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ABSTRACT

Selective blocking (poisoning) of catalytic active sites of gold catalysts, CeO, and TiO, supported Au
colloids (2.1 and 6.9 nm), was investigated in the aerobic oxidation of benzyl alcohol as well as in the
hydrogenation of ketopantolactone by adding various amounts of two chemically distinct thiols with
different functionalities (n-octadecanethiol, ODT, and mercaptoacetic acid, MAA). There were clear trends
in their poisoning behaviors, independent of the type of support and Au particle size. ODT poisoned the
catalyst in the oxidation reaction much stronger than MAA. In contrast, MAA was a stronger poisoning
agent in the hydrogenation reaction. The characteristics of supported Au particles and the nature of
thiol adsorption were investigated by Attenuated Total Reflection Infrared (ATR-IR) spectroscopy, TEM,
thermogravimetric desorption and DFT calculations. Based on the adsorption characteristics of two thiols
derived from the combined experimental and theoretical study, it is suggested that C=0 hydrogenation
of ketopantolactone occurs preferentially at low coordination sites such as corners and edges, which
are more dominant in small clusters, while oxidation seems to be favored on extended active sites as

prevailing on larger Au clusters.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Au has received considerable attention in the catalysis com-
munity, as reflected in several reviews [1-7]. The most frequently
studied reaction on supported Au nanoparticles is the oxida-
tion of CO, which exhibits a strong dependence on the particle
size: small particles up to a mean diameter of ~2-3nm show
far superior activity compared to larger analogues due to the
higher relative concentration of low coordinated Au sites [8-16].
However, larger Au particles are known to catalyze various reac-
tions as well, e.g. the amination of CO [17] and the oxidation of
amines [18] and styrene [19] as well as the oxidation of alcohols
where larger particles (>4-5nm) were found to be highly active
[20-26].

Recently, we [27,28] and another group [29] have independently
reported a similar correlation between the catalytic activity and
particle size in the Au catalyzed oxidation of alcohols. Medium
sized particles in a range of 4-7 nm were more active than smaller
and larger particles in these reactions [27-29]. Larger Au parti-
cles have also been found to be active, e.g. in the oxidation of
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glycerol and ethylene glycol [30,31]. For Pt (3.2nm, [32]) and Pd
(3.6-4.3nm, [33]), a similar trend has been observed, meaning
that medium sized particles showed higher conversion compared
to smaller ones in the aerobic oxidation of alcohols. The size
can drastically alter the electronic and structural properties of
metal particles; several critical properties for catalysis, e.g. bind-
ing strength of substrates, exposed crystal faces, relative amount
of low coordinated edge and corner atoms, particle height, and the
perimeter between the particles and support, change with particle
size. Such properties as well as kinks, steps and adatoms are known
to influence activity and selectivity of surface catalyzed reactions
[9,34-41].

In the present contribution, the adsorption of two different
thiols (n-octadecanethiol (ODT) and mercaptoacetic acid (MAA))
on small Au colloids (2.1 nm) and larger analogues (6.9 nm) sup-
ported on CeO, and TiO, was employed to study the effect of
specific blocking of surface sites on the catalytic behavior of the
gold-catalyzed aerobic oxidation of benzyl alcohol and the hydro-
genation of ketopantolactone. In situ ATR-IR, thermogravimetric
desorption experiments and DFT calculations were performed to
gain some insight into the adsorption of the thiols on the sup-
ported gold particles and to trace the remarkably different blocking
effects of exposed gold sites by these thiols in the two test reac-
tions.
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2. Experimental
2.1. Materials

Commercially available support materials were used: CeO, was
purchased from MCT Microcoating Technologies and TiO, (P25)
was purchased from Degussa. Chemicals used were H[AuCl4]-3H,0
(99.99% ACS (metals basis), Alfa Aesar), tetrakis(hydroxy-methyl)
phosphonium chloride (THPC, 80% in water, Fluka), CHCl3 (HPLC
grade, Acros), toluene (HPLC grade, Acros), n-octadecanethiol (ODT,
98%, Aldrich), mercaptoacetic acid (MAA, 98%, Fluka), benzyl
alcohol (>99%, Fluka), benzaldehyde (99.5%, Acros), dihydro-4,4-
dimethyl-2,3-furandione (99%, Roche). The gases used were Ar 4.8,
0, 5.0, He 5.0 and H; 5.0 (PanGAS).

2.2. Catalysts preparation

Au/Ce0O, and Au/TiO, catalysts were prepared as previously
described [28,42,43]. In brief, for the synthesis of 10 mg Au col-
loid (mean diameter ~2.1 nm), 1.5 ml of a freshly prepared 0.2 mol/l
NaOH solution and 1 ml of a freshly prepared tetrakis(hydroxy-
methyl)phosphonium chloride (THPC) solution (1.2ml in 100 ml
H,0) were mixed with 45.5ml deionized water and stirred for
2min. Subsequently, 2ml of a stock solution containing 1g of
H[AuCl4]-3H,0 in 100 ml H,O was added, resulting in a brown mix-
ture. The mixture was added to the acidified solution (pH 2) of the
support, stirred for 5-10 min, filtered and washed exhaustively with
deionized water. The material was dried 18 h at 80°C in static air.
The alteration of the particle size was achieved by variation of the
amounts of NaOH, THPC and H[AuCly] as described in [28]. The
theoretical weight loading of all catalysts used for oxidation and
hydrogenation reactions was 1 wt%.

2.3. Characterization of size and shape of gold particles

For the analysis of the particle size distribution, the detection
limit is a crucial parameter as shown in a recent publication eluci-
dating the role of small Au clusters with a diameter of 0.5 nm and
smaller to CO oxidation catalysis [44]. In the present contribution,
the transmission electron microscopy was conducted using a Tecnai
F30 FEI (field emission cathode, operated at 300 keV) with a point
resolution of <2 A. This instrumentation is capable of detecting even
very small metal particles (<1 nm) by Z contrast. The particle size
distribution of the materials used has already been reported else-
where [28]: for the two colloids, 338 and 196 particles were counted
leading to mean particles sizes of 2.0 nm and 6.9 nm, respectively
(standard deviations 0.8 nm and 3.6 nm, respectively). The materi-
als were analyzed by means of XPS [28] and the absence of Na and
P was confirmed.

2.4. Catalytic tests

The hydrogenation reactions were performed in a 50 ml auto-
clave at room temperature and 50 bar. 100 + 0.2 mg of the specified
catalyst (1wt% Au) was mixed with 60+ 1 mg ketopantolactone
leading to a substrate/Aurq, ratio (molar ratio calculated from the
number of substrate molecules and the total number of Au atoms) of
92. Subsequently, toluene (dried with molar sieve 4 A) or - if desired
- asolution containing the appropriate amount of the blocking (poi-
soning) agent (ODT or MAA) in toluene was added as a solvent. The
slurry was stirred with a magnetic stirrer (750 rpm) and pressur-
ized with H, (50bar). In standard experiments the reaction was
performed for 4 h to ensure incomplete conversion of ketopanto-
latone allowing for a comparison of the activity of the different
catalysts. The reaction mixtures were filtered, diluted with ethyl
acetate and subsequently analyzed by means of gas chromatogra-

phy on a Thermo Finnigan Trace 2000 using a CP-Chirasil-Dex CB
capillary column and a FID detector.

The aerobic oxidation of benzyl alcohol was carried out in a
50 ml 2-neck round glass flask at 100°C for 3 h using 100+ 1 mg
of each catalyst and 700 .l benzyl alcohol in 5 ml toluene. Oxygen
(50 ml/min) was bubbled through the vigorously stirred solution
at atmospheric pressure. A cooler was placed on top to avoid fatal
loss of involved materials, resulting in an average error of the mass
balance of the alcohol, aldehyde/ketone and ester of 2.01 +1.59%
determined by comparing the areas of all substrates and prod-
ucts with an inert internal standard added (tetradecane). Samples
were taken during and at the end of every experiment, filtered
and diluted with isopropanol for subsequent gas chromatographic
analysis (Thermo Quest Trace 2000 employing a HP-FFAP capillary
column and FID detector).

2.5. ATR-IR investigations

64 0.1 mg of the Au/CeO, and Au/TiO, catalysts (5 wt% Au) was
suspended in 0.8 ml water and stirred for at least 30 min. Subse-
quently, the slurry was placed on the Internal Reflection Element
(IRE) and the water was evaporated in a vacuum oven at 40 °C and
100 mbar overnight. ZnSe crystals (45°, 50 mm x 20 mm x 2 mm,
Komlas) were used as IREs.

The catalyst was analyzed in flow-through mode using solutions
of 1mM concentration of ODT and MAA. Note that the IRE itself
was pretreated with the corresponding thiol prior to the deposi-
tion of the catalyst particles. 5wt% Au catalysts were employed
for the ATR-IR investigations to improve the signal to noise ratio,
although an identical trend was confirmed employing 1 wt% Au cat-
alysts used in the catalytic tests (see electronic support information
for comparison).

The cell used for modulation experiments has been described
in detail in [45]. All solutions were freshly prepared using dried
solvents (CHCls3, toluene). The corresponding liquids were satu-
rated with the desired gases (Ar, O;) for at least one hour in order
to ensure a defined gas atmosphere before the experiment was
started.

Unless stated otherwise, spectra were recorded averaging
200-300scans (mirror velocity 80 kHz) on a Bruker IFS66/S and a
Bruker Equinox 55 spectrometer equipped with a commercial ATR
accessory (Optispec) using a resolution of 2cm~! for monitoring
the adsorption of MAA and ODT. CHCI; was used as solvent due to
the overlaps of the characteristic CH; stretching bands of ODT with
those of toluene which was employed in the catalytic tests. The tem-
perature was set to 25°C. In order to bridge the gap between the
conditions of the catalytic tests and in situ ATR-IR measurements
described above, additional experiments were performed to vali-
date the obtained results; spectra were recorded at 50 bar H; in a
batch cell to mimic the hydrogenation reaction conditions and at
95°C in a flow-through cell, using O,-saturated toluene as the sol-
vent to mimic the oxidation reaction conditions. Integration of the
IR signals was performed using the software OPUS 5.0.

2.6. Thermogravimetric desorption

Thermogravimetric desorption experiments were conducted on
a Netzsch STA 449 C thermoanalyzer. The desorbing gases were
analyzed by a Thermostar (Pfeiffer Vacuum) mass spectrometer
connected by heated stainless steel capillary. Prior to the experi-
ments, samples (5wt%) were treated with ODT or MAA solution
in CHCl3 for 1h at room temperature. Each solution contained a
5-fold excess of the corresponding thiol, with respect to the total
number of Au atoms, in order to ensure full coverage of the thiols
on the Au surfaces as the desorption temperature could possibly be
influenced by different coverage. Subsequently, the materials were
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Fig. 1. Aerobic oxidation of benzyl alcohol. Poisoning effect of ODT (left, A) and MAA (right, B) on the catalytic activity of Au particles of 2.1 nm (circle, black) and 6.9 nm
(triangle, gray) supported on TiO; (closed symbols) and CeO, (open symbols). Conditions: reactions were performed in 50 ml glass round flasks, 100 & 1 mg catalyst (1 wt%),

100°C, 3 h, 700 pl substrate, Oxygen flow: 50 ml/min.

washed with CHCl; and dried at room temperature. No trace of
CHCl3 was found by mass spectrometry. 100 mg of the sample was
placed in the system under flowing He (50 ml/min). After equili-
bration of the balance and the MS signals, TPD experiments were
performed in the flow of He starting from 30°C and heating with
10°C/min to 900 °C.

2.7. DFT calculations

Geometry optimization and single-point energy calculations
were performed with the unrestricted B3PW91 hybrid functional
[46,47] using Gaussian 03 [48]. A 6-311G(d,p) basis set was applied
for all the atoms except Au. For Au, the LanL2DZ effective core poten-
tial (ECP) basis set was used [49]. A truncated tetrahedron Au cluster
consisting of 37 atoms was used as the model of Au nanoparticles
due to the various adsorption sites on the cluster. Au-Au distances
were fixed at 2.8836 A and only the structures of the adsorbed MAA
thiolate were relaxed. The MAA thiolate adsorption energies at dis-
tinct adsorption sites were evaluated with and without considering
basis set superposition error (BSSE) using counterpoise approxima-
tion [50]. All calculations were performed as an isolated system or
complex without solvent effects.

3. Results
3.1. Oxidation of benzyl alcohol

Au/CeO, [51] and Au/TiO, [52] have been employed as catalysts
for the oxidation of various aromatic and aliphatic alcohols. The
Au catalysts supported on TiO, and CeO, showed a moderate cat-
alytic activity and high selectivity in the liquid-phase oxidation of
benzyl alcohol to benzaldehyde as reported in our previous study
[28]. Independent of the type of support the activity exhibited clear
maxima in the range of 2-7 nm gold particle size, while the selec-
tivity was only weakly affected by the particle size. In this study,
the same reaction was tested in the presence of the thiols, ODT and
MAA, to investigate the blocking effect of Au surface sites on the
catalytic activity. Gold particles of 2.1 and 6.9 nm size supported

Table 1

on TiO, and CeO, were used as catalysts. Fig. 1A and B show the
normalized conversions of the reaction as a function of the concen-
trations of ODT and MAA, respectively. Note that the concentrations
of thiol are shown relative to the total number of Au atoms. The
trends of the conversion decrease, i.e. the poisoning effect, by ODT
and MAA were greatly different. The ODT addition affected the cat-
alytic activities in a similar manner for all the investigated catalysts
despite the large differences in the particle size and the type of
the support. Addition of 10 mol% ODT/Aury, led to an almost com-
plete loss of catalytic activity for both Au particle sizes (Fig. 1A).
The absolute conversion values, TOFs and selectivity for the non-
poisoned system are given in [28]. The influence of thiol addition
on the selectivity was minor and not correlated to the amount of
the thiols (not shown). The blocking effect by MAA on the reaction
rate was far less pronounced compared to that of ODT; even the
addition of 100 mol% MAA/Aur, did not lead to a complete loss
of oxidation activity (Fig. 1B). The Au particle size and the type of
support had an effect on the poisoning by MAA. As a general trend
the TiO, supported and larger Au particles were more sensitive to
site-blocking than the CeO, supported and smaller Au particles.

3.2. Hydrogenation of ketopantolactone

Au catalysts show a high chemoselectivity towards the hydro-
genation of C=0 double bonds [53-56]. In the current study, the
gold-catalyzed ketopantolactone hydrogenation was studied in the
absence and presence of the site-blocking agents, ODT and MAA.
No appreciable conversion was observed for CeO, supported cat-
alysts, while TiO, supported catalysts showed reasonable activity
with 100% selectivity to pantolactone, implying a remarkable sup-
port effect in the Au/CeO, catalytic system. The clarification of the
origin of this support effect was beyond the scope of this work;
therefore only the results obtained with the Au/TiO, catalysts are
described and discussed hereafter for the hydrogenation reaction.

Table 1 and Fig. 2A and B show the effect of the presence of
ODT and MAA on the hydrogenation of ketopantolactone for the 2.1
and 6.9 nm Au/TiO; catalysts. Similar to the previous site blocking
experiments for the oxidation reaction, various molar amounts of

Conversions (in %) and TOFs (h~1, based on the total Au content) determined in the hydrogenation of ketopantolactone using 100+ 0.2 mg Au/TiO, (1 wt%) and 60+ 1mg
ketopantolactone at room temperature, hydrogen pressure was set to 50 bar, reaction time 4 h. The thiol/Aur, ratio was set to 100%.

Au/TiO; (2.1 nm) conversion (%)

Au/TiO; (2.1 nm) TOF (h-1)

Au/TiO; (6.9 nm) conversion (%) Au/TiO; (6.9nm) TOF (h~1)

No additives 61.6 14.21
CygH37-SH (ODT) 14.0? 3.232
HS-CH,-COOH (MAA) 4.0 0.92

15.1 3.48
3.0° 0.69?
1.5 0.35

2 Leaching of Au observed.
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Fig. 2. Hydrogenation of ketopantolactone to pantolactone using Au/TiO,. Poisoning effect of ODT (left, A) and MAA (right, B) on the catalytic activity of Au particles of 2.1 nm
(circle, black) and 6.9 nm (triangle, gray) supported on TiO,. Conditions: reactions were performed in an autoclave using glass inserts, 100 + 1 mg catalyst (1 wt%), room

temperature, 50 bar Hy, 4 h, 60 mg ketopantolactone.

ODT and MAA with respect to the total amount of Au present in
the catalyst were added to the reaction mixture. Contrary to the
oxidation reaction, the addition of MAA (Fig. 2B) led to more pro-
nounced deactivation (blocking) of the catalyst than ODT addition
(Fig. 2A). The catalysts were still active in the hydrogenation even
when a large amount of ODT was present, in contrast to the almost
full deactivation after 10 mol% ODT/Aur,, addition in the oxidation
reaction. The blocking effect was not significantly affected by the Au
particle size, and a stronger inhibition of the hydrogenation activity
for MAA compared to ODT was also observed in the hydrogenation
of benzaldehyde at 100 °C (see electronic support information). In
order to elucidate the reasons for the striking differences observed
in the poisoning tendency of the two thiols in the oxidation and
hydrogenation reactions, the catalytic systems were subjected to a
thorough characterization.

3.3. Morphology of gold particles

TEM pictures of the Au particles supported on TiO; are shown in
Fig. 3. Two basic geometric patterns, cuboctahedron and truncated

tetrahedron, were discernible. Fig. 3A depicts a particle, likely seen
from the side that appears as a trapezoid. Fig. 3B shows a particle
that exhibits triangular Au entities typical for a truncated tetrahe-
dral shape. The Au particle shown in Fig. 3C is probably viewed
from the top, appearing as a stretched, hexagonal shape. Assum-
ing a cuboctahedron and a truncated tetrahedron particle shape of
adsorbed Au particles of ca. 2.1 and 6.9 nm diameter (schemes in
Fig. 4) this leads to respective dispersions of ~55 + 3% and ~24 + 4%,
depending on the symmetry settings [34,35]. Hence, under similar
weight loading, the catalysts with the smaller Au particles possess
a considerably larger Au surface area.

3.4. Octadecanethiol adsorption

Sulfur containing molecules like thiols are frequently used in the
preparation of self-assembled monolayers (SAM) that have received
great attention as evidenced by numerous articles ([57] and refer-
ences therein). In the analysis of the adsorbed layer, the position of
the resulting IR bands is conveniently utilized. The relative inten-
sities of symmetric (vs) and asymmetric (vas) stretching vibrations

Fig. 3. TEM pictures of TiO, supported Au particles (mean diameter 2.1 nm) viewed from various angles. The white lines in the TEM pictures are drawn to guide the eye.
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of the methylene groups (CH,) undergo a blueshift in the transi-
tion from crystalline-like (2918 and 2850cm~"! for vas(CH,) and
vs(CH»)) to liquid-like adsorbed layers (2928 and 2858 cm™! for
vas(CHy) and vs(CHy)) [58,59]. In ref. [60], the liquid-like layer
structure was assigned to signals located as low as at 2924 and
2855 cm~!. Various examples in literature indicate that the adsorp-
tion of small n-alkane thiols (n-octanethiol and shorter) leads to a
less ordered and more irregular layer compared to longer analogues
[60-63]. Also thiol adsorption on nanoparticles has been examined
and a higher packing density compared to e.g. (11 1)-surfaces [64]
is reported [65].

The adsorption behavior of ODT was monitored by in situ ATR-IR
spectroscopy. The IR spectra of the characteristic C-H stretch-
ing region of ODT, recorded after passing an ODT solution for
1h over the Au/TiO, catalyst deposited on the ATR-crystal, are
shown in Fig. 5. An additional experiment of ODT adsorption on
only TiO, evidenced a negligible adsorption of ODT on the sup-
port, clearly proving that the bands shown in Fig. 5 originate from
the ODT molecules on the Au particles. After the ODT adsorp-
tion for 1h the flow was switched to the neat solvent to study
possible ODT desorption from the Au surface, but there was lit-
tle change in the band intensities and positions. This indicates a
strong adsorption of ODT on the supported Au particles. A sum-
mary of the observed band positions for the different Au catalysts
is given in Table 2. The C—H stretching region shows bands at
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Fig. 5. ATR-IR spectra recorded after passing a 1 mM solution of ODT over the cat-
alysts at 25°C; Au/TiO (2.1 nm) (black, A) and Au/TiO; (6.9 nm) (light gray, B). The
inset shows the temporal profile of the vas(CH; ) band of ODT during the experiment,
mimicking the oxidation condition, where the O,-saturated ODT solution was passed
for 1 h at 95°C, then switching to neat solvent for washing.

2922-2921cm~! and 2852-2850cm! taking a somewhat inter-
mediate position between the frequency for crystalline-like (2918
and 2850cm~!) and liquid-like regions (2928 and 2858cm~!)
[58,59].

For a more detailed and sensitive analysis of the band charac-
teristics of ODT, time-resolved adsorption-desorption spectra were
evaluated using 2D correlation analysis [66,67] and phase sensi-
tive detection (PSD) in the framework of modulation excitation
spectroscopy [68,69]. The changes were very small, but both anal-
yses clearly showed that during the course of the adsorption the
positions of the vas(CH;) and vs(CH;) bands were blueshifted by
1-3cm!, while to a similar extent redshifts were observed dur-
ing the washing/desorption. Identical trends were observed under
high H, pressure (50 bar), mimicking the hydrogenation condition
(spectra are shown in electronic support information).

In the inset of Fig. 5, the adsorption and possible desorption
behaviors of ODT on the Au catalysts under conditions similar to
the ones of the oxidation reaction are shown. Obviously, ODT was
hardly removed from the catalyst surface during rinsing with neat
solvent. Notably, the integrated peak intensity was higher for the
catalyst with the larger Au particle (6.9 nm) which has a smaller Au
surface compared to the smaller Au particles.

Thermogravimetric desorption experiments (electronic support
information) were conducted following the desorption of ODT from
Au/TiO, after the preadsorption of ODT. They revealed a desorption
temperature from Au/TiO; (2.1 nm) of ~#236 °C and of ~276 °C from
Au/TiO, (6.9 nm), indicating a higher stability of ODT on the larger
particles.

Table 2
Summary of IR frequencies (in cm~") observed for various C-H stretching vibrations
for ODT adsorbed on Au/TiO; (2.1 and 6.9 nm) and Au/CeO; (2.1 and 6.9 nm).

Au/TiOy
SAM on Au [71] 2.1nm 6.9nm
vas(CH3) ip 2965 29562 29582
vas(CH3) op 2958
Vas(CH2) 2919 2922 2921
vs(CHs) 2873 2873 2873
vs(CHz) 2851 2852 2852
Au/Ce0O,
2.1nm 6.9nm
vas(CH3) ip 29562 29567
vas(CH3) op
Vas(CH2) 2922 2922
vs(CH3) 2873 2873
vs(CH,) 2851 2852

2 The observed band is likely resulting from the two overlapping bands.
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3.5. Mercaptoacetic acid (MAA) adsorption

Mercaptoacetic acid (MAA) possesses two possible adsorption
sites: a carboxylic and a thiol group. The appearance of the valence
stretching mode of the thiol group (v(S-H)) expected at around
2600-2500 cm~! [70] is an indicator whether the thiol has under-
gone S-H scission upon adsorption on Au via the thiol group [64,71]
or whether the molecule binds via its carboxylic group to the gold
surface. This assumption also holds for a hypothetical “chelating”
adsorption of MAA on the Au particles via the thiol and the car-
boxylic group which has been shown to be a possible adsorption
mode for mercapto-carboxylic acids like glutathione on Au surfaces
[72,73].

Similar to the ODT adsorption experiments, 1 mM MAA solu-
tion was passed over the catalysts and TiO, support for 1h. The
resulting IR spectra after the MAA adsorption on (A) TiO, support,
(B) Au/TiO (6.9 nm), and (C) Au/TiO, (2.1 nm) are shown in Fig. 6.
Contrary to the weak interaction of ODT with the support, MAA
showed strong interaction and adsorption on the TiO, support. The
bands that originate from the adsorption of MAA on TiO; via the
carboxylic group appear at ca. 1690, 1543, 1421 and 1392cm™!, in
good agreement to the reported C=0 vibrational frequency values
for carboxylic acids on TiO, (1700-1200cm™1) [74,75]. The band
intensities were significantly stronger than for the Au supported
catalysts. The v(S-H), which was more pronounced on the bare TiO5,
is located at 2550 cm~!, showing minor cleavage of the S-H bond
upon MAA adsorption on TiO,. Subtraction of the support adsorp-
tion components (Fig. 6A) from the IR spectra of MAA on Au catalysts
(Fig. 6B and C) indicated that MAA, upon adsorption on the Au
particles, shows a prominent carbonyl stretching v(C=0) band at
~1702 cm~!, while the intensity of the v(S—H) band was negligible.
Also, the ratio between v(S—H) and v(C=0) decreased with increas-
ing Au surface area: the pure support shows v(S—H)/v(C=0) value
of 0.41, Au/TiO, (6.9 nm) exhibits a ratio of 0.075 while the sample
with the largest Au area (see Section 2), Au/TiO; (2.1 nm) shows
even a lower value of 0.068. These observations clearly indicate the
adsorption of MAA on the Au particles via the S atom in the thio-
late form. The vibrational spectra observed at higher temperature
(95°C) under similar conditions to the oxidation reaction showed
the same spectral features as those recorded at room temperature.
Mimicking the hydrogenation reaction condition by applying 50 bar
H, did not alter the v(S-H) and v(C=0) signal positions but resulted
in spectral changes in the carbonate region. These results suggest
a strong adsorption of MAA under the oxidation and hydrogena-
tion conditions in the absence of substrate. Due to the surprisingly
moderate poisoning effect of MAA on the oxidation of benzyl alco-

Absorbance / a.u.

2500 2000 1500

K
Wavenumber / cm

Table 3
Binding energies of MAA on the Aus; cluster obtained by the DFT calculations.

Adsorption Binding energy Binding energy (kj/mol) -
geometry Fig. 7 (kJ/mol) BSSE corrected
A—Au(111) 157.7 135.4

B—Au(100) 164.9 140.5

C—Au (111), no corners 135.1 115.1

D—edge 206.4 177.3

E—corner 192.2 119.0

hol (Fig. 1B), the adsorption-desorption behavior of MAA under
the oxidation reaction condition in the presence of benzyl alco-
hol was investigated. The v(C=0) band area, characteristic of MAA
adsorption on Au, was monitored during in situ ATR-IR transient
experiments (Fig. 6, right) where the solutions of MAA and ben-
zyl alcohol were admitted alternately to the measurement cell.
Remarkably, a large amount, about 30%, of MAA was removed from
the Au surface when the MAA solution had been replaced by a solu-
tion of benzyl alcohol. This behavior, i.e. the competitive adsorption,
was reversible.

Thermogravimetric desorption studies revealed a desorption
temperature of ~180-220°C from Au/TiO, (2.1 nm) and of ~169°C
from Au/TiO, (6.9 nm), indicating a more stable MAA adsorption on
smaller Au particles (electronic support information).

To gain further insight into the nature of MAA adsorption on Au
particles DFT calculations were performed. As evidenced from the
IR experiments, the thiol group was set to be in a deprotonated form.
Five distinct adsorption sites were considered using the same Au
cluster (Fig. 7A-E): (i) asmall (11 1) surface with the spread of 6 Au
atoms, (ii)a small (1 00) surface with the spread of 9 Au atoms, (iii) a
larger (11 1) surface with the spread of 19 Au atoms, (iv) an edge site
between (i) and (ii), and (v) a corner site between (i) and (ii). Atop
thiolate adsorption modes were taken as the initial configuration
and the resulting optimized structures are depicted in Fig. 7A-E.
The corresponding binding energies are given in Table 3. The BSSE
corrected binding energies are also shown for the sake of complete
comparisons; however it should be noted that the thiolate adsorp-
tion forms a ‘chemical’ bond with Au. Therefore the BSSE correction
can be greatly biased by the homolytic cleavage energy of the Au-
S bond and does not likely result in the correct evaluation of the
interaction energies. For this reason, the MAA adsorption strength
is discussed based on the BSSE uncorrected adsorption energies.

Clearly, MAA thiolate binds more strongly onto the defect sites
than on the (111)and (1 00) facets, showing twofold but different
binding modes on the edge and corner. The most stable adsorption
mode is via the twofold Au-S binding on the edge (Fig. 7D), while
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Fig. 6. Left: ATR-IR spectra recorded after passing a 1 mM solution of MAA for 1h over TiO; (A, black line), Au/TiO; (6.9 nm) (light gray, B), and Au/TiO, (2.1 nm) (gray, C).
Right: Integrated peak intensity of the v(C=0) due to MAA during switching between the two flows of O,-saturated 1 mM solution of MAA in toluene (marked by rectangles)
and O,-saturated 10 mM solution of benzyl alcohol in toluene at 95 °C. The catalyst studied was Au/TiO; (2.1 nm).
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Fig. 7. Energetic minimum configurations of MAA adsorbed on the Au(111) (A), the Au(100) part of the particle (B), larger Au(111) facets (C), and adsorbed on two
corner/edge positions in a twofold binding geometry through the thiolate group (D) and a chelate configuration involving a binding through the thiolate and the carboxylic
group (E). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the second most stable mode involves both thiolate and carboxylic
groups via one Au(edge)-S and one Au(corner)-0, both atop, bind-
ings (Fig. 7E). The MAA binding modes on (i, Fig. 7A) and (ii, Fig. 7B)
sites were similar, both involving twofold Au-S bonds and one-fold
Au-0 bond at the corner site. The least stable one was on the large
terrace of (11 1) surface via atop one-fold Au-S bond without an
Au-carboxylic group interaction. In all the investigated cases, the
carboxylic group interacted exclusively with the defect sites.

4. Discussion

4.1. Adsorption of thiols

The dynamics of thiol layer formation on the Au particles was
studied by time-resolved ATR-IR spectroscopy, PSD and 2D Correla-
tion Analysis (electronic support information) showing a blueshift
inthe position of the vas(CH; ) and vs(CH; ) signals during the course
of ODT adsorption. This indicates that at first a rather crystalline-
like layer is formed, corresponding to adsorption on Au crystal
facets. After the occupation of these sites, ODT binds in a way that
leads to the formation of a more liquid-like layer. This liquid-like
layer formation was reported for small Au particles [64,76] resulting
from the occupation of a higher fraction of low coordinated sites.
Additionally, the desorption temperature in the thermogravimetric
desorption experiments was found to be higher on the larger parti-
cles. This may be related to the intensity of the IR bands which was
higher in the systems containing larger particles (6.9 nm) despite
the much higher Au area of the small (2.1 nm) Au particles. A very
small fraction of the adsorbed ODT is bound reversibly as shown
by the decreasing intensity of vas(CH>) and vs(CH;) during rinsing
with neat solvent (inset Fig. 5). On the contrary, theoretical calcu-
lations have shown that thiols bound to these low coordinated Au
sites show a higher adsorption energy [64,65]; however they are
exchanged faster [57,76-79] presumably due to a strong steric hin-
drance within well-ordered, crystalline-like layers that are formed
on extended Au surfaces.

The adsorption of the bifunctional thiol MAA is more complex
compared to ODT. The adsorption of MAA on Au should require a
breakage of the S-H bond whereas its adsorption on the support
via the carboxylic group likely leaves the S—H bond intact. Desorp-
tion experiments showed that MAA desorbs at lower temperatures
compared to ODT (thermogravimetric desorption experiments,
electronic support information). Particularly, MAA desorbs at lower
temperatures from the larger particles contrary to ODT which has

a higher thermal stability on the larger particles. DFT calculations
were performed using a model cluster containing multiple adsorp-
tion sites, e.g. Au(100) and Au(1 1 1) surface facets as well as edges
and corner sites. According to the DFT calculations the most pre-
ferred adsorption site of MAA on the cluster is the edge site formed
at the boundary of the (11 1) and (1 00) facets via a twofold Au—S
bond formation (Fig. 7D). Au-S adsorption of MAA thiolate at the
corner site involves a second interaction of the carboxylic group
with the edge site (Fig. 7E), which shows slightly less but signifi-
cant binding to the Au cluster. The adsorption modes on the small
(111)and (100)surfaces (Fig. 7A and B), via twofold Au-S and car-
boxylic oxygen-Au edge sites interactions, as well as on the larger
(111) terrace via one-fold Au-S interaction (Fig. 7C) were con-
siderably less stable than the edge and corner adsorption modes.
The adsorption energies of MAA were found to be in good agree-
ment with energies observed for thiols/thiolates adsorbed on Au
([80,81] and references therein). These two most stable configu-
rations (Table 3) possibly explain the major loss of activity in the
hydrogenation of ketopantolactone when MAA is added as a poi-
soning agent.

4.2. Electron microscopy, ball model

Two probable models for the morphology of the Au particles
were identified by means of TEM (Fig. 3). Selected relative contri-
butions of special surface sites can be estimated using the formulas
given in [34,35]. However, we cannot exclude the possibility of
adsorbate (reactants, poisons, solvent) induced surface reconstruc-
tion [82-84]. A flexible, dynamic particle model [85,86] could be
considered rather than the rigid one following the idealized van
Hardeveld calculations discussed here.

In particular the models chosen here reveal an influence of par-
ticle diameter and thickness on the relative number of edge and
corner sites. Assuming a flat cuboctahedron particle (Fig. 4A), we
calculate that a particle with a diameter of 2.1 nm has a factor of 6.3
higher amount of edge and corner atoms compared to a particle of
6.9 nm diameter. Using a truncated tetrahedron model (Fig. 4B) we
obtain a value of 5.9.

4.3. Catalysis
A drop in conversion with increasing Au particle size was

observed in the hydrogenation of ketopantolactone. The activity of
the Au/TiO, (2.1 nm) was approximately 4 times higher (Table 1)
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compared to the Au/TiO, (6.9 nm), which is in fairly good agree-
ment to the decrease in the relative amount of corner and edge
sites with increasing particle size (see above). The addition of a large
amount of ODT as a poisoning (blocking) agent during the hydro-
genation reaction did not lead to a total loss of activity. The results
obtained from in situ ATR-IR spectroscopy indicated that ODT pref-
erentially forms rather ordered layers typical for crystal facets in
the first stage of adsorption, and the more dynamic and exchange-
able ODT molecules exhibit or induce a rather liquid-like structure,
typical for the adsorption on edges, corners or highly rounded sur-
faces (Table 2, Fig. 5). The addition of 10 mol% MAA/Aurg, to the
hydrogenation mixture quickly led to a strong loss of catalytic activ-
ity by blocking the active sites for hydrogenation (Fig. 2B). It has
been proposed that edge and corner sites of supported Au parti-
cles are the main active species in hydrogenation of the C=0 bond
[53,55,87], and the present poisoning studies support these find-
ings.

On the other hand, in the aerobic oxidation of benzyl alcohol the
addition of 10 mol% ODT/Aury led to an almost complete blocking
of the active sites (Fig. 1A). In contrast to the behavior of ODT, the
addition of MAA resulted in a mild loss of the oxidation activity
(Fig. 1B) even when the added amount was significantly larger than
the one necessary to cover the whole Au surface.

The contrasting poisoning effects of ODT and MAA in the tested
oxidation and hydrogenation reactions are striking. A possible
interpretation to these macroscopically observed phenomena lies
in selective site-blocking [88] of catalytic sites. A selective site-
blocking pattern occurs when the inhibitor is preferentially bound
to the most active sites and leads to a specific site blocking which
causes a deactivation of the catalyst even when only small amounts
of the poison are added.

The alcohol oxidation likely requires certain active sites on Au
nanoparticles which can be generated by the removal of MAA from
the surface. The competitive adsorption between MAA and benzyl
alcohol under reaction conditions was confirmed by means of in
situ ATR-IR experiments for MAA (inset Fig. 6). Note that also short-
chain thiols and short chain (n<2) w-SH carboxylic acids exhibit
a distinctly smaller peak potential for the reductive desorption
from Au electrodes. This effect has been assigned to the inability of
these short-chain molecules to form highly ordered, stable layers
[89]. Our thermogravimetric desorption experiments also showed
higher stability of MAA on smaller Au particles.

In contrast, apparently ODT is not removed by the competitive
adsorption from the active site for the oxidation of benzyl alcohol
- already the addition of a small portion leads to total deactivation
(Fig. 1). ODT is suggested to form ordered layers strongly bound to
the exposed crystal facets (Table 2, Fig. 5). The thermogravimetric
desorption experiments indicated that ODT exhibits higher stability
on larger Au particles. This is in line with stable ODT layer formation
on the large crystal facets and the DFT results for MAA on the Au
cluster, i.e. stronger adsorption on edge and corner sites.

Finally, it should be stressed that an absolute assessment of
the active Au sites in the oxidation of benzyl alcohol and the
hydrogenation of ketopantolactone cannot be made without con-
sidering the effect of the site-blocking on the adsorption of oxygen
and hydrogen. This aspect which has not been elucidated in the
present work needs attention before the observed structure sensi-
tivity can be explained profoundly. Although it has been shown
that both oxygen and hydrogen are dissociatively adsorbed and
suggestions have been made where these adsorptions occur prefer-
entially [9,13,14,90], this information is not sufficient for a thorough
understanding of the observed structure sensitivity and further
experimental work is required.

To sum up, the findings presented here strongly point to a differ-
ent nature of the active Au sites for the oxidation of benzyl alcohols
and the hydrogenation of ketopantolactone. The knowledge gained

from the selective poisoning of gold catalysts by thiols may assist
in understanding and improving this type of catalysts for selective
oxidation and hydrogenation reactions.

5. Conclusions

Oxidation of benzyl alcohol and hydrogenation of ketopantolac-
tone has been studied on TiO, and CeO, supported gold catalysts
with different Au particle size (2.1 and 6.9 nm) in the presence and
absence of poisoning (blocking) thiols (n-octadecanethiol (ODT)
and mercaptoacetic acid (MAA)). The effect of the adsorption of
the two thiols with different functional groups on the catalytic
behavior of the gold catalysts has been investigated. Upon addition
of 10 mol% thiol/Aurey,;, an almost complete loss of activity in the
aerobic oxidation of benzyl alcohol was observed when the Au cat-
alysts were poisoned by ODT, while at the same concentration MAA
adsorption had relatively little influence on activity. In contrast, in
the hydrogenation of ketopantolactone similar blocking (10 mol%
thiol/Aurg, ) with MAA led to a strong loss in activity, while ODT
adsorption affected the activity relatively little. The nature of ODT
and MAA adsorptions on the Au catalysts was investigated by means
of in situ ATR-IR spectroscopy, thermogravimetric desorption and
DFT calculations. During the course of adsorption, ODT first binds to
crystal facets of the Au particles and later forms reversibly bound
species on the surface, likely adsorbing on edge and corner sites.
On the other hand, MAA strongly binds to the edge and corner sites
on the supported Au clusters as indicated by DFT calculations. The
adsorption of MAA on crystal facets is thermodynamically the least
stable configuration. The stronger adsorption on large Au terraces
for ODT and on defect sites such as crystal edge and corner for MAA
are also confirmed by desorption experiments, showing higher sta-
bility of ODT on the larger and MAA on the smaller Au particles,
respectively. In situ ATR-IR experiments under reaction conditions
showed that MAA can be partially removed from the Au surface by
the substrate used in the oxidation, benzyl alcohol, which likely led
to the active site generation for the oxidation reaction. These results
suggest that the hydrogenation reaction is catalyzed by mainly low-
coordinated Au atoms such as edges and corners and the active
sites can be efficiently blocked by MAA. In contrast, the oxidation
reaction seems to prevail on extended Au faces which can be effec-
tively poisoned by strong ODT adsorption. These findings show that
different active sites are involved in aerobic oxidation of benzyl
alcohol and the hydrogenation of ketopantolactone and underline
the importance of a structural tailoring of the active gold particles
for a specific reaction.
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