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Introduction

Rhenium-based materials are widely used as catalysts in
many industrial processes such as metathesis of alkanes and
selective hydrogenation of organic compounds.[1,2] Only a
few applications of these catalysts in selective oxidations
have been reported.[3–5] Recently, several studies have re-
vealed that combinations of rhenium and antimony exhibit
catalytic activity for the ammoxidation of certain hydrocar-
bons.[6–8] Further, anchoring Re–organometallic complexes
or Re–oxo species on inorganic supports renders them
stable at high-temperature reaction conditions.[9,10] In partic-
ular, bimetallic nanocluster systems based on rhenium,
which when combined with oxophiles, such as antimony or
bismuth, can be used to generate highly dispersed nanopar-

ticle catalysts for the ammoxidation of 3-picoline to nicoti-
nonitrile (precursor for niacin) under mild conditions in the
liquid phase.[11] These catalysts are compositionally simple
nanoparticles of Re and either Sb or Bi, that exhibit consid-
erable synergy between the constituent elements and are
produced by supporting dirhenium–organometallic com-
plexes ([Re2(CO)8ACHTUNGTRENNUNG(m-SbPh2) ACHTUNGTRENNUNG(m-H)], [Re2(CO)8ACHTUNGTRENNUNG(m-SbPh2)2],
and [Re2(CO)8ACHTUNGTRENNUNG(m-BiPh2)2]) on mesoporous silica, followed
by subsequent removal of the carbonyl ligands by gentle
thermolysis under vacuum. The interaction of the clusters
with the inorganic silica support strongly affects the nature
and the dispersion of the metal active sites that are pro-
duced after the decomposition of the precursor for the gen-
eration of single-site, multinuclear, bimetallic, heterogene-
ous catalysts. To understand the catalytic performance, it is
important to clarify and elucidate how the organometallic
precursors are decomposed at increasing temperatures and
how the active sites are generated.

In this study, thermogravimetric analysis (TGA) and in
situ FTIR spectroscopy were used to follow the decomposi-
tion of three different rhenium-containing organometallic
precursors and the subsequent anchoring of the resulting
nanoclusters on the support. We have observed that the
temperature and surrounding environment at which the
cluster precursors are decomposed is critical for the anchor-
ing and subsequent generation of highly active and selective
rhenium-based nanoparticles (Re2Sb, Re2Sb2, and Re2Bi2)
that function as single-site, heterogeneous catalysts for the
liquid-phase ammoxidation of 3-picoline to nicotinonitrile.
In order to further investigate the nature, dispersion, and

Abstract: Single-site Re nanoparticles
were produced by anchoring dirhenium
organometallic clusters on to the inner
walls of mesoporous silica. The pres-
ence of oxophilic atoms (Sb or Bi) is
essential to obtain well dispersed Re0

centers. The interaction between the
organometallic cluster and the silica

support is critical for the generation of
well-defined and isolated Re0 single
sites. FTIR spectroscopy was used to

track the decomposition of the organo-
metallic precursors and the adsorption
of probe molecules such as CO on the
metal sites sheds valuable information
on the catalytic potential of this new
class of bimetallic nanocatalysts.

Keywords: ammoxidation · nano-
particles · CO adsorption · FTIR
spectroscopy · rhenium

[a] Dr. E. Gianotti, Dr. V. N. Shetti, Dr. M. Manzoli, Prof. S. Coluccia
Department of Chemistry IFM and NIS-Centre of Excellence
University of Turin, V. P. Giuria 7, 10125 Turin (Italy)
Fax: (+39) 011-6707953
E-mail : enrica.gianotti@unito.it

[b] J. A. L. Blaine, Prof. R. Raja
School of Chemistry, University of Southampton
Highfield, Southampton SO17 1BJ (UK)
Fax. (+44) 2380593781
E-mail : rr3@soton.ac.uk

[c] W. C. Pearl, Jr., Prof. R. D. Adams
Department of Chemistry & Biochemistry
University of South Carolina, Columbia SC 29208 (USA)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201000403.

� 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 8202 – 82098202



oxidation state of the metal sites exposed at the catalyst sur-
face, CO was used as molecular probe and was adsorbed on
the activated catalysts at room temperature. CO is able to
interact directly with the metal nanoparticles, producing typ-
ical bands in the carbonyl stretching region (ñ= 2200–
1700 cm�1); by studying their intensity, the positions of the
maxima, and their behavior on outgassing, it is possible to
obtain useful insights that help to clarify the nature of the
metal active sites.

The main objectives of this paper are aimed at providing
a detailed spectroscopic understanding of the nature of the
active sites that have led to the synergistic enhancements in
the catalytic ammoxidation of 3-picoline (for the prepara-
tion of vitamin B3). Hence, it is of fundamental importance
in this study to mimic the same experimental conditions that
were employed in the earlier Communication.[11] Therefore,
it is imperative that the active sites characterized in this
study were subject to the same thermal treatments to that of
the “working catalyst” in order to arrive at structure–prop-
erty correlations.

Results and Discussion

Ammoxidation of 3-picoline : The three new Re-based nano-
cluster catalysts (hereafter denoted as Re2Sb, Re2Sb2, and
Re2Bi2) were derived from the organometallic precursor
complexes: [Re2(CO)8 ACHTUNGTRENNUNG(m-SbPh2)ACHTUNGTRENNUNG(m-H)], [Re2(CO)8ACHTUNGTRENNUNG(m-
SbPh2)2], and [Re2(CO)8ACHTUNGTRENNUNG(m-BiPh2)2] (Figure 1) and were
anchored onto a mesoporous silica support (pore diameter
of 38 �). The precursor cluster complexes were prepared as
previously reported[11, 12] and characterized by single-crystal
X-ray diffraction analyses. The
clusters shown in Figure 1 B
and C are isomorphous, iso-
structural, and centrosymmetri-
cal. They each contain two
MPh2 ligands, M=Sb or Bi,
that bridge two Re(CO)4

groups. There is no metal�
metal bond between the two

rhenium atoms; Re···Re= 4.343(1) � for B and 4.483(1) �
for C.

The effect of activation temperature on the liquid-phase
ammoxidation of 3-picoline to nicotinonitrile was investigat-
ed by using the above three cluster complexes (Figure 2).

All three catalysts displayed reasonable activities when acti-
vated at 200 8C (as is normally the case with anchored bi-
metallic nanocluster complexes).[11,13, 14] In this study, howev-
er, higher activation temperatures were explored, as it was
observed in previous studies[11] that the residual carbonyl li-
gands were still present on the activated catalyst at 200 8C.
Also, in the same study,[11] it was noted that activation of
[Re2(CO)8 ACHTUNGTRENNUNG(m-BiPh2)2] at higher temperatures (300 8C) leads
to slightly enhanced catalytic behavior. Table 1 shows the
conversions, turnover number (TON), and the product se-
lectivity of the three cluster complexes used in this study to-

gether with the data of pure [Re2(CO)10]/SiO2 and pure
[BiPh3]/SiO2 for sake of comparison. The turnover numbers
that we observe for this reaction are unprecedented (ap-
proaching nearly 10 000) and this clearly indicates that resid-
ual carbonaceous species arising from the decomposition of
the ligands activated at 200 8C are minimal, as this would
have otherwise greatly retarded the overall activity of our
catalysts. Furthermore, detailed X-ray emission spectroscopy
and high-resolution TEM (HRTEM) of both the neat and
the used catalysts (see Figure 4 of reference [11]) did not
reveal the presence of any residual carbon. From the above,
we can categorically rule out any additional ligand effects
associated with the carbon presence.

Figure 1. The precursor cluster complexes [Re2(CO)8 ACHTUNGTRENNUNG(m-SbPh2) ACHTUNGTRENNUNG(m-H)]
(A), [Re2(CO)8 ACHTUNGTRENNUNG(m-SbPh2)2] (B), and [Re2(CO)8 ACHTUNGTRENNUNG(m-BiPh2)2] (C) that were
used for the ammoxidation of 3-picoline to nicotinonitrile. Phenyl hydro-
gen atoms are omitted for clarity.

Figure 2. The effect of activation temperature and its influence on the
catalytic activity in the ammoxidation of 3-picoline (see Experimental
Section for reaction conditions).

Table 1. Ammoxidation of 3-picoline by using new rhenium-based nanocluster catalysts supported on silica.

Catalyst Conv. TON Product selectivity [mol %]ACHTUNGTRENNUNG[mol %] 3-cyanopyridine
(nicotinonitrile)

niacinamide niacin pyridine others

Re2 12.5 833 75.3 5.7 3.2 – 15.0
Re2Sb 37.0 3273 78.9 3.5 3.0 4.3 10.5
Re2Sb2 41.5 4575 75.0 5.0 4.5 4.9 10.5
Re2Bi2 65.0 9196 75.0 8.8 6.9 – 9.5
Bi 7.9 296 43.4 4.5 – – 51.9
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Thermogravimetric analysis (TGA): The thermal decompo-
sition of the organometallic precursors was followed by ther-
mogravimetric analysis. The pure rhenium carbonyl,
[Re2(CO)10], anchored on mesoporous silica (hereafter de-
noted as Re2) was also studied. The percentage weight loss
of the as-synthesized samples, in the temperature range 25–
500 8C, is reported in Figure 3. In most cases, the weight loss

is small (the maximum weight loss reaches about 10 % in
the case of [Re2(CO)10]/SiO2, curve d), however, it is higher
than the amount of organometallic precursor added to silica
(3 wt %). This indicates that an additional weight loss, due
to the desorption of water molecules from the porous silica,
occurs between 25 8C and 150 8C and it represents the pre-
dominant contribution to the weight loss for all the as-syn-
thesized samples. Beyond this temperature, the TG profiles
smoothly decrease, indicating that the decomposition of the
precursors is gradual. In particular, the [Re2(CO)8 ACHTUNGTRENNUNG(m-
BiPh2)2]/SiO2 (curve a) shows the lowest weight loss, where-
as in the case of [Re2(CO)10]/SiO2 (curve d), the highest
value is observed.

In Table 2, the percentage weight loss at 200 8C and at
400 8C is reported. Whilst it is possible that some residual li-
gands are still present at the former temperature, care was
taken to ensure the complete decomposition of the organo-
metallic precursors at the higher temperature. The trend
shows that the weight loss decreases by the addition of oxo-
philic atoms to Re and by increasing of both the number of
substituents (Re2Sb to Re2Sb2) and atomic weight (from Sb
to Bi). All the Re samples (Figure 3, curves a–d) show lower

percentage weight loss with respect to the pure SiO2

(Figure 3, curve e), especially in the 25–150 8C range, where
the desorption of water molecules occurs. This means that
the Re catalysts are less hydrophilic than SiO2 and that a
lower fraction of SiOH groups are available. This behavior
confirms that SiOH groups are the ones on which the an-
choring process occurs; in fact, as outlined above, the Bi-
containing catalyst (Figure 3, curve a) shows the lowest
weight loss at increasing temperature, meaning that an
higher fraction of the organometallic complex is anchored
on SiOH groups of the silica surface and suggesting a stron-
ger interaction between the organometallic complex and the
silica support.

FTIR characterization : To elucidate the interaction between
the organometallic complexes and the silica support, FTIR
spectroscopy was used to monitor the decomposition of the
precursors at increasing temperature. The FTIR spectra of
the thermal decomposition of [Re2(CO)10] supported on
mesoporous silica are shown in Figure 4. The [Re2(CO)10]

sample, which was outgassed at 25 8C (Figure 4, curve a),
shows complex bands in the CO stretching region (2150–
1800 cm�1), and the intensity of these bands decreases when
the temperature is progressively increased (Figure 4, cur-
ves b–g) and finally disappears when the outgassing is car-
ried out at 400 8C (Figure 4, curve h). From Figure 4 it can
be seen that the bands at ñ=2128 (weak), 2073 (strong),
and 2013 (strong) with shoulders at 1965 and 1875 cm�1

(weak and broad) are present. It has been reported[15] that
for an axially perturbed [Re2(CO)10] molecule adsorbed on

Figure 3. TGA analysis of [Re2(CO)8 ACHTUNGTRENNUNG(m-BiPh2)2]/SiO2 (curve a),
[Re2(CO)8 ACHTUNGTRENNUNG(m-SbPh2)2]/SiO2 (curve b), [Re2(CO)8 ACHTUNGTRENNUNG(m-SbPh2) ACHTUNGTRENNUNG(m-H)]/SiO2

(curve c), [Re2(CO)10]/SiO2 (curve d), and pure SiO2 (curve e).

Table 2. Wt % loss and calculated Dwt % at 200 8C and at 400 8C.

As-synthesized
samples

wt % loss at
200 8C

Dwt % at
200 8C

wt % loss at
400 8C

Dwt % at
400 8C

Re2 92.60 7.4 90.75 9.25
Re2Sb 93.10 6.90 91.33 8.66
Re2Sb2 93.83 6.17 92.13 7.87
Re2Bi2 94.77 5.23 93.75 6.25

Figure 4. FTIR spectra of [Re2(CO)10] anchored on silica at increasing
outgassing temperature. a) 25, b) 100, c) 175, d) 225, e) 275, f) 300, g) 325,
and h) 400 8C.
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a inorganic support, where the anchoring of metal carbonyls
occurs through axial CO ligands, the point symmetry is C4v.
The C�O stretching representation is Gvib= 2E+B1+ B2+

3A1, where the IR active modes are 2E+3A1.[15] From this
data, the bands at ñ=2128 and 2073 cm�1 can be assigned to
the high frequency A1 modes, the band at 2013 cm�1 to the
E mode, whilst the shoulder at 1965 cm�1 can be due either
to the A1 or remaining E modes; these latter modes are ob-
served possibly due to a modification of the axial symmetry.
In addition to these modes, the weak and broad band pres-
ent at ñ=1875 cm�1 can be attributed to a CO ligand that
helps to anchor the complex to the silica support.[15,16]

In Figure 5, the FTIR spectra of [Re2(CO)8 ACHTUNGTRENNUNG(m-SbPh2)2]
anchored to the silica support at increasing temperatures
are presented. The spectrum of the sample outgassed at
25 8C (Figure 5, curve a) shows similar bands to the

[Re2(CO)10] cluster both in position and relative intensity
observed in Figure 4, indicating the presence of the same
carbonyls. The FTIR spectrum of this cluster precursor in
hexane shows nCO bands at ñ= 2067 (m), 1995 (vs) and
1960 cm�1 (s).[22] These bands can be assigned to the spec-
trum seen for the supported cluster prior to outgassing and
heating. These bands, along with the weak bands at ñ= 1475
and 1430 cm�1, assigned to phenyl C�H bending modes, are
removed after outgassing the sample at 300 8C (Figure 5,
curve f). These results are in good agreement with the TGA
that shows an inflection at around 280 8C (Figure 3, curve b).
The only band to remain after outgassing at 300 8C is that at
ñ=1875 cm�1, assigned to the anchoring CO ligands.

The spectra related to the thermal decomposition of the
[Re2(CO)8 ACHTUNGTRENNUNG(m-SbPh2) ACHTUNGTRENNUNG(m-H)] complex are shown in Figure 6.
The FTIR spectrum of the precursor complex in hexane

shows nCO bands at ñ= 2102 (w), 2078 (m), 2009 (s), 1997(s)
and 1971 cm�1 (s). The typical bands of Re carbonyls pres-
ent in the spectrum profile of the sample outgassed at 25 8C
(Figure 6, curve a) are very similar to those of the precursor
complex, with some shifts due to the sample environment
and splitting due to the loss of symmetry of the anchored
complex versus the complex in solution. A shoulder at ñ=

1875 cm�1 is also present and is assigned to the stretching of
the anchoring CO ligands. The weak bands in the 1500–
1400 cm�1 range are related to the bending modes of CH
groups of the phenyl ligands bonded to Sb. On heating se-
quentially to 225 8C (Figure 6, curve d), the nCO bands due to
the precursor and the CH bands disappear in parallel, leav-
ing nCO bands at ñ= 2035 and 1926 cm�1.

This indicates that the cluster initially anchors in a confor-
mation similar to the structure of the precursor complex, by
using hydrogen bonding between the surface silanol groups
and CO ligands. On heating, the phenyl groups dissociate
from the Sb, causing the Sb to bond to the surface and leav-
ing the Re bound through anchoring CO ligands
(1926 cm�1).

Figure 7 shows the FTIR spectra of [Re2(CO)8ACHTUNGTRENNUNG(m-BiPh2)2]
on silica collected by outgassing at increasing temperature.

The FTIR spectrum of the precursor complex in hexane
shows nCO bands at ñ= 2064 (s), 1990 (vs) and 1960 cm�1 (s).
This complex contains the same ligands and has a similar ge-

Figure 5. FTIR spectra of [Re2(CO)8 ACHTUNGTRENNUNG(m-SbPh2)2] anchored on silica at in-
creasing outgassing temperature. a) 25, b) 100, c) 175, d) 225, e) 275,
f) 300, g) 325, and h) 400 8C.

Figure 6. FTIR spectra of [Re2(CO)8 ACHTUNGTRENNUNG(m-SbPh2)ACHTUNGTRENNUNG(m-H)] anchored on silica
at increasing outgassing temperature. a) 25, b) 100, c) 175, d) 225, e) 275,
f) 300, g) 325, and h) 400 8C.
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ometry to that of the Re2Sb2; nevertheless the spectroscopic
features are very different with respect to the other samples
(see Figure 4–6). In particular, the spectrum of the complex
outgassed at 25 8C appears more defined in the 2100–
1950 cm�1 range. The fine structure of the spectrum contains
bands that can be assigned to the precursor complex, with
reduced symmetry due to distortion caused by interaction
with the silica surface. The decomposition of the precursor
as evidenced by the disappearance of the bands at ñ= 2060,
2015, 1993, 1985 and 1963 cm�1 is complete at 175 8C
(Figure 7, curve c); but three other bands (ñ=2033, 1910,
and 1880 cm�1) are still visible after degassing at 325 8C
(Figure 7, curve g). Based on a strong evidence in the litera-
ture[15, 16] and from its position and behavior, the features at
1910 and 1880 cm�1 can be assigned to the CO ligand an-
choring the complex to the silica support. This band is pres-
ent in all the as-synthesized samples, but its relative strength
compared to the bands assigned to the undecomposed
Re2Bi2 complex is much greater than for Re2Sb and Re2Sb2,
as evidenced in Figure 8, in which a comparison of the
bands due to the different organometallic complexes on
silica support is presented. The high relative intensity of this
feature suggests that a greater proportion of Re2Bi2 decom-
poses to form nanoparticles at room temperature than in
the case for Re2Sb and Re2Sb2. This hypothesis is supported
by the very weak absorption due to CH bending at ñ=

1430 cm�1 (Figure 7, curve a).
The anchoring of the clusters through the silanol groups is

further confirmed by looking at the spectra in the OH
stretching region (see inset of Figure 8). In the case of neat
silica, a broad absorption between 3800–3300 cm�1 is ob-

served (solid line in the inset) after outgassing the sample at
room temperature. Although, this absorption is complex, it
is possible to pick up a band at ñ=3745 cm�1, which is due
to the stretching mode of free silanols, and a broad absorp-
tion at lower wavenumbers, extending to ñ= 3300 cm�1, due
to hydrogen bonding between silanols and other Si�OH
groups or chemisorbed water that is not removed at room
temperature. On anchoring of the organometallic complex
containing Bi (Figure 8, dashed line in the inset), the band
associated with the silanol groups displays very low intensity
(the spectra are normalized) and this indicates that the con-
centration of SiOH groups is low. From the above, we can
infer that the disappearance of these silanol bands indicates
that the SiOH are the locus at which the anchoring occurs.
The same behavior is observed when a different complex,
for example [TiCl2Cp2] (Cp=cyclopentadienyl), is anchored
on mesoporous silica.[17, 18]

Moreover, the comparison of Re2Sb and Re2Sb2 samples
in Figure 8 reveals that not only the band ascribed previous-
ly to the A1 mode, but also the component due to the E
mode is split in the case of Re2Sb, due to the decrease in the
symmetry of the complex with respect to pure Re. These
modes are slightly red shifted in the case of Re2Sb2, where
the splitting is not observed, due to its different geometry.
Based on the decomposition of the nCO bands of the sup-
ported, undecomposed complexes, comparison of the spec-
tra for the three bimetallic clusters indicates an order of sta-
bility to vacuum thermolysis of Re2Sb2 > Re2Sb > Re2Bi2.

Figure 7. FTIR spectra of [Re2(CO)8 ACHTUNGTRENNUNG(m-BiPh2)2] anchored on silica at in-
creasing outgassing temperature. a) 25, b) 100, c) 175, d) 225, e) 275,
f) 300, g) 325, and h) 400 8C. Figure 8. Main: FTIR spectra of [Re2(CO)10], [Re2(CO)8ACHTUNGTRENNUNG(m-SbPh2) ACHTUNGTRENNUNG(m-H)],

[Re2(CO)8 ACHTUNGTRENNUNG(m-SbPh2)2], and [Re2(CO)8 ACHTUNGTRENNUNG(m-BiPh2)2] anchored on silica.
Inset: FTIR spectra in the OH stretching region of pure silica (solid line)
and of [Re2(CO)8 ACHTUNGTRENNUNG(m-BiPh2)2] anchored on silica (dashed line). All the
samples have been outgassed at room temperature.
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Of the three catalyst samples, only the FTIR spectra of
Re2Bi2 show full decomposition of the precursor complex
bands when activated at 200 8C prior to the catalytic tests,
which could well explain the superior performance of this
catalyst[11] (see Figure 2).

The FTIR spectra of the as-synthesized samples have
shown that the interaction between the support and the or-
ganometallic complex is very strong in the case of Re2Bi2 as
evidenced by the intense absorption at lower frequency due
to anchored CO sites (Figure 8). This kind of interaction
strongly affects the nature of the metal nanoparticles that
are formed after the decomposition of the precursors and
form the loci at which the resulting catalysis ensues. To ex-
plore the effect of the thermal treatment on the production
of the active sites and to elucidate the nature of the metal
nanoparticles formed on the silica support, CO adsorption
at room temperature was performed on the catalysts activat-
ed both at 200 8C and at 400 8C. These temperatures were
specifically chosen because catalytic tests have been normal-
ly performed on nanoparticle catalysts that have been acti-
vated in the 200–300 8C temperature range,[11] whilst in the
previous section we have shown that an activation tempera-
ture of 400 8C is necessary in the case of Re2Sb and Re2Sb2

in order to completely remove all the carbonyl species.
In Figure 9 A the FTIR spectra of CO irreversibly ad-

sorbed on the Re2Sb, Re2Sb2, and Re2Bi2 catalysts activated
at 200 8C are reported. No evidence of CO absorption on
either Bi or Sb sites was observed and all the absorptions in-
dicating CO interaction are due to CO molecules adsorbed
on rhenium centers. CO interaction on the Re2Sb catalyst
produced a large number of intense (the absorbance for this
spectrum is divided by a factor of 4) and quite definite
bands at ñ= 2130, 2062, 2039, 2010, and 1967 cm�1. The
2130 cm�1 band is typical for the stretching mode of CO
molecules adsorbed on partially reduced Ren+ sites, which
indicates the presence of Re in higher oxidation states.[19] At
lower wavenumber, a series of bands are present that are
due to CO adsorbed on reduced rhenium sites, which are co-
ordinated differently and probably still interacting with the
residual ligands of the cluster. It is worth noting here that a
negative band at ñ=1923 cm�1 is observed, which can be at-
tributed to anchoring CO in the decomposition spectra
(1926 cm�1, Figure 6), although the intensity of the negative
band is much greater to that seen in Figure 6. The presence
of a residual fraction of undecomposed complex, at this acti-
vation temperature, is observed in the FTIR spectra related
to the decomposition of the precursor (Figure 6). In addi-
tion, this behavior is also an indication that CO is able to
remove the residual species at room temperature. A nega-
tive band in the same position is also observed for Re2Bi2,
which is also in the same position as the anchoring CO band
in Figure 7, but unlike Re2Sb it is of lower intensity. This
negative band is not observed in the Re2Sb2 spectrum, al-
though it should be noted from Figure 5 that after degassing
at 225 8C, the decomposition spectra of Re2Sb2 contained
the weakest band due to anchoring CO of any of the tested
species. These differences can be explained by considering

that on Re2Sb2 all ligands are removed between 225 and
275 8C (Figure 5, curves d and e), whereas on Re2Sb and
Re2Bi2 weak bands due to residual ligand are still visible up
to 325 8C (curve g in Figure 6 and 7).

In the case of Re2Sb2 and Re2Bi2, only weak bands are
formed upon CO adsorption at room temperature. In partic-
ular, a band at ñ=2052 cm�1 is observed for both samples
that can be specifically assigned to CO adsorbed on well dis-
persed Re0 sites.[19–21] A weak band in the same position was
observed by adsorbing CO on pure Re2 sample (see the
Supporting Information). The band at ñ=2052 cm�1 appears

Figure 9. FTIR spectra recorded after the CO adsorption and subsequent
outgassing at room temperature on Re2Sb, Re2Sb2, and Re2Bi2 catalysts
activated in vacuo at A) 200 and B) 400 8C.
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quite symmetric in the case of Re2Bi2 indicating the pres-
ence of well-defined single-site Re0 exposed at the surface
of the metal nanoparticles, thus, the presence of oxophilic
atoms is essential to obtain single-site Re0 centers. In fact,
the Re2 sample shows only a small amount of Re0 sites after
the precursor decomposition, as evidenced by the presence
of the weak band at approximately ñ=2052 cm�1 (see
Figure 1 in the Supporting Information).

CO adsorption was also performed on the catalysts acti-
vated at 400 8C in order to monitor the nature of the metal-
exposed sites after complete removal of the ligands (Fig-
ure 9 B) and the disappearance of the negative bands was
clearly evident in all cases. A decrease in the overall intensi-
ty and a red shift of the CO bands was observed with re-
spect to the spectra of the catalysts activated at 200 8C, sug-
gesting a lower fraction of available Re0 sites and their
modification under these thermal conditions. In particular,
the band at ñ=2130 cm�1, due to Ren+ sites, present in the
Re2Sb catalyst activated at 200 8C, and the band at ñ=

2052 cm�1, due to well-dispersed Re0 single sites, present on
Re2Bi2 and Re2Sb2 catalysts have completely disappeared.
These data suggest that an higher thermal treatment is nec-
essary to completely reduce the oxidized Re sites present on
the Re2Sb catalyst and that the nature of the Re0 single
sites, formed especially on Re2Bi2 and Re2Sb2 samples acti-
vated at 200 8C, has been modified after the thermal treat-
ment at 400 8C.

These results further confirm that the nature of the oxo-
philic metal and the temperature of activation clearly play
an important role in the generation of isolated, well-defined
single sites, which are crucial for the catalytic activity (see
Figure 2). When the three rhenium-based nanocluster cata-
lysts were activated at 200 8C, the presence of oxidized Ren+

sites had a detrimental effect on the catalytic efficiency of
the Re2Sb catalyst. Further, it is also clear from Figure 2,
that Bi is a better oxophile when alloyed with Re, and the
fact that there is a larger proportion of the undecomposed
precursor still present in the Re2Sb2 when compared to
Re2Bi2 at 200 8C (compare Figure 5 and 7) could well ex-
plain the superior performance of the Re2Bi2 catalyst.
Higher activation temperatures (400 8C) were employed to
completely remove all the precursor ligands; but this had a
detrimental effect on the catalysis, as the isolated Re0 single
sites were destroyed at this temperature (see Figure 9 B)
possibly due to sintering or coke formation.

Conclusion

FTIR spectroscopy and thermogravimetric analysis (TGA)
have exemplified that the decomposition of rhenium-con-
taining organometallic precursors occurs at different temper-
atures, clearly illustrating that the nature of the oxophilic
metal (Sb or Bi) and the geometry of the cluster complex
play a major role in influencing the stability of the nanoclus-
ter catalyst and, thereby, its catalytic properties. The interac-
tion between the organometallic cluster complexes and the

silica support is the driving force that leads to the produc-
tion of Re0 single sites, which are active for the ammoxida-
tion of 3-picoline. The key step in the decomposition of the
precursor complexes is the loss of the phenyl groups from
the oxophile and its subsequent binding to the silica surface.
The nanoparticles that are generated from this step do not
undergo any modification until all the CO ligands are re-
moved; including any CO anchoring the Re atoms to the
silica, as evidenced by the consistent shapes of the IR spec-
tra of the anchored nanoparticles. In the case of the Re2Bi2

catalyst, in which the largest fraction of anchored CO sites
are present, well-defined Re0 single sites exposed at the sur-
face are observed, as evidenced by the CO adsorption, and
this catalyst displays the highest catalytic activity for the am-
moxidation of 3-picoline at 200 8C. The Re0 single sites are
extremely sensitive to the thermal treatment and higher ac-
tivation temperatures (400 8C) strongly modify these nano-
cluster catalysts, which leads to the complete disappearance
of the bands associated with the Re0 sites. This is evidenced
(Figure 2) by the poor performance exhibited by these cata-
lysts and it could well be envisaged that higher activation
temperatures lead to aggregation followed by subsequent
sintering of the nanoparticles or coke formation. Further
work by using X-ray absorption spectroscopy (EXAFS and
XANES) is in progress to elucidate the above.

Experimental Section

The organometallic precursor complexes were anchored onto a mesopo-
rous silica support (Grace Davison, designated Davison 911, having a
pore diameter of 38 �) by using CH2Cl2 as the solvent (ca. 3% metal
loading). The solvent was removed under a slow stream of nitrogen. The
pure rhenium (denoted as Re2) and the pure bismuth samples were pre-
pared similarly on Davison 911 mesoporous silica by using a commercial-
ly obtained [Re2(CO)10] and [BiPh3] as the precursors. The catalysts were
activated by heating the supported clusters to the desired temperature
(200 or 400 8C) in vacuo for 2 h. The catalytic tests were performed in a
high-pressure stainless reactor lined with poly(ether ether ketone)
(PEEK). The catalysts were reduced for 1 hour at 200 8C under an atmos-
phere of H2 (20 bar), prior to the introduction of the substrate. The reac-
tor was then depressurized and cooled to room temperature, before in-
troducing the 3-picoline (5.0 g) and solvent (toluene, 25 mL). After intro-
ducing the reactant and the internal standard (tetralin, 100 mg), the reac-
tor was purged thrice with dry nitrogen prior to the introduction of NH3

(20 bar) and air (40 bar). During the reaction, small aliquots were re-
moved by using a mini-robot autosampler to enable the kinetics to be
studied. The products of the reaction were analyzed with gas chromatog-
raphy (G.C. Varian Model 3400 CX) employing a HP-1 capillary column
(25 m � 0.32 mm) and flame ionization detector. The identity of the
products was further confirmed by using LC-MS (Shimadzu LCMS-
QP8000), which was again employed either online or offline. The conver-
sions, the selectivities, and the turnover number (TON) were determined
as defined by Equations (1)–(3) and the yields were normalized with re-
spect to the response factors obtained as above:

conv:% ¼
�

molinitial substrate�molresidual substrate

molinitial substrate

�
� 100 ð1Þ

sel:% ¼
�

molindividual product

moltotal products

�
� 100 ð2Þ
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TON ¼
�

molsubstrat conv:

molcluster

�
ð3Þ

For the internal standard GC method, the response factor (RF) and
mol % of individual products were calculated by using Equation (4):

RF¼
molproduct

molstandard
� areastandard

areaproduct
mol%product

¼ RF�molstandard �
areaproduct

areastandard
� 100

molsample

ð4Þ

Thermogravimetric analysis of the as-synthesized samples was performed
on a Setaram SETSYS Evolution Instrument with a heating rate of
5 8C min�1 up to 500 8C in an Ar flow (20 mL min�1). FTIR spectra of
self-supporting wafers of the samples (ca. 5 mg cm�2) were recorded with
a Bruker IFS88 spectrometer at a resolution of 4 cm�1. The as-synthe-
sized samples were outgassed and heated to the desired temperature in
vacuo. CO was adsorbed at room temperature on the activated samples
by using specially designed cells that were permanently connected to a
vacuum line (ultimate pressure <10�5 Torr) to perform the in situ adsorp-
tion–desorption experiments. CO adsorption was performed at room
temperature to eliminate the contribution of the silica support. FTIR
spectra were reported in difference mode and in the case of as-synthe-
sized samples, the difference spectra were obtained by subtracting the
spectrum of the sample after the complete decomposition of the complex
from that of the anchored organometallic complexes. The spectra of ad-
sorbed CO were obtained by subtracting the spectrum of the sample pre-
adsorption from the spectrum with adsorbed CO. CO was also adsorbed
on the catalysts after activation in vacuo at 200 8C and at 400 8C for 2 h.
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