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The loading of pre-treated amorphous silica with platinum or palladium was carried out by using the
molecular precursors Pt,(u-Cl),Cl,(CO),, or Pd,(u-Cl),Cl,(CO),, respectively, which contain the
required amount of coordinated CO to carry out the formation of the metal particles upon contact with
moisture. The reactivity of the well-soluble mononuclear platinum complex cis-PtClL,(CO), with
stoichiometric amounts of water was investigated either under N, or CO. The metal nanoparticles
produced on the silica matrix have been characterized by X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD) and transmission electron microscopy (TEM). The catalytic performance of
the silica-supported metals thus produced was evaluated in the hydrogenation of cyclohexene.

Introduction

The formation of metal nanoparticles is an expanding area of
research,' in connection with: (a), the use of well-defined molecular
precursors; (b), the understanding of the aggregation phenomena;
(c) the application to several areas of surface science. When the
precursor contains a metal characterized by a positive standard
reducing potential, its prompt reduction (by heat or by exposure
to H,, or to CO/H,0) is to be expected, with formation of metal
nanoparticles, whose dimensions depend, among other factors, on
the temperature. In this regard, the observation® was made that a
higher catalytic activity in the hydrogenation of several substrates
was found for catalysts obtained under milder reducing conditions.
The preparation of supported noble metal nanoparticles and the
study of their efficiency in hydrogenation catalysis is a topic of
current interest.’?

In earlier reports from these laboratories, palladium, platinum
and gold have been supported on silica by using the correspond-
ing N,N-dialkylcarbamato complexes as precursors.* Also the
mononuclear chlorocarbonyls AuCl(CO) and cis-PtClL,(CO), were
used for the same purpose.** This paper presents the results
obtained with Pt,(u-Cl),ClL,(CO), and Pd,(u-Cl),CL(CO),.>" As
the precursors are similar from a molecular viewpoint (both are
chloride-bridging species),*® the Pd/Pt comparison was antici-
pated to be particularly interesting. These dinuclear derivatives
were expected to bind to the oxygen atoms on the silica surface by
splitting of the chloride bridges, with subsequent attack by water
thus reducing the platinum(Il) and palladium(II) centres, CO
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being converted to CO,. The presence in the dinuclear precursors
of only one CO group per metal atom and, consequently, of two
reducing equivalents, was considered to be ideal for converting
the central metal atom to the zerovalent state, i.e. to M. A
further advantage in the use of the chloro-carbonyl derivatives of
palladium and platinum is that their reaction with moisture occurs
at room temperature or even lower. This feature was anticipated
to limit aggregation of the resulting metal particles, normally
favoured at higher temperatures.

Interest in this study also comes from comparing chemical
properties within metals characterized by a decreasing metal—
metal bond strength, as evaluated on the basis of the corre-
sponding enthalpies of formation of gaseous atoms (kJ mol™): Pt,
565.7; Pd, 376.6.% As a test of the Pd/Pt comparison we decided
to investigate the catalytic performance of the platinum-loaded
silica with the corresponding palladium-containing system. A final
remark concerns the use of amorphous silica of a relatively high
surface area as a support.

Results and discussion
Reaction of the molecular precursors with water

As explained in the Introduction, this study deals with loading
the silica surface with platinum and palladium by using the
dinuclear M,(u-Cl1),CL,(CO), (M = Pd, Pt), which are planar
chloride-bridged species.®

Taking into consideration that even dehydrated silica, see
Experimental, can be a source of water through condensation
of the surface silanol groups, it was of interest to know the
outcome of the reaction of the chlorocarbonyl derivatives of these
metals with a stoichiometric, or slightly higher, amount of water.
Concerning the palladium derivative, we had previously noted™
that Pd,(u-Cl1),ClL,(CO), is reduced by CO in acetic anhydride with
formation of [PACI(CO)], and later we have verified® that the same
product results when the PdCl,/CO system is contacted with water
(H,O/Pd molar ratios in the range 1-3). Recently, the assistance
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of water in the formation of [PdCI(CO)], from PdCl, under CO
has been reported by another group.*

The reduction of ¢is-PtCl,(CO), in the presence of an excess of
water has been reported by Chatt and co-workers," the reaction
being carried out under carbon monoxide in ethanol as medium.
In the present study, the reaction of cis-PtCl,(CO), [preferred to
Pt,(u-Cl),Cl,(CO), in view of its higher solubility in hydrocarbons]
with 1, 2 and 3 equivalents of water was carried out both under
N, and under CO. Ethanol was excluded as solvent because of its
possible interference in the reduction process.

Under an atmosphere of pre-purified dinitrogen and at room
temperature, a toluene solution of the mononuclear carbonyl
derivative of platinum(II) undergoes reduction in the presence of
dissolved water, ligated carbon monoxide being partially converted
to carbon dioxide, see eqn (1). Disappearance of the typical
carbonyl bands of cis-PtCl,(CO), was observed at a H,O/Pt molar
ratio of 3, a black solid analysing as [PtCI(CO)], (60% yield) being
obtained (Vco, 2060 cm™) which was recovered by filtration.

2 ¢is-PtC1,(CO), + H,0—2/n[PtCI(CO)], + 2 HCI
+CO, + CO (D

The platinum-containing product of reaction (1), after drying in
vacuo, was identified through its reaction with [NBu,]Cl in CH,Cl,
yielding the already known' compound [NBu,],[Pt,Cl,(CO),] in
good yields (270%), see eqn (2).

2/n[PtCI(CO)], + 2[NBu,]JCl—[NBu,L[PLCL(CO)]  (2)

The formation of platinum(I) under the conditions of reaction
(1) was therefore established. As [PtCI(CO)], is substantially
insoluble in the reaction medium, its further reduction to plat-
inum(0) presumably becomes unfavourable. Furthermore, the HCI1
produced in the reaction interacts with H,O, thus reducing its
activity in solution, and an excess of water is consequently required
to perform reaction (1).

Under CO at room temperature, the reaction between cis-
PtCL,(CO), and water goes to completion with a H,O/Pt molar
ratio of 2.5 leading to the formation of the violet-black [Pt(CO),],"!
(297% yield). The CO-promoted reduction of platinum(II) can
therefore be represented by reaction (3).

¢is-PtCL,(CO), + H,O + CO—1/n[Pt(CO),], + 2HCIl + CO, (3)

In separate experiments we observed that [PtCI(CO)], reacts
in toluene with excess water: (a) under N, with production of a
solid containing 95% of platinum; (b) under CO with formation
of [Pt(CO),],.

It is noteworthy that [Pt(CO),], is not stable and irreversibly
loses CO (in vacuo or by thermal treatment) to finally yield
platinum metal.’

Loading of silica

When dehydrated silica was treated under a dinitrogen atmosphere
with a solution of the orange Pt,(u-C1),Cl,(CO), at room temper-
ature, the platinum-containing fragments migrate from solution to
the SiO, surface, as evidenced by the colour of the silica turning to
orange. We propose adsorption of platinum(II) to be the primary
process, followed by grafting as a consequence of chloride-bridge
splitting and formation of PtCl,(CO) fragments bonded to the
oxygen atoms of the silica surface. The platinum-grafted silica,

after being recovered by filtration, was subjected to a treatment
with water vapour at 40 °C in order to carry out the exhaustive
reduction to zerovalent platinum, as for eqn (4).

Pt,CL(CO), + 2H,0—2CO, + 4HCI + 2Py, @)

The platinum-loaded silica samples, before (AM2-111) and after
(AM2-122) hydrolysis, have been characterized by XRD, XPS and
TEM analysis."*

XRD studies have shown that metallic crystalline phases are
already present in the samples obtained by contacting the oxide
matrix with the toluene solution of the platinum precursor
(see Fig. 1). They are presumably formed by contacting water,
coming from the condensation of surface silanols or fortuitously
encountered in the course of the sample preparation. The broad
peak centred at 26 = 39.7° was indexed as the (111) reflection
of the fec structure of metallic platinum (JCPDS Card No.
4-802,2000). Treatment with water vapour at 40 °C promoted
further crystallization, as evidenced by the moderate sharpening
of the (111) peak and the slight intensity increase of the weak
(200) platinum reflection (260 = 46°). The average crystallite size
was estimated, by using the Scherrer equation, to be = 6 nm for
both samples, although it can be over-estimated, as only the larger
particles contribute to the diffraction.

i AM2-122

Intensity (arb. units)

30 35 40 45 50
20 (%)

Fig. 1 XRD patterns of Pt-loaded silica samples before (AM2-111) and
after (AM2-122) exposure to water vapour.

Further information on the chemical composition of both
samples was obtained by XPS analysis: the platinum content
was about 0.08 at.%, in agreement with the value of 0.76 wt%
obtained by ICP measurements (see Experimental section). In
Fig. 2, the XPS high resolution spectra of the Pt4f regions for
samples A (AM2-111) and B (AM2-122) clearly show the 4f,,
and 4f,, spin—orbit splitting components. Both spectra show a
significant line broadening suggesting the presence of platinum
centres characterized by different oxidation states and/or chem-
ical environments. Peak deconvolution resulted in two doublets
centred at (BE Pty,,) =71.5 eV and =73.0 eV, assigned to Pt(0)
and Pt(II) species, respectively.’> The most remarkable difference
between the samples concerns the amount of metallic platinum,
that can be evaluated by comparing the intensity of the Pt(0) and
Pt(I) components.

While the Pt(0)/Pt(II) ratio is ca. 1 in the as-prepared Pt-SiO,
sample (A), it increases to ca. 2.2 after hydrolysis. Therefore,
contacting the toluene solution of Pt,(u-Cl),CL(CO), with the

5560 | Dalton Trans., 2009, 5559-5566

This journal is © The Royal Society of Chemistry 2009


http://dx.doi.org/10.1039/B903655E

Downloaded by University of Massachusetts - Amherst on 22/04/2013 12:04:45.

Published on 08 June 2009 on http://pubs.rsc.org | doi:10.1039/B903655E

View Article Online

Ptaf

Intensity (arb. units)
Intensity (arb. units)

T T T T T T T
68 70 72 74 76 78 80

Binding Energy (eV)

68 70 72 74 76 78
Binding Energy (eV)

Fig. 2 Ptd4f XPS spectra of the Pt-loaded silica samples before
(A, AM2-111) and after (B, AM2-122) exposure to water vapour.

silica matrix produces a reduction of about half of the Pt(II) ions,
whereas further Pt(IT) — Pt(0) reduction is achieved through water
vapour treatment, up to at least 70% of the total platinum content.
In both samples, the presence of some Cl ions adsorbed on the
silica surface was also observed. As a matter of fact, the position
(=199 eV) of the C12p line is typical for chloride species.

TEM analysis of the particle size distribution in a significant
region of the samples showed that the particles in AM2-111 had
a smaller diameter than in AM2-122. Fig. 3 shows images of
the platinum crystallites in the two samples (A: AM2-111; B:
AM2-122).

40 nm.

B

Fig. 3 TEM images of platinum aggregates on silica obtained by
using Pt,(u-Cl),CL,(CO), as precursor. A: sample AM2-111; B: sample
AM2-122.

In order to study the corresponding phenomenon with pal-
ladium, the same silica support was contacted with an orange
toluene solution of Pd,(u-Cl),CL(CO),. The process was carried
out at room temperature under a CO atmosphere in order
to contrast the spontaneous decarbonylation of the palladium
complex before its contact with the support.” The migration of
the palladium-containing fragments from the yellow solution to
the SiO, surface was evidenced by the colour transfer from the
solution to the support. As in the case of the platinum loading,
this step was followed by treatment at 40 °C in the presence of
water vapour. Also the palladium-loaded silica samples, before
(AM3-66) and after (AM3-69) hydrolysis, have been characterized
by XPS, XRD and TEM analysis.

Concerning the sample microstructure, from the XRD diffrac-
tion patterns reported in Fig. 4 it can be clearly observed that
crystallization depends on sample treatment. As a matter of fact,
an amorphous pattern without any detectable crystalline phase is
observed for the Pd-SiO, obtained by contacting the silica matrix
with the toluene solution of Pd,(u-Cl),CL(CO),. After exposure

Intensity (arb. units)

AM3-66

T
30 35 40 45 50 55
26 (%)

Fig. 4 XRD analysis of Pd-SiO, samples before (AM3-66) and after
(AM3-69) exposure to moisture.

to moisture, the appearance of two diffraction peaks indicates
a remarkable variation of the sample microstructure. The peaks
centred at 26 = 40.1° and 20 = 46.6° are indexed as the (111) and
(200) reflexes of the fcc structure of metallic palladium (JCPDS
Card No. 46-1043, 2000). The mean diameter of the Pd nano-
crystallites, as evaluated using the Scherrer equation, is ca. 6 nm:
as already anticipated, we expect that only the largest particles
contribute to the diffraction.

XPS investigation evidenced that metallic palladium is already
present in the as-prepared sample. Fig. 5 shows the XPS high
resolution spectra of the Pd3d regions, with the ds,, and d;,,
spin—orbit splitting components, for the as-prepared Pd-SiO,
(A, AM3-66) and after hydrolysis (B, AM3-69). A moderately
broad band-shape profile can be observed especially for the as-
prepared sample, suggesting the presence of palladium centres
with different oxidation states and/or chemical surroundings. The
changes between sample A and sample B in the Pd3d spectra
became more apparent by fitting two doublet components to
the data. In both cases, the positions of the components at
(BE Pd3d;,,) =335.2 eV and =337.0 eV, corresponding to Pd(0)
and Pd(IT) species, respectively.’® It is worth highlighting that,
by comparing the intensities of the Pd(0) and Pd(II) compo-
nents, metallic palladium represents ca. 65% of the total metal
content in the as-prepared Pt-SiO, sample (A) increasing up to
85% after hydrolysis. Therefore, contacting the toluene solution
of the Pd,(u-Cl),Cl,(CO), compound with the silica matrix is
effective in promoting the Pd(II)-to-Pt(0) conversion, which is

Pd3d (B)

Pd(0)

Pd(ll)

Intensity (arb. units)
Intensity (arb. units)

T T T T T T T T
332 336 340 344 332 336 340 344
Binding Energy (eV) Binding Energy (eV)

Fig.5 Pd3d XPS spectra of the Pd-loaded silica samples before (AM3-66,
A) and after (AM3-69, B) exposure to water vapour.
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almost complete after controlled exposure to moisture under mild
conditions. XPS analysis reveals a palladium content of 0.12 at.%
in the as-prepared sample (in agreement with the ICP elemental
analysis, see Experimental section), which apparently decreases to
~ 0.06 at.% after treatment with moisture: a possible explanation
is the aggregation of Pd atoms to larger particles which are not
completely detected by XPS. The CI2p region was observed in the
as-prepared Pd-SiO, (A, AM3-66) sample, centred at a position
typical for chloride species (=199 eV), thus suggesting that some
CI ions remained adsorbed on the silica surface. After hydrolysis
(B, AM3-69), the chloride was practically undetected.

TEM analysis of the particle size distribution in a significant
region of the sample AM3-66 showed that the particles had a
smaller diameter than in AM3-69 (see Fig. 6).

A B

Fig. 6 TEM images of the palladium aggregates (A: AM3-66; B:
AM3-69).

Catalytic hydrogenations

The catalytic activity of these materials has been evaluated in the
hydrogenation of cyclohexene, carried out at room temperature
and at atmospheric pressure in cyclohexane as solvent. The
reactions, which were monitored by measuring the hydrogen
uptake, are independent of the olefin concentration. A sequence

of experiments was performed by adding fresh alkene when the
hydrogenation was complete, showing that the catalytic activity
was maintained and even enhanced. The catalytic performance
expressed as the H,/M molar ratio per hour, M being the total
metal content, corresponds to 890 h™ and 340 h™! for the platinum-
and the palladium-loaded silica, respectively. Plots reporting the
[absorbed H,]/metal molar ratio vs. time are shown in Fig. 7 and
8 of the Experimental section.

In Table 1 these data are compared with some literature
information for the same reaction carried out with palladium-
or platinum-based catalysts under similar conditions.

It appears that the catalytic efficiency is only moderately affected
by the nature of the molecular precursor. For instance, the presence
of CO, Cl or Br in the precursor does not compromise the activity
of the final catalyst. Nevertheless, it is interesting to note that in
the experiments reported in the present paper (items 1 and 5 of
Table 1) the pre-treatment of the catalyst is limited to its exposure
to water vapour at 40 °C (see Experimental), while in other cases a
pre-treatment at higher temperature (200-250 °C) is necessary to
observe rate independence of the olefin concentration (for instance
items 3 and 6).

Commercial catalysts perform similarly.

Experimental
General information and instrumentation

All operations were performed under an atmosphere of pre-
purified dinitrogen, or carbon monoxide, as specified. Solvents
were dried by conventional methods prior to use. The starting ma-
terials cis-PtCl,(CO),, Pt,(u-Cl),ClL,(CO), and Pd,(u-Cl),CL,(CO),
were prepared according to the literature.*” Commercial silica
(Grace, EP 17G, surface area 325 m* g™, pore volume 1.82 cm® g™')
was treated at 160 °C over P,O,, for 12 h in vacuo up to a constant
weight and then stored in flame-sealed vials under an atmosphere
of dry N,. On the basis of our past experience this type of
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Fig.7 Molar ratio (absorbed H,)/Pt vs. time for the platinum-catalyzed reduction of cyclohexene. For the reaction conditions, see text.
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Table 1 Efficiency of palladium- and platinum-based catalysts in cyclohexene hydrogenation”

Metal Precursor T/°C P/MPa [(Hy/M)] b Ref.
1 Pt/SiO, Pt,(u-Cl),CL(CO), 24.9 0.1 890 This work
2 Pt/SiO, PtCL,(CO), 20 0.1 720 5a
3 Pt/SiO, Pt(O,CNEW,),L, 20 0.1 340 4a
4 PtO,* 75 0.4 250 16
5 Pd/SiO, Pd,(u-Cl1),CL(CO), 24.9 0.1 340 This work
6 Pd/SiO, Pd(O,CNEt,),(NHE,), 24 0.1 400 4b
7 Pd/pol PdCp(C;H;) 25 0.2 300 17
8 Pd colloid [NR,],[PdCLBr,] 20 0.1 217 18
9 Pd/C 1% 30 0.1 200 19

“The column before the last one reports the experimentally observed H,/M molar ratio per hour. In experiments 1 and 5, described in this paper, no
pre-treatment of the catalyst was carried out. The Pt- and Pd-loaded silica samples of experiments 2, 3 and 6 had been treated at 210-230 °C before use. The
Pd(0) coordination polymer (Pd/pol) used in experiment 7 was prepared by reacting PdCp(C;H;) with 4,4’-diisocyanobiphenyl and was pre-hydrogenated
(15 h) before use. The Pd colloid of experiment 8 was prepared by reacting PdCl, with N(CygH,;),Br in 1:2 molar ratio in refluxing THF and then treating
the obtained solution with H, (P = 1 bar, room temperature) for 14 d. » Adams’ catalyst. * Commercialized by Aldrich.
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Fig. 8 Molar ratio (absorbed H,)/Pd vs. time for the palladium-catalyzed reduction of cyclohexene. For the reaction conditions, see text.

pre-treatment eliminates most of the hydrogen-bonded water
from the surface, leaving most of the hydroxyl groups =Si-OH,
which are chemically reactive towards the metal precursor. The
total silanol content (typically, between 2.8 and 3.1 mmol g™
corresponding to 6 OH groups per square nanometer) was
estimated from the mass loss upon further heating at 850 °C.

Elemental analyses (C, H, N) were performed at Dipartimento
di Scienze Farmaceutiche, Universita di Pisa, with a C. Erba mod.
1106 elemental analyzer. Pt, Pd and Cl elemental analyses on
the molecular precursors were carried out by reduction of the
products with sodium formate: metal black was filtered off, dried
and weighed. The Volhard method was applied to the filtrate. Pd
and Pt content in the metal-loaded silica was obtained by ICP-AES
with a Perkin-Elmer Plasma II instrument. The gas-volumetric
measurements were carried out according to the method described
by Calderazzo and Cotton.*

IR spectra were recorded with a mod. 1725X FT-IR Perkin-
Elmer spectrophotometer in solution or as Nujol or polychlorotri-

fluoroethylene (PCTFE) mulls, as specified in each case, prepared
under exclusion of moisture. Diffuse Reflectance Infrared Fourier
Transform (DRIFT) spectra were measured with the same in-
strument by mixing the samples with dry KBr under an inert
atmosphere and by rapid transfer to the cell (Spectra Tech).

The composition of the samples was investigated by XPS. The
analyses were performed with a Perkin-Elmer ® 5600-ci spectrom-
eter using non-monochromatized Mg-K, radiation (1253.6 eV).
The working pressure was < 5 x 10 Pa. The spectrometer was
calibrated by assuming the binding energy (BE) of the Au 4f,, line
at 83.9 eV with respect to the Fermi level. The standard deviation
for the BE values was 0.15 eV. The reported BE’s were corrected
for the charging effects, assigning a value of 284.8 ¢V to the Cls
line of adventitious carbon.” Survey scans were obtained in the
0-1200 eV range. Detailed scans were recorded for the Cls, Nls,
Ols, C12p, Si2p, Pd3d and Pt4f regions. The analysis involved
Shirley-type background subtraction,” non-linear least-squares
curve fitting, adopting Gaussian—Lorentzian peak shapes and
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peak area determination by integration. The atomic compositions
were evaluated from peak areas using sensitivity factors supplied
by Perkin-Elmer, taking into account the geometric configuration
of the apparatus. The uncertainty on atomic composition values is
ca. 5-10%. The powders were pressed into pellets and introduced
into the XPS analytical chamber through a fast entry lock system.

XRD measurements have been performed using a Philips PW
1820 diffractometer (Cu-K, radiation, 40 kV, 50 mA) equipped
with a thin film attachment (glancing angle = 0.5°). Selected
angular ranges were step-scanned several times up to a satisfactory
signal-to-noise ratio. For the microstructure characterization, an
improved profile fitting method using a pseudo-Voigt representa-
tion for the line profiles was used. The average crystallite size was
calculated using the Scherrer equation, taking into account the
instrumental broadening.

TEM measurements were carried out with a Jeol JEM 2010
instrument operating at 200 kV. A small amount of specimen was
ground in a mortar to a very fine powder, which was deposited on
alacy carbon film supported on a standard copper grid. The whole
sequence of operations was carried out under a dry N, atmosphere.
The time required for sample preparation was minimized in order
to avoid deterioration or contamination.

Reaction of cis-PtCl,(CO), with H,O in toluene

Under N, atmosphere. A solution of cis-PtCl,(CO), (2.68 g,
8.3 mmol) in toluene (50 mL) was treated with a solution of water
(150 uL, 8.3 mmol) in toluene (400 mL). The toluene solution of
water was added dropwise to the solution containing the platinum
precursor. After 1 hstirring an IR spectrum of the solution showed
the presence of a consistent amount of unreacted cis-PtCl,(CO)s,.
Subsequent direct additions (75 L each, 4.15 mmol) of H,O were
performed with a micro-syringe up to a final H,O/Pt molar ratio
of 3, under IR monitoring. At every addition, the amount of
the black solid was observed to increase and simultaneously the
concentration of c¢is-PtCl,(CO), in the liquid phase decreased (IR),
up to complete disappearance of the typical carbonyl stretching
bands at 2168 and 2127 cm ~'. After further stirring at 50 °C for
30 min, the suspension was filtered and the solid was dried in vacuo
(1.23 g, 57% yield based on the platinum content). Anal. Calcd
(%) for [PtCI(CO)],: Pt, 75.4; Cl, 13.7. Found: Pt, 77.1; Cl, 11.8.
IR (Nujol): vco, 2060 cm™. The black solid thus obtained was
subjected to the following experiments.

(a) The product (280 mg, 1.1 mmol of Pt) was introduced
under a N, atmosphere into a Schlenk tube containing CH,Cl,
(25 mL) and [NBw]Cl (313 mg, 1.1 mmol) was added to
the resulting suspension. After 12 h, IR bands attributable to
[NBu,],[Pt,CL(CO),] were observed at 2048 and 2028 cm™. The
suspension was filtered, and the filtrate was evaporated to dryness
under reduced pressure. The solid residue of [NBu,],[Pt,Cl,(CO),]
was dried in vacuo (424 mg, 72% yield). Anal. Calcd (%) for
[NBu,],[Pt,Cl,(CO),], C;,H,,CI,N,Pt,: C, 38.1; H, 6.8; N, 2.6.
Found: C,37.9;H,6.7; N, 2.7. IR (Nujol): V¢, 2043 and 2022 cm™.

(b) Under N, atmosphere, the product [PtCl(CO)], was reacted
with an excess of water in toluene; HCl was evolved and the
formation of platinum metal (95% yield) was established.

Under CO atmosphere. To a solution of cis-PtCL(CO),
(290 mg, 0.90 mmol) in toluene (35 mL), additions (8 uL each,
0.45 mmol) of H,O were performed with a micro-syringe up to

a H,O/Pt molar ratio of 2.5, when the platinum chloro-carbonyl
had disappeared (IR) from the solution. Each addition of water
was accompanied by an almost immediate precipitation of a
solid. The violet precipitate of [Pt(CO),],, after drying in a CO
stream (221 mg, 97% yield), showed IR (Nujol) bands at 2071 and
1889 cm™.

In another experiment carried out under CO, preformed
[PtCI(CO)], (0.228 mg, 0.88 mmol of platinum), prepared as
described above, was suspended in 50 mL of toluene and 2.7 mmol
of water was added. The initially black solid became violet in about
15 min: after some hours stirring the violet solid, [Pt(CO),],, was
filtered, briefly dried in a CO stream and sealed in vials under CO
(90% yield).

Loading silica with metals

Platinum. In a typical experiment, a solution of Pt,(u-
CI),CL,(CO), (0.25 g, 0.85 mmol of platinum, v, = 2130 cm™)
in toluene (150 mL) was added to pre-treated silica (7.9 g
corresponding to 25.5 mmol of silica-bonded hydroxyl groups,
=SiOH). A prompt colour fading of the solution was observed,
and, after 15 h stirring, an IR spectrum of the liquid phase showed
the band of the unconverted material at 2130 cm™ to be definitely
of lower intensity than initially. The suspension was filtered and
the pale-yellow solid was dried in vacuo, finally yielding the dry
pale-yellow substance (AM2-111, 7.67 g). Anal. (%): C, 0.49; H,
0.18; Pt, 0.76. DRIFT: 2116 cm™. The XRD and XPS spectra
are in Fig. 1 and 2, respectively. For TEM data, see Fig. 3A: the
particle diameters range from 0.3 to 2.6 nm.

A portion of the platinum-loaded silica (1.26 g) was exposed at
40 °C for 8 h to water vapour originated from an aqueous solution
of NaOH (2.5%). The silica became gradually grey. After drying
in vacuo in the presence of P,O,, no DRIFT bands attributable
to platinum-bonded carbonyl groups were observed. The final
substance was classified as AM2-122. TEM data, see Fig. 3B,
showed particle diameters ranging from 0.5 nm to 6.8 nm.

Samples of silica thus obtained were used for the catalytic
hydrogenation experiments.

Palladium. Under an atmosphere of carbon monoxide, an
orange solution of 0.181 g of Pd,Cl,(CO), in 50 mL of toluene
(0.88 mmol of palladium, veo = 2161 cm™) was added to a
suspension of 9.1 g of silica in 100 mL of toluene. Within 24 h
stirring at room temperature, the liquid phase of the mixture
became colourless and the resulting yellow solid was recovered
by filtration, dried in vacuo and sealed under dinitrogen (AM3-66,
7.35 g). Anal. (%): C, 0.48; H, 0.23; Pd, 0.76. DRIFT: 1978 cm™.
The XRD and XPS spectra are in Fig. 4 and 5A, respectively. For
TEM data see Fig. 6A.

A portion of the solid, maintained at 40 °C, was contacted for
8 h with water vapour generated from a 2.7% solution of NaOH.
After drying in vacuo at room temperature, the reflectance spectra
of the solid showed no bands attributable to palladium-bonded
carbonyl groups. The resulting grey-coloured silica (AM3-69) was
sealed under dinitrogen in glass vials. TEM data, see Fig. 6B,
showed particle diameters ranging from 2.4 to 6.1 nm.

Samples of silica thus obtained were used for the catalytic
hydrogenation experiments.
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Catalytic hydrogenation of cyclohexene

Platinum-catalyzed hydrogenation. A reactor containing
25 mL of cyclohexane saturated with dihydrogen and a flame-
sealed thin-walled glass ampoule containing the platinum-loaded
silica (0.143 g, 5.6 x 10~ mmol of platinum) was connected to
a gas-volumetric apparatus under a dihydrogen atmosphere. By
operating at 24.9 °C, 0.7 mL of a 1.69 M solution of cyclohexene
in cyclohexane were introduced (1.18 mmol, corresponding to
a cyclohexene/Pt molar ratio of 211). When the ampoule was
broken, the absorption of H, started. It was recorded as a function
of time and found to be substantially linear, corresponding to 14.8
(mmol of H,) x min™ X mmoly™". The plot of the molar ratio
(absorbed H,)/Pt vs. time of a typical experiment is in Fig. 7.

Palladium-catalyzed hydrogenation. A reactor containing
20 mL of cyclohexane saturated with dihydrogen and a flame-
sealed thin-walled glass ampoule containing the palladium-loaded
silica (0.134 g, 9.6 x 10 mmol of metal) was connected with
a gas-volumetric apparatus under a dihydrogen atmosphere. By
operating at 24.9 °C, 0.7 mL of a solution of cyclohexene in
cyclohexane (1.69 M, 1.18 mmol) were introduced, corresponding
to a cyclohexene/Pd molar ratio of 123. After breakage of the
ampoule, the absorption of H, vs. time was measured and found
to be substantially linear and corresponding to 5.6 (mmol of H,)
x min~' x mmolps~'. The plot of the molar ratio (absorbed H,)/Pd
vs. time is in Fig. 8.

Conclusion

Our approach to the preparation of the palladium- or platinum-
containing catalysts was based on an attempt to minimize the
intrinsic differences between the two metals in the process of
loading on the inorganic matrix. As the metal particles were
prepared by a substantially identical process at room temperature,
starting from molecular precursors of the same type, we are con-
fident that our goal was accomplished, although we cannot avoid
differences induced by the different nature of the metal atoms;
particularly important is the different mass and the different
momentum which may affect the migration phenomenon on the
surface of the support. Previous suggestions have been made® that
palladium should possess a catalytic activity similar to, or even
higher than, that of platinum in hydrogenation reactions. However,
earlier papers® have reported conflicting evidence about this point.
It is important to point out that both platinum and palladium
crystallize in the fcc structure and that the corresponding atomic
radii (for CN = 12) have similar values (A): platinum, 1.39;
palladium, 1.37.> Thus, metal particles of the same dimensions
should contain the same number of atoms and the same percentage
of exposed atoms. In our case the average diameters of the metal
particles in the platinum- and palladium-loaded silica used in the
catalytic tests are 1.6 and 4.5 nm, respectively. It follows that
the percentage of exposed metal atoms should be about 60 and
30% in the platinum and palladium samples, respectively. Thus,
the apparent lower activity of palladium can be attributed to a
morphological aspect rather than to an intrinsic property. We can
therefore confirm the conclusions by Boudart® that the catalytic
activity of the two metals is similar.
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