085, 2960, 2923, and 2865 c−1

(Fig. 5). These results, and those showing that there wer
measurable IR peaks of adsorbates in the presence of
alone, bolster the inference of the formation of ethyle
derived ligands on the gold and not on the support.
peak at 3085 cm−1 is assigned, as before, toπ -bonded eth-
ylene on gold (π -C2H4/Au{OMg} 2) (Table 4). The bands
at 2960, 2923, and 2865 cm−1 are assigned to ethyl o
gold (CH3CH2Au{OMg} 2) (Table 4), because they occur
frequencies similar to those of ethyl chloride (2967, 29
and 2881 cm−1) [38] and of ethyl on Ir4/γ -Al2O3 (2957,
2929, and 2863 cm−1) [32] and on Pt(111) (2918 cm−1)
[39]. Specifically, the peak at 2865 cm−1 occurs at a fre
quency similar to that of the CH3 symmetric stretch o
ethyl chloride (and 2881 cm−1) [38]. Additional peaks rep
resentative of ethyl (CH2 stretch and CH3 antisymmetric
stretch) were not discernible above the noise in the s
tra.



J. Guzman, B.C. Gates / Journal of Catalysis 226 (2004) 111–119 117

III)
r-
ev-
ies

ur-
st
yl-
lear

ro-
of

lene
ex;
rt
d

on
old
ec-
be
r
n
hyl
a-

ene

om-
of

the
in-
ent

rega

in-
z-

g
ta-
e
the
ted
on-
gold
ex-
s or
be
f the

ions

om-
. To
lysts
ted
e by
-
ore-
ted

de-
rage
d.

ain-
as
in

ll
hen

d

tifi-
e
old
en-
nt

s

the
tion
-

u-

l

-
are
d
ter-

ug-
up-

,
dur-

-

5. Discussion

5.1. Identification of supported mononuclear gold
complexes as catalytically active species

The EXAFS data show that the mononuclear Au(
complexes on MgO were the only detected gold species du
ing catalytic hydrogenation of ethylene. There was no
idence of metallic gold clusters or any other gold spec
during catalysis. Furthermore, because there was no meas
able conversion of ethylene and H2 in the absence of cataly
and the support alone was catalytically inactive for eth
ene hydrogenation, we infer that the supported mononuc
gold complexes are the catalytically active species.

Additional evidence supporting this conclusion is p
vided by IR spectroscopy demonstrating the formation
ethylene-derived ligands on the gold centers when ethy
and H2 came in contact with the supported gold compl
when ethylene and H2 came in contact with the suppo
alone, there was no detectable formation of ethylene-derive
ligands.

5.2. Metal–support bondingand stability ofthe supported
gold complex during ethylene hydrogenation catalysis

The XANES data characterizing the gold complex
MgO during catalysis show that the oxidation state of g
remained as+III, and the small change observed in the sp
trum during the 30-min induction period is suggested to
evidence of the removal of CH3 ligands from the precurso
AuIII (CH3)2{OMg} 2 and the formation of other ligands o
the gold. The IR results confirm the removal of the met
groups during H2 treatment and demonstrate the form
tion of ethylene-derived ligands during treatment in ethyl
and H2.

The EXAFS data characterizing the supported gold c
plex during catalysis at 353 K demonstrate the stability
the complex for more than 4 h TOS, as indicated by
lack of Au–Au first- and second-shell contributions. We
fer that our reaction conditions were mild enough to prev
changes of the single-site metal complex, such as agg
tion of gold.

Although the nuclearity of the gold complexes was ma
tained during catalysis, the EXAFS parameters characteri
ing the gold–support interaction (Au–oxygen and Au–M
contributions) were altered slightly from those of the ca
lyst precursor. The results (Table 3) indicate a small increas
in the Au–oxygen distance, but the difference between
two distances (0.03 Å) is barely larger than the estima
error (±0.02 Å). Thus, the data suggest but do not dem
strate that the interactions between the ligands and the
affect the metal–support bonding. Such interactions are
pected to be maximized for the smallest metal complexe
clusters[3,32]. Changes in the Au–oxygen distance might
related to changes in the degree of charge polarization o
-

metal at the metal–support interface (but other explanat
are not excluded).

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

Our results show that supported mononuclear gold c
plexes are catalytically active for ethylene hydrogenation
test whether supported gold clusters might also be cata
for this reaction, we also investigated a family of suppor
samples containing gold clusters of various sizes (mad
adsorption of Au(CH3)2(acac) on MgO, followed by treat
ment in flowing He at various temperatures to cause aut
duction and sintering). The results, already communica
[17], indicate that the ethylene hydrogenation activity
creased as the Au–Au coordination number (and the ave
gold cluster size[40])2 in the catalysts prior to use increase
The highest activity was observed for the sample cont
ing only mononuclear Au(III) complexes. Cationic gold w
observed by XANES along with zerovalent gold clusters
the working catalysts when the clusters were relatively sma
(but the data were not sensitive enough to detect them w
the clusters were larger). The data imply that zerovalent gol
clusters and particles are not catalytically active for ethylene
hydrogenation.

In summary, all the data are consistent with the iden
cation of cationic gold complexes as the catalytically activ
species. There is no evidence of catalytic activity of g
clusters for ethylene hydrogenation, consistent with conv
tional wisdom about the lack of activity of bulk, zerovale
gold [41].

5.4. Formation of ethylene-derived ligands on supported
metal complexes, supported clusters, and metal surface

Only π -bonded ethylene and ethyl were observed on
supported gold complexes during ethylene hydrogena
catalysis under the conditions ofour experiments. The inten
sity of the peak assigned toπ -bonded ethylene on monon
clear gold remained approximately constant asPhydrogenand
the catalytic activity increased (Fig. 6). In contrast, the ethy
band intensities increased with increasingPhydrogenand as
the catalytic activity increased (Fig. 6). The results are con
sistent with the suggestion that ethyl ligands on the gold
reactive intermediates in the hydrogenation of ethylene an
thatπ -bonded ethylene is a spectator or involved as an in
mediate in virtually equilibrated steps.

This observation is consistent with mechanisms s
gested for the hydrogenation of ethylene on small s
ported metal clusters (Ir4/MgO and Ir4/γ -Al2O3 [3]), when
IR spectra were used to identify di-σ -bonded ethylene
π -bonded ethylene, ethylidyne, and ethyl on the clusters
ing catalysis. Ethyl, di-σ -bonded ethylene, andπ -bonded

2 Calculated from Au–Au coordination numbers (first- and second
shell), geometrical shapes, and on the basis of a proposed model.
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Fig. 6. Dependence of IR band intensities on H2 partial pressure during
ethylene hydrogenation catalyzedby mononuclear gold complexes su
ported on MgO. Catalytic activity (TOF, circles); the bands at 2960, 2
and 2865 cm−1 were chosen to represent ethyl (triangles); and that a
3085 cm−1, to representπ -bonded ethylene (squares).

ethylene were suggested to be reaction intermediates. The
oretical calculations for ethylene hydrogenation on the
face of Pd(111) show that di-σ -bonded ethylene and eth
are reactive intermediatesat low ethylene coverages[42].
Similarly, ethyl has been shown experimentally to be a
active intermediate on the surface of Pt(111)[43,44].

Thus, we infer that ethylene hydrogenation catalysis
our sample is broadly similar to that catalyzed by the s
ples just described, with ethylas a reactive intermediate. Th
lack of formation of di-σ -bonded ethylene may be asso
ated with geometrical restrictions (the lack of metal atom
close enough together to allow formation of this ligan
A possible role of the support in the catalysis, such a
the adsorption of the H2, cannot be ruled out.

6. Conclusions

XANES, EXAFS, and IR spectroscopies were used
investigate MgO-supported mononuclear gold complex
alysts during ethylene hydrogenation at 353 K. The
sults provide evidence of the stability of the metal comp
complex–support interactions, and reactant-derived liga
on the metal during ethylene hydrogenation catalysis.
EXAFS and XANES results demonstrate the stability
supported mononuclear Au(III) complexes during cataly
and these complexes are identified as the catalytically activ
species. IR spectra demonstrate the presence of ethylen
derived ligands (adsorbates) on the gold during catal
Ethyl on the gold is suggestedto be a reaction intermed
ate, withπ -bonded ethylene being a spectator or involve
virtually equilibrated steps. Hydrogen on the gold is infer
from the order of the catalytic reaction in H2 (0.5) to form
by dissociative adsorption of H2.
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