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Two mixed-metal clusters, [Ru5PtC(CO)14(COD)] (1) and
[Ru6Au2C(CO)16(PPh3)2] (2), were anchored onto a prefunc-
tionalized active carbon support (CPPh2

) with chelating phos-
phane groups on its surface. These clusters were also de-
posited onto the unmodified support (CSX+) for comparison.
The incorporation of 1 and 2 on both supports was studied
by a combination of SIMS and XPS. When the clusters were
anchored onto the functionalized carbon support, SIMS spec-
tra displayed characteristic patterns that were different from
those obtained in the case of their deposition on the unmodi-
fied support. In the latter case, spectra corresponded to the
results obtained with pure unsupported clusters. XPS analy-
ses of the supported species seemed to indicate that the stoi-
chiometry of the clusters was retained after anchoring and
that their dispersion was better on CPPh2

than on CSX+. This
indicates that the phosphanes act as anchors for noble metal
compounds through a ligand exchange mechanism. The sup-

Introduction

Because of their molecular nature and solubility in most
organic solvents, metal clusters have been claimed for a long
to be suitable precursors for the preparation of nanopar-
ticles with a well-defined size and stoichiometry.[1] When
supported nanoparticles are to be used for applications in
heterogeneous catalysis for instance,[2–4] close attention has
to be paid to the cluster-surface interaction. In particular,
many questions arise as to the relationship between the
cluster nuclearity and the final particle size, because most
of the time surface diffusion and agglomeration can not be
totally avoided. Clusters have already been chemically
grafted onto solid supports like polymer beads or dendri-
mers[5,6] but, as far as we know, never onto active carbon,
which is an appropriate support for many practical uses,
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ported samples were then thermally activated and charac-
terized by SIMS, XPS, TEM/EDXS and XRD. Analyses by
SIMS showed that the cluster ligand shell was removed dur-
ing thermal treatment. XPS measurements indicated that the
composition of the supported particles corresponded to that
of the starting clusters and that the dispersion remained
higher in the case of CPPh2

. Well-dispersed bimetallic-sup-
ported nanoparticles (1–2 nm) were obtained when cluster 1
was used as the precursor, whereas anchoring of cluster 2
resulted in its fragmentation leading to supported nanopar-
ticles of variable stoichiometries. Reactions with soluble
model molecules were carried out to prove the chemical
bonding of 1. Crystallization of the new cluster [Ru5PtC-
(CO)14{(PPh2CH2)2NC3H7}] confirmed the chemical bonding
of cluster 1 onto the CPPh2

support through a ligand exchange
mechanism involving COD.

namely catalytic processes in an aqueous phase. Some ex-
amples of molecular clusters deposited onto active carbon,
without any particular interaction with the support, were
developed to prepare supported catalysts for hydrogenation
or ammonia synthesis.[7–9] Active carbon supports have
been chemically functionalized with amines for example,[10]

in order to prepare catalysts for epoxidation or aziridina-
tion reactions,[11,12] or to immobilize chiral complexes for
enantioselective catalysis.[13] Given the nonbulk behaviour
of nanometer-sized particles, it is important to understand
the structure–activity relationship of supported nanopar-
ticles. Nuzzo et al. have carried out some studies to charac-
terize in detail the structure of supported Ru–Pt nanopar-
ticles prepared by deposition of heteronuclear Ru–Pt clus-
ters on carbon black.[14–17] Even by using clusters as precur-
sors, the supported samples presented a particle size distri-
bution, from which it follows that clusters need to be an-
chored onto the surface to avoid agglomeration. The devel-
opment of carbon-supported cluster-derived nanoparticles
is a challenge because obtaining a control at the nanoscopic
level of the surface chemistry of carbon supports has sel-
dom been achieved because of the difficulty in characteriz-
ing the samples spectroscopically. The potentiality of orga-
nometallic and coordination chemistry as tools to devise a
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molecular strategy able to favour covalent interaction be-
tween cluster and carbonaceous supports has so far been
underemployed. After thermal treatment, the clusters
should give the desired carbon-supported nanoparticles.
Moreover, it is possible to study the anchoring mechanism
in solution, by using soluble mimics of the surface ligands.

Here, we report on the anchoring of two heterometallic
clusters, [Ru5PtC(CO)14(COD)] (COD = cyclooctadiene)
(1) and [Ru6Au2C(CO)16(PPh3)2] (2), onto an active carbon
support specifically functionalized for that purpose
(CPPh2

).[18] This active carbon with a high specific surface
area was treated in order to introduce chelating phosphane
groups onto its surface. Secondary ion mass spectrometry
(SIMS), in combination with XPS, TEM/EDXS and XRD,
enabled us to characterize the fate of these mixed-metal
clusters at each step of the synthesis and thermal treatment.
This provides unique and powerful monitoring at the mo-
lecular level of the anchoring and activation processes oc-
curring at the surface of the carbon support. The supported
clusters were subsequently thermally treated to yield sup-
ported nanoparticles. To better understand the anchoring
mechanism, model reactions in solution were carried out.
The (PPh2CH2)2NC3H7 ligand, which closely mimics the
functions present at the surface of CPPh2

, was synthesized
and its reaction with cluster 1 and 2 was studied.

Results and Discussion

1. Anchoring and Activation

Cluster 1 was prepared as described previously[19] from
(PPN)2[Ru5C(CO)14] [PPN = bis(triphenylphosphoranylid-
ene)ammonium] and [Pt(COD)Cl2]. Cluster 2, which is also
known,[20] was prepared here by a new, easier route from
(PPN)2[Ru6C(CO)16] and Au(PPh3)Cl. Both clusters
(Scheme 1) were unambiguously identified by their IR spec-
tra. A phosphane-functionalized support noted as CPPh2

[18]

(Scheme 1) was prepared in several steps from SXplus-acti-
vated carbon (noted as CSX+, Norit). First, the number of
oxygenated surface groups was increased by HNO3 oxi-

Scheme 1. Cluster 1, 2 and the functionalized carbon support
CPPh2

. Carbonyl ligands in clusters 1 and 2 are omitted for clarity.
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dation and quantified by Boehm’s titrations and XPS.[21]

Then, the carboxylic acid groups were treated with SOCl2
to transform them into acyl chlorides, before coupling them
with ethylenediamine. The pendant amine functions were
finally derivatized into chelating phosphanes by the con-
comitant action of HPPh2 and CH2O.[18] XPS characteriza-
tion of the final CPPh2

support revealed a P/C surface ratio
of ca. 0.01, corresponding to about 2.5 anchoring sites (che-
lating phosphanes) per nm2, which is a very high density of
functional groups. When CPPh2

was submitted to thermo-
gravimetric analysis (TGA) under nitrogen, it displayed a
three-step weight loss of 3% below 250 °C, 21 % between
250 and 450 °C and 20 % between 450 and 900 °C. This can
be attributed to the stepwise decomposition of the grafted
functions when heated. It shows that the functions are in-
deed firmly bound to the surface as otherwise (in the case
of a mere physical mixture) much lower decomposition tem-
peratures would be observed.

The two clusters 1 and 2 were anchored onto the phos-
phane-functionalized support CPPh2

by stirring in a mixture
of solvents, and deposited onto the unmodified carbon sup-
port (CSX+) for comparison. The total metal loading (deter-
mined by Ru atomic absorption analysis of the filtrates) af-
ter incorporation on CPPh2

was 7.8 and 4.2 wt.-% for 1 and
2, respectively, and was 10 wt.-% for both on CSX+.

The obtained solid samples were characterized by sec-
ondary ion mass spectrometry (SIMS) and X-ray photo-
electron spectroscopy (XPS). The SIMS spectra obtained
for cluster 1 are displayed in Figure 1. In the case of the
pure unsupported cluster (Figure 1, a) the high-mass region
consists of several peaks corresponding to the loss of li-
gands, which is a typical fragmentation pattern for clusters.
Considering that the SIMS spectrum of cluster 1 deposited
onto CSX+ (Figure 1, b) is the same as the reference spec-
trum for the pure, unsupported cluster (Figure 1, a), and
that the experimental Ru/Pt surface atomic ratio obtained
by XPS (Table 1 and Annex 2, see Supporting Information)
corresponds to the stoichiometry of the cluster, one can
conclude that cluster 1 was incorporated onto CSX+ in a
molecularly intact fashion.[22] The SIMS spectrum of clus-
ter 1 anchored onto CPPh2

is different (Figure 1, c): the high-
est mass peak observed at m/z = 1287 is attributed to the
fragment [Ru5PtC(CO)14(PPh2)]–. The PPh2 ligand in this
species originates from the phosphane groups of the func-
tionalized support, proving that a chemical reaction oc-
curred as expected between the support and the cluster.
Moreover, it is known that the COD ligand in this cluster is
readily exchanged for chelating phosphanes.[23] As the COD
ligand was not observed anymore in the SIMS spectrum, it
can be speculated that cluster 1 is attached onto CPPh2

by a
ligand exchange mechanism as illustrated in Scheme 2. The
SIMS spectrum of the anchored cluster also comprises suc-
cessive fragments corresponding to CO losses {down to m/z
= 1012, [Ru5PtC(CO)4(PPh2)]–}, a further phenyl loss {m/z
= 933, [Ru5PtC(CO)4(PPh)]–}, and so on, finally leaving the
naked metallic core (m/z = 713, [Ru5PtC]–). The Ru/Pt
atomic surface ratio determined by XPS for cluster 1 an-
chored onto CPPh2

is also similar to the calculated value (see
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Table 1 and Annex 2), indicating that the cluster stoichiom-
etry is essentially retained after anchoring. Moreover, the
M/C ratios (M = Ru or Pt) are higher on CPPh2

than on
CSX+, suggesting a higher surface concentration (i.e. better
spreading) when the cluster is anchored rather than de-
posited.

Figure 1. Negative SIMS spectra of the cluster [Ru5PtC(CO)14-
(COD)] (1) before thermal treatment: (a) pure unsupported cluster
as reference, (b) cluster 1 deposited onto CSX+ and (c) cluster 1 an-
chored onto CPPh2

.

Table 1. XPS results for cluster 1.

Ratio Before thermal treatment After thermal treatment
CSX+ CPPh2

CSX+ CPPh2

Calcd.[a]Exp. Calcd.[a]Exp. Calcd.[a]Exp. Calcd.[a] Exp.

Ru/Pt 5 4.81 5 4.33 5 4.66 5 4.20
Ru/C 0.009 0.015 0.007 0.027 0.009 0.011 0.007 0.022
Pt/C 0.002 0.003 0.001 0.006 0.002 0.002 0.001 0.005

[a] The calculated values are bulk molar ratios. Before thermal
treatment the amount of C taken into consideration for the calcula-
tions corresponds to the sum arising from the carbon support, the
carbonyl ligands and the central carbide atom of the clusters. After
heating the amount of C considered results only from the carbon
support and the central carbide atom of the clusters.

The SIMS spectra obtained for cluster 2 are displayed in
Figure 2. The SIMS spectrum of 2 deposited onto CSX+

(Figure 2, b) is similar to that of the pure unsupported clus-
ter (Figure 2, a). The peak with the highest m/z value is
observed at m/z = 1405 {[Ru6Au2C(CO)14]–}, and is fol-
lowed by a series of peaks corresponding to CO losses down
to m/z = 1154 {[Ru6Au2C(CO)5]–}. The experimental Ru/
Au surface atomic ratio obtained by XPS for this sample
corresponds to the stoichiometry of the cluster (Table 2 and
Annex 2). This indicates that cluster 2 was also molecularly
intact when deposited onto CSX+. When cluster 2 was an-
chored onto CPPh2

(Figure 2, c), a similar fragmentation
pattern was observed by SIMS but with a shift of m/z =
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Scheme 2. Anchoring model for cluster 1 on CPPh2
. Carbonyl li-

gands are omitted for clarity.

197, which corresponds to one gold atom. The highest mass
peak is observed at m/z = 1235 {[Ru6AuC(CO)15]–} fol-
lowed by fragments corresponding to CO losses {down to
m/z = 957, [Ru6AuC(CO)5]–}. Once more, the difference in
SIMS spectra for 2 on CSX+ or CPPh2

indicates that a chemi-
cal reaction occurred between the functionalized support
and the cluster. However, there is no observable peak attrib-
utable to the entire Ru6Au2 metallic core anymore. It is
therefore necessary to determine whether the cluster breaks

Figure 2. Negative SIMS spectra of the cluster [Ru6Au2C(CO)12-
(PPh3)2] (2) before thermal treatment: (a) pure unsupported cluster
as reference, (b) cluster 2 deposited onto CSX+ and (c) cluster 2 an-
chored onto CPPh2

.
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down during anchoring or during the SIMS analyses. The
Ru/Au atomic surface ratio for cluster 2 on CPPh2

(Table 2)
corresponds also to the global composition of the starting
cluster, which does not mean that both metals did not segre-
gate at the microscopic scale after incorporation onto the
support. The M/C ratios (M = Ru and Au) are higher in
the case of the functionalized support, showing again that
the cluster surface distribution is probably better on CPPh2

than on CSX+.

Table 2. XPS results for cluster 2.

After thermalBefore thermal treatment treatment
Ratio CSX+ CPPh2

CPPh2

Calcd.[a] Exp. Calcd.[a] Exp. Calcd.[a] Exp.

Ru/Au 3 3.09 3 2.74 3 2.88
Ru/C 0.007 0.008 0.003 0.019 0.003 0.009
Au/C 0.002 0.003 0.001 0.007 0.001 0.003

[a] See Table 1.

These supported clusters were treated thermally (experi-
mental conditions determined after TGA analyses, see
Table 3) in order to prepare supported nanoparticles by re-
moving the ligand shell. The activated samples were ana-
lyzed by SIMS, XPS, TEM and XRD. After thermal treat-
ment, the high-mass peaks disappear from the SIMS spec-
tra on both supports, indicating that all the ligands were
actually removed. Nevertheless, the low-mass region still
displays the typical isotopic patterns of ruthenium and
platinum for 1 and of ruthenium and gold for 2 (Annex 1,
see Supporting Information) showing the presence of the
desired metals at the surface. The XPS results (see Tables 1
and 2 and Annex 2 in the Supporting Information) show a
slight change in the Ru/Pt and Ru/Au ratios, indicating that
some modification of the cluster structure occurred during
thermal treatment. In all cases, the M/C ratios obtained af-
ter thermal treatment were smaller than before, suggesting
a possible agglomeration of the clusters during heating.
Nevertheless, the M/C ratios remained higher on CPPh2

even
after activation. After thermal treatment, TEM images of
cluster 1 supported on CPPh2

show that homogeneously dis-
persed nanoparticles 1–2 nm in size were obtained (Fig-
ure 3, a). These small sizes were confirmed from XRD
analyses by the absence of any peak in the X-ray diffractog-
ram [Annex 4 (Supporting Information)]. In the case of
cluster 2 on CPPh2

, TEM images show that well-dispersed
nanoparticles (1–2 nm) are also obtained (Figure 3, b), but
with the concomitant presence of bigger particles (10–
20 nm) (Figure 3, c). For this sample, the X-ray diffractog-
ram presents peaks corresponding to metallic gold indicat-

Table 3. Thermogravimetric analyses.

Weight Final dec. Calcd. weight loss
Cluster

loss [%] temp. [°C] [%]

41 (= 14CO +
[Ru5PtC(CO)14(COD)] (1) 38.3 300

1COD)
49 (= 16CO +

[Ru6Au2C(CO)16(PPh3)2] (2) 40.8 720
2PPh3)

www.eurjic.org © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2011, 4721–47294724

ing the presence of gold crystallites at the surface (see An-
nex 4, Supporting Information). We infer that, as in the
case of cluster 1, the smallest particles containing Ru are
too small to give any XRD signal, while Au is present in
the form of bigger particles that give rise to a diffraction
pattern. The EDXS spectra corresponding to the recorded
TEM images are given in Annex 3. The Cu peaks in these
spectra arise from the sample carrier. In the case of cluster
1 anchored and activated onto CPPh2

, the EDXS spectrum
shows that the observed particles contain both Ru and Pt.
In the case of cluster 2 on CPPh2

, the EDXS spectra indicate
that the small and well-dispersed particles are mainly con-
stituted of Ru and that the bigger particles are indeed exclu-
sively constituted of gold. This observation, in addition to
the XRD and SIMS results described above, indicates that,
for cluster 2, anchoring on CPPh2

causes its fragmentation

Figure 3. TEM image after thermal treatment: (a) cluster 1 an-
chored on CPPh2

and (b),(c) cluster 2 supported on CPPh2
(corre-

sponding EDXS spectra are given in Annex 3, see Supporting In-
formation).
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and the loss of gold, leading to the formation of homoge-
neously dispersed Ru-rich nanoparticles together with
larger Au particles (Ru-free). This shows that the two clus-
ters behave differently on the same support. In the case of
cluster 2, its interaction with the functionalized support
leads to cluster degradation and gold sequestering. Once
gold atoms are lost from the grafted cluster, they are prone
to agglomeration, giving rise to bigger nanoparticles. Clus-
ter 1 with its readily exchangeable COD ligand was thus
more adapted to the grafting strategy developed here. The
binding energies (Annex 2, Supporting Information) deter-
mined by XPS for each metal in the grafted clusters before
activation were close to values corresponding to zero-oxi-
dation states, as expected for organometallic carbonyl clus-
ters, and did not shift much during activation also as ex-
pected because it is a mere ligand removal process. Only the
gold components shifted by ca. 1 eV during activation for
cluster 2, which is in line with its segregation from the bime-
tallic starting cluster and its agglomeration into bigger
nanoparticles.

2. Model Reaction with (PPh2CH2)2NC3H7

In order to gain a deeper understanding of the cluster
interaction at the surface of CPPh2

, model reactions in solu-
tion were carried out. Clusters 1 and 2 were treated with a
ligand that mimics as closely as possible the functions pres-
ent on the CPPh2

surface: namely (PPh2CH2)2NC3H7. This
ligand was successfully synthesized from propylamine, pa-
raformaldehyde and diphenylphosphane (Scheme 3) and its
formation was proven by 1H NMR spectroscopy (Annex 5,
Supporting Information): the a, b, c, d and e hydrogen
atoms where observed at 0.76, 1.44, 2.82 and 3.58 ppm,
respectively, with correct integrals. The Ph protons were ob-
served between 7.2 and 7.4 ppm. Small quantities of mono-
substituted amine (PPh2CH2NHC3H7) were observed as
indicated by the additional signals at 0.88, 1.44, 2.69 and
3.38 ppm. The ligand was not isolated as a solid but used
directly in solution with the use of cannula techniques.

Scheme 3. Synthesis of the ligand used for mimicking the anchor-
ing of clusters 1 and 2 onto CPPh2

.

The (PPh2CH2)2NC3H7 ligand was first reacted with
cluster 1. The reaction mixture was separated by column
chromatography to give three different products. The first
product isolated corresponds to the cluster [Ru5PtC(CO)16]
previously described in the literature and very often isolated
from reactions involving 1.[24] The second isolated product
displayed CO stretching bands at 2068, 2029 and 2019 cm–1,
attributable to terminal carbonyl ligands. The 1H NMR
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spectrum indicated only the presence of Ph groups on the
cluster, with no signal corresponding to the presence of the
C3H7 fragment. The single-crystal X-ray diffraction analysis
of the obtained monocrystals revealed that this product is
the cluster [Ru5PtC(CO)13(μ-PPh2)2] (3) where phosphides
bridge two edges of the Ru5Pt octahedron (Figure 4). These
bridging phosphides have been formed by ligand degrada-
tion or from unreacted starting material (HPPh2). This type
of product was not fixed on the functionalized carbon sur-
face but was washed out during work-up. Crystallographic
data are summarized in Table 4 and selected bond lengths
and angles are displayed in Table 5. The distances of the
bonds bridged by the μ-PPh2 groups are shorter than the

Figure 4. Molecular structure of the cluster [Ru5PtC(CO)13(μ-
PPh2)2] (3) obtained by X-ray crystallography. Ph groups are omit-
ted for clarity.

Table 4. Crystallographic data for [Ru5PtC(CO)13(μ-PPh2)2] (3) and
[Ru5PtC(CO)14{(PPh2CH2)2NC3H7}]·CH2Cl2 (4).

3 4

Empirical formula C38H20O13P2Pt1Ru5 C45H33Cl2N1O14P2Pt1Ru5

Mr [g/mol] 1446.92 1644.99
Temperature [K] 120(2) 120(2)
Crystal system, space group monoclinic, P21/n monoclinic, P21/c
a [Å] 12.835(3) 9.715(4)
b [Å] 16.647(5) 24.185(9)
c [Å] 19.066(7) 22.134(9)
α [°] 90 90
β [°] 94.21(3) 105.89(3)
γ [°] 90 90
V [Å3], Z 4063(2), 4 5002(3), 4
Calculated density [g/cm3] 2.366 2.184
Abs. coefficient [mm–1] 5.385 4.493
θ range [°] 2.92–25.39 2.97–26.37
Reflections collected/ 31035/7274/0.060 184735/9576/0.080
unique/Rint

Completeness [%] 97.2 93.6
Data/restraints/parameters 7274/0/533 9576/0/633
R1 [I�2σ(I)] 0.0662 [6651] 0.0371 [9528]
Largest resid. peak [e/Å3] 3.901/–3.578 2.012/–2.478
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unbridged ones: 2.7609(12) Å instead of 2.9114(13) Å,
2.9806 Å and 3.0199(14) Å for the Ru–Pt bonds and
2.7774(14) Å instead of 2.9554(14) Å, 2.9416 Å and
2.9344(15) Å for the Ru–Ru bonds of the square plane. This
means that the μ-PPh2 ligands play the same role as CO,
shortening metal–metal bonds. The unbridged bonds are in
the usual range for Ru–Pt and Ru–Ru bonds of this kind of
compound.[19] As far as we know, no other similar species
resulting from the addition of bridging phosphides on clus-
ter 1 have been reported so far. Nevertheless, bridging
metal-containing moieties have already been added onto a
Ru5Pt cluster to give trimetallic compounds, such as
[Ru5PtC(CO)15(AuPPh3)2],[25] [Ru5PtC(CO)16(MPtBu3)2]
(M = Pt or Pd)[26] and [Ru5PtC(CO)16(MPh2)2] (M = Ge,
Sn or Pb).[27] In these compounds, the bridging fragments
are positioned on a Ru–Pt bond or on Ru–Ru bonds of the
square plane, as in 3.

Table 5. Selected bond lengths and angles for cluster 3.

Distances [Å] Angles [°]

Pt(1)–C(13) 1.886(17) P(1)–Pt(1)–Ru(3) 52.59(8)
Pt(1)–C(38) 2.086(11) P(1)–Pt(1)–Ru(2) 142.71(8)
Pt(1)–P(1) 2.277(3) Ru(3)–Pt(1)–Ru(2) 90.58(3)
Pt(1)–Ru(3) 2.7609(12) P(1)–Pt(1)–Ru(4) 92.61(8)
Pt(1)–Ru(2) 2.9114(13) Ru(3)–Pt(1)–Ru(4) 61.33(3)
Pt(1)–Ru(4) 2.9806(14) Ru(2)–Pt(1)–Ru(4) 59.89(3)
Pt(1)–Ru(1) 3.0199(14) P(1)–Pt(1)–Ru(1) 102.39(9)
Ru(1)–C(1) 1.870(15) Ru(3)–Pt(1)–Ru(1) 61.30(3)
Ru(1)–C(38) 2.086(12) Ru(2)–Pt(1)–Ru(1) 55.81(3)
Ru(1)–P(2) 2.280(3) Ru(4)–Pt(1)–Ru(1) 87.82(3)
Ru(1)–Ru(2) 2.7774(14) C(38)–Ru(1)–P(2) 99.0(4)
Ru(1)–Ru(5) 2.8950(15) P(2)–Ru(1)–Ru(2) 52.86(8)
Ru(1)–Ru(3) 2.9554(14) P(2)–Ru(1)–Ru(5) 90.89(8)
Ru(2)–C(4) 1.896(15) Ru(2)–Ru(1)–Ru(5) 62.25(3)
Ru(2)–P(2) 2.295(3) P(2)–Ru(1)–Ru(3) 141.27(8)
Ru(2)–Ru(5) 2.9339(15) Ru(2)–Ru(1)–Ru(3) 89.35(4)
Ru(2)–Ru(4) 2.9416(15) Ru(5)–Ru(1)–Ru(3) 59.96(3)
Ru(3)–P(1) 2.274(3) P(2)–Ru(1)–Pt(1) 103.25(9)
Ru(3)–Ru(5) 2.9237(15) Ru(5)–Ru(1)–Pt(1) 88.14(3)
Ru(3)–Ru(4) 2.9344(15) Ru(3)–Ru(1)–Pt(1) 55.03(3)
Ru(4)–C(7) 1.941(17) P(2)–Ru(2)–Ru(1) 52.38(8)
Ru(4)–Ru(5) 2.8223(16) P(2)–Ru(2)–Pt(1) 106.22(9)
Ru(5)–C(11) 1.943(16) Ru(1)–Ru(2)–Pt(1) 64.07(3)
Ru(5)–C(38) 2.030(11) P(2)–Ru(2)–Ru(5) 89.62(9)
C(1)–O(1) 1.143(17) Ru(1)–Ru(2)–Ru(5) 60.84(4)
C(2)–O(2) 1.159(18) Pt(1)–Ru(2)–Ru(5) 89.49(4)
C(3)–O(3) 1.126(17) P(2)–Ru(2)–Ru(4) 142.82(9)
C(4)–O(4) 1.151(17) Ru(1)–Ru(2)–Ru(4) 93.34(4)
C(5)–O(5) 1.139(15) Pt(1)–Ru(2)–Ru(4) 61.22(4)
C(6)–O(6) 1.132(16) Ru(5)–Ru(2)–Ru(4) 57.42(4)
C(7)–O(7) 1.124(19) P(1)–Ru(3)–Pt(1) 52.71(8)
C(8)–O(8) 1.140(18) P(1)–Ru(3)–Ru(5) 144.26(9)
C(9)–O(9) 1.163(18) Pt(1)–Ru(3)–Ru(5) 92.71(4)
C(10)–O(10) 1.158(17) P(1)–Ru(3)–Ru(4) 93.91(9)
C(11)–O(11) 1.133(18) Pt(1)–Ru(3)–Ru(4) 63.03(4)
C(12)–O(12) 1.135(17) Ru(3)–Ru(4)–Ru(2) 86.67(4)
C(13)–O(13) 1.12(2) Ru(4)–Ru(5)–Ru(1) 93.41(4)

The third and major product isolated from the reaction
between cluster 1 and the ligand (PPh2CH2)2NC3H7 pre-
sented IR stretching bands at 2067, 2043, 2016 and
1968 cm–1. The 31P NMR spectrum showed a singlet at
–20 ppm with a 195Pt-31P coupling constant of 4554 Hz, in-
dicating that phosphane groups are linked to the cluster
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through the Pt atom. The positions and integrals of the
peaks in the 1H NMR spectrum indicate that the whole
(PPh2CH2)2NC3H7 ligand has been added onto the cluster.
No signal was found attributable to the COD moiety. These
analyses indicate that the (PPh2CH2)2NC3H7 ligand has re-
acted with cluster 1 through a ligand exchange mechanism,
replacing the COD fragment to be linked by the Pt atom.
This was confirmed by the X-ray crystal structure of the
product. The obtained crystals corresponded to the cluster
[Ru5PtC(CO)14{(PPh2CH2)2NC3H7}] (4), which crys-
tallized in the P21/c space group with a cocrystallized
dichloromethane molecule. The crystallographic data are
displayed in Table 4 and selected bond lengths and angles
of the molecule are displayed in Table 6. The molecular
structure of 4 is displayed in Figure 5 showing that the in-
tact (PPh2CH2)2NC3H7 ligand is linked to the cluster
through the Pt atom instead of the COD moiety. The Ru–
Pt distances in this structure [2.8779(11) and 3.1366(12) Å]
are slightly longer than those of the starting cluster 1
[2.844(2)–3.072(2) Å], even though the Ru–Ru ones are sim-
ilar [2.8378(10) and 2.9331(12) Å versus 2.826(3)–
2.944(4) Å, respectively]. Compound 4 can be compared to
cluster [Ru5PtC(CO)14(dppe)] [dppe = bis(diphenylphos-

Table 6. Selected bond lengths and angles for cluster 4.

Distances [Å] Angles [°]

Pt(1)–C(44) 2.070(5) C(44)–Pt(1)–P(2) 140.82(14)
Pt(1)–P(2) 2.2822(15) C(44)–Pt(1)–P(1) 128.73(15)
Pt(1)–P(1) 2.2909(16) P(2)–Pt(1)–P(1) 89.95(6)
Pt(1)–Ru(2) 2.8779(11) P(2)–Pt(1)–Ru(2) 97.32(5)
Pt(1)–Ru(1) 2.8981(12) P(1)–Pt(1)–Ru(2) 171.07(4)
Pt(1)–Ru(4) 3.1012(10) P(2)–Pt(1)–Ru(1) 132.55(4)
Pt(1)–Ru(3) 3.1366(12) P(1)–Pt(1)–Ru(1) 112.30(5)
Ru(1)–C(3) 1.907(6) Ru(2)–Pt(1)–Ru(1) 58.85(3)
Ru(1)–C(44) 2.064(6) P(2)–Pt(1)–Ru(4) 168.27(4)
Ru(1)–Ru(2) 2.8378(10) P(1)–Pt(1)–Ru(4) 88.34(4)
Ru(1)–Ru(5) 2.8431(12) Ru(2)–Pt(1)–Ru(4) 85.57(3)
Ru(1)–Ru(4) 2.9331(12) Ru(1)–Pt(1)–Ru(4) 58.42(2)
Ru(2)–C(4) 1.887(7) P(2)–Pt(1)–Ru(3) 117.78(4)
Ru(2)–Ru(5) 2.8430(10) P(1)–Pt(1)–Ru(3) 123.09(4)
Ru(2)–Ru(3) 2.9072(12) Ru(2)–Pt(1)–Ru(3) 57.62(3)
Ru(3)–C(7) 1.886(6) Ru(1)–Pt(1)–Ru(3) 85.31(3)
Ru(3)–C(44) 2.040(5) Ru(4)–Pt(1)–Ru(3) 54.539(17)
Ru(3)–Ru(5) 2.8188(13) Ru(2)–Ru(1)–Ru(5) 60.06(2)
Ru(3)–Ru(4) 2.8582(10) Ru(2)–Ru(1)–Pt(1) 60.22(2)
Ru(4)–C(10) 1.867(6) Ru(5)–Ru(1)–Ru(4) 58.77(3)
Ru(4)–Ru(5) 2.8354(12) Pt(1)–Ru(1)–Ru(4) 64.26(3)
P(1)–C(40) 1.853(6) Ru(1)–Ru(2)–Ru(5) 60.06(3)
P(2)–C(39) 1.854(6) Ru(1)–Ru(2)–Pt(1) 60.93(2)
C(1)–O(1) 1.145(8) Ru(1)–Ru(2)–Ru(3) 90.86(3)
C(2)–O(2) 1.136(8) Ru(5)–Ru(2)–Ru(3) 58.69(2)
C(3)–O(3) 1.150(8) Pt(1)–Ru(2)–Ru(3) 65.66(3)
C(4)–O(4) 1.147(8) Ru(5)–Ru(3)–Ru(4) 59.92(2)
C(5)–O(5) 1.132(8) Ru(5)–Ru(3)–Ru(2) 59.51(3)
C(6)–O(6) 1.152(8) Ru(4)–Ru(3)–Ru(2) 89.66(3)
C(7)–O(7) 1.143(8) Ru(5)–Ru(3)–Pt(1) 88.79(4)
C(8)–O(8) 1.155(9) Ru(4)–Ru(3)–Pt(1) 62.10(2)
C(9)–O(9) 1.132(9) Ru(2)–Ru(3)–Pt(1) 56.72(3)
C(10)–O(10) 1.156(8) Ru(5)–Ru(4)–Ru(1) 59.03(3)
C(11)–O(11) 1.133(8) Ru(1)–Ru(4)–Pt(1) 57.32(2)
C(12)–O(12) 1.157(7) Ru(3)–Ru(5)–Ru(1) 92.59(4)
C(13)–O(13) 1.138(8) Ru(4)–Ru(5)–Ru(1) 62.20(3)
C(14)–O(14) 1.135(8) Ru(2)–Ru(5)–Ru(1) 59.88(2)
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phanyl)ethane] obtained by reaction between 1 and dppe.[28]

In the latter compound, dppe also replaces the COD ligand
and is linked to the cluster by the Pt atom. The Ru–Pt and
Ru–Ru distances in this compound are 2.8946(8)–
3.1214(8) Å and 2.793(1)–2.949(1) Å, respectively, which is
similar to those of cluster 4. Compound 4 is in agreement
with the PSEPT rules, which predict a “closo” octahedron
for the metal core. The formation of 4 confirms the ease
with which compound 1 exchanges its COD ligand for che-
lating phosphanes and, thus, confirms the exchange ligand
mechanism that could occur at the surface of CPPh2

when
clusters are anchored onto it. The fact that the main prod-
uct isolated from the reaction of the model ligand with clus-
ter 1 is formed by a controlled ligand-exchange process al-
lows us to state that with this cluster it is the main event
occurring on the phosphane-functionalized carbon. It is in
agreement with the characterization data from the solids
and explains why the cluster is poorly dispersed on the non-
functionalized support, i.e. the nonfunctionalized support
does not offer a sufficient anchoring mechanism. The final
nanoparticles are very small, demonstrating the ability of
the functionalized support to hinder agglomeration during
thermal treatment. However, their size is above that of a
single cluster core, indicating that some migration and co-
alescence must occur during heating.

Figure 5. Molecular X-ray structure of the cluster [Ru5PtC(CO)14-
{(PPh2CH2)2NC3H7}] (4) obtained by X-ray crystallography; Ph
groups are omitted for clarity.

The (PPh2CH2)2NC3H7 ligand was also reacted with
cluster 2, but led to inconclusive results. Characterization
data indicated the presence of different products but only
the unreacted starting cluster crystallized out of the com-
plex reaction mixture. This indicates that cluster 2 does not
react selectively with chelating phosphane groups, which
might be explained by the absence of easily replaced ligands
such as COD and the preference of Au for terminal phos-
phanes. When interacting with the functionalized support
this cluster thus undergoes unselective reactions leading to
its fragmentation, as evidenced by SIMS. This highlights
the powerfulness of this technique to unravel molecular
mechanisms within complex solids.
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Conclusions

In this work, we have shown that when active carbon is
functionalized with chelating phosphane groups mixed-
metal clusters can be bound covalently onto its surface. The
clusters used have to be sufficiently stable during anchoring
to avoid their fragmentation, which would mean losing the
advantage of using such precursors. The anchoring of clus-
ters [Ru5PtC(CO)14(COD)] (COD = cyclooctadiene) (1)
and [Ru6Au2C(CO)16(PPh3)2] (2) were mimicked in solution
and the crystal structure of cluster [Ru5PtC(CO)14-
{(PPh2CH2)2NC3H7}] was the proof of chemical binding of
cluster 1 onto CPPh2

through a ligand exchange mechanism.
The nanoparticles obtained after thermal activation were
better dispersed on CPPh2

than on the unmodified support,
proving that the surface functions act as stabilizing sites for
the clusters. The use of appropriate mixed-metal clusters
and functionalized carbon supports leads to the formation
of well-dispersed nanoparticles of controlled composition
(corresponding to the stoichiometry of the precursor clus-
ter). We have also shown that a combination of characteri-
zation techniques with model reactions in solution enabled
us to gain a full picture of the mechanisms occurring at the
surface of the solid that is not amenable to simple spectro-
scopic studies. The obtained nanostructured materials
could find applications in electrochemical devices or hetero-
geneous catalysis.

Experimental Section
General: All manipulations were carried out under N2 with distilled
solvents. (PPN)2[Ru6C(CO)16] and (PPN)2[Ru5C(CO)14] were syn-
thesized as described previously.[19] [Pt(COD)Cl2], [Au(PPh3)Cl]
and H2CO were supplied by Sigma–Aldrich, H2NC3H7 by Acros
Organics, HPPh2 by Fluka, and all were used as received. The acti-
vated carbon SXplus (noted as CSX+) support was supplied by No-
rit and CPPh2

was prepared as described elsewhere[18,21] and summa-
rized here. The starting carbon (Csx+), with SBET = 932 m2/g, was
oxidized with HNO3 (2.5 mol/L) to give CCOOH (SBET = 701 m2/
g). The oxidized support CCOOH was then treated with SOCl2 under
nitrogen to give CCl (SBET = 752 m2/g), which in turn was treated
with ethylenediamine under nitrogen to give CNH2

(SBET = 482 m2/
g) presenting pendant amine groups. Finally, the CNH2

material was
treated with HPPh2/CH2O under nitrogen for 24 h at 70 °C to give
the functionalized support CPPh2

(SBET = 121 m2/g).

Infrared spectra of the clusters were recorded in a dichloromethane
solution with a Bruker Equinox 55 spectrometer. NMR analyses
were recorded with an AVANCE 500 or 300 MHz spectrometer. 1H
NMR spectra were calibrated with CDHCl2 at 5.3 ppm and 31P
NMR with H3PO4 at 0 ppm. Atomic absorption measurements
were carried out with a Perkin–Elmer atomic absorption spectrom-
eter 3110. TGA analyses of the clusters were recorded with a TGA
SDTA 851e instrument from Mettler–Toledo. These analyses were
carried out with a heating ramp of 10 °C/min under a N2 flow
(100 mL/min) and the samples (ca. 3 mg) were placed into alumina
containers (70 μL). XPS (X-ray photoelectron spectroscopy) analy-
ses were carried out at room temperature with a SSI-X-probe (SSX-
100/206) photoelectron spectrometer from Surface Science Instru-
ments (USA) equipped with a monochromatized microfocus Al X-
ray source. Samples were stuck onto small troughs with double-
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face adhesive tape and then placed on an insulating home-made
ceramic carousel (Macor®, Switzerland). Charge effects were avo-
ided by placing a nickel grid above the samples and using a flood
gun set at 8 eV. The energy scale was calibrated with reference to
the peak Au4f7/2 at 84 eV, and the binding energies were calculated
with respect to the C-(C,H) component of the C1s peak fixed at
284.8 eV. Data treatment was performed with the CasaXPS pro-
gram (Casa Software Ltd, UK). The peaks were decomposed into
a sum of Gaussian/Lorentzian (85/15) after subtraction of a Shirley
type baseline. ToF-SIMS analyses were performed with a PHI-EV-
ANS Time-of-Flight SIMS (TRIFT 1) using a 15 keV Ga+ beam
(FEI 83–2 liquid metal ion source; ca. 1 nA DC current; 22 ns pulse
width bunched down to ca. 1 ns; 5 kHz repetition rate for the mass
range 0–5 kDa).[29,30] For these analyses all the samples were fixed
by silver double-sided conducting adhesive tape onto stainless steel
supports. TEM images were obtained with a LEO 922 OMEGA
Energy Filter Transmission Electron Microscope. The samples were
suspended in hexane under ultrasonic treatment, then allowed to
settle to discard the biggest particles. A drop of the supernatant
was then deposited on a holey carbon film supported on a copper
grid, which was dried overnight under vacuum at room tempera-
ture.

Cluster Syntheses: Cluster [Ru5PtC(CO)14(COD)] (1) was obtained
in 20.5% yield as described previously[19] from (PPN)2[Ru5C-
(CO)14] and [Pt(COD)Cl2]. IR: ν̃CO = 2077 (m), 2050 (s), 2033 (s),
2011 (s), 1987 (sh), 1965 (sh), 1818 (w) cm–1. Cluster
[Ru6Au2C(CO)16(PPh3)2] (2) was prepared by reacting (PPN)2-
[Ru6C(CO)16] (100 mg, 0.0466 mmol) with 2 equiv. of [Au(PPh3)Cl]
(46.1 mg; 0.0933 mmol) in dichloromethane (10 mL). The mixture
was stirred at room temperature for 1 h, then filtered and the sol-
vent was removed under reduced pressure. The obtained crude
product was purified by column chromatography on silica (hexane/
dichloromethane, 50:50) to give 2 as a dark-red powder (39.2 mg;
42%). IR: ν̃CO = 2068 (w), 2049 (s), 2017 (vs), 1964 (w) and 1820
(m) cm–1. 1H NMR (500 MHz, CD2Cl2, 25 °C, CDHCl2): δ = 7.46–
7.57 (m, 6 Ph) ppm. 31P NMR (500 MHz, CD2Cl2, 25 °C, H3PO4):
δ = 67.8 (s, 2 P) ppm.

Anchoring: The amount of cluster engaged in each anchoring ex-
periment corresponded to a theoretical 10 wt.-% metal loading on
the support after the removal of the ligand. In a typical experiment,
cluster 1 (24.3 mg) was stirred with CPPh2

(126 mg) in toluene
(10 mL) and dichloromethane (10 mL) at room temperature for 5 d
in the dark. The solid was filtered out, washed with dichlorometh-
ane and dried at room temperature under vacuum. The same pro-
cedure was used for anchoring cluster 2 onto CPPh2

[using 2
(19.8 mg) and CPPh2 (90 mg)]. Ruthenium atomic absorption
analyses of the filtrates indicated that the total metal loading (Ru +
Au/Pt) after grafting was 7.8 and 4.2 wt.-% for 1 and 2, respectively,
considering that the stoichiometry of the clusters was not affected
by anchoring. Cluster 1 (34.6 mg) was adsorbed onto CSX+

(180 mg) in a 2-propanol/dichloromethane (45:5) mixture as de-
scribed previously[20] and cluster 2 (19.8 mg) was adsorbed similarly
onto CSX+ (90 mg) in a toluene/dichloromethane (1:1) mixture. In
both these cases, the solvents were removed under reduced pressure
instead of filtering and 10 wt.-% metal can be considered to have
been loaded onto the support. The supported clusters were then
submitted to thermal treatment in a tubular oven STF 16/450 from
CARBOLITE. The samples were placed into porcelain combustion
boats and heated at 300 °C for 1 h for cluster 1 and at 350 °C for
3 h for cluster 2 (heating ramp: 100 °C/h) under a N2 stream.

Reactions with (PPh2CH2)2NC3H7: The (PPh2CH2)2NC3H7 ligand
was synthesized by first mixing H2CO (104.5 mg, 3.481 mmol) with
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1 equiv. of HPPh2 (0.60 mL, 3.467 mmol) in methanol (5 mL) for
10 min at 70 °C (formation of HOCH2PPh2 was indicated by decol-
ouration of the solution). The solution was then cooled to room
temperature and the solvent was evaporated under reduced pres-
sure. Subsequently, toluene (10 mL) was added, followed by
0.5 equiv. of C3H7NH2 (0.14 mL, 1.703 mmol) and the mixture was
heated at 120 °C for 1–2 h. The solution was cooled to room tem-
perature and the volume was reduced to 5 mL. By this method, a
toluene solution containing (PPh2CH2)2NC3H7 (1.703 mmol) was
obtained. 1H NMR (300 MHz, CD2Cl2, 25 °C, CDHCl2): δ = 7.2–
7.4 (m, 24 H), 3.58 (d, 4 H), 3.38 (d, 0.5 H), 2.82 (t, 2 H), 2.69 (t,
0.5 H), 1.44 (m, 2.75 H), 0.88 (t, 0.8 H) and 0.76 (t, 3 H) ppm. 31P
NMR (300 MHz, CD2Cl2, 25 °C, H3PO4): δ = –26.4 (s) ppm. In
the following reactions using the (PPh2CH2)2NC3H7 ligand, an ap-
propriate quantity of the toluene solution was sampled by means
of a syringe.

The anchoring of cluster 1 onto CPPh2
was mimicked in solution by

mixing cluster 1 (100 mg, 0.0825 mmol) with 1 equiv. of synthesized
(PPh2CH2)2NC3H7 ligand [0.0851 mmol, 0.25 mL of a toluene
solution (5 mL) containing 1.703 mmol of ligand] in dichlorometh-
ane (20 mL) for 3 h at room temperature. The solvent was then
removed under reduced pressure. The crude product was purified
by column chromatography on silica (dichloromethane/hexane,
20:80) to give three different products. The first product to elute,
recovered as a red powder, corresponded to the known cluster
[Ru5PtC(CO)16][22] (8.4 mg, 16%). IR: ν̃CO = 2064 (s), 2050 (s),
2004 (m) and 1874 (w) cm–1. The second product was isolated as
an orange-brown powder and corresponded to the cluster
[Ru5PtC(CO)13(μ-PPh2)2] (3, 9.8 mg, 15%). IR: ν̃CO = 2068 (m),
2029 (s) and 2019 (s) cm–1. 1H NMR (300 MHz, CD2Cl2, 25 °C,
CDHCl2): δ = 7.3–7.5 (m), 1.52 (s), 1.25 (s) and 0.85 (m) ppm.
Suitable crystals for X-ray diffraction were obtained by slow dif-
fusion of hexane into a concentrated solution of 3 in dichlorometh-
ane at 4 °C. The last product was isolated as a brown-black powder
and identified as the cluster [Ru5PtC(CO)14{(PPh2CH2)2NC3H7}]
(4, 14.8 mg, 20%). IR: ν̃CO = 2070 (m), 2043 (s), 2016 (s), 1968
(sh), 1819 (w) and 1714 (w) cm–1. 31P NMR (300 MHz, CD2Cl2,
25 °C, H3PO4): δ = –19.9 (t, JPt-P = 4554 Hz) ppm. 1H NMR
(300 MHz, CD2Cl2, 25 °C, CDHCl2): δ = 7.02–8.16 (m, 21 H), 3.53
(t, 4 H), 2.33 (t, 2 H), 1.52 (s, 3 H), 1.19 (m, 5 H) and 0.53 (t, 3
H) ppm. Suitable crystals for X-ray diffraction were obtained by
slow diffusion of hexane into a concentrated solution of 4 in dichlo-
romethane at 4 °C.

The anchoring of cluster 2 onto CPPh2
was mimicked in solution

by mixing cluster 2 (100 mg, 0.0504 mmol) with 1 equiv. of
(PPh2CH2)2NC3H7 [0.0511 mmol, 0.15 mL of a toluene solution
(5 mL) containing 1.7029 mmol of ligand] in dichloromethane
(40 mL) for 1 h at room temperature. The solvent was then removed
under reduced pressure to give a red powder. IR: ν̃CO = 2050 (w)
and 2000 (s) cm–1. 31P NMR (300 MHz, CD2Cl2, 25 °C, H3PO4): δ
= 63.77 (s, 1 P), 20.6 (s, 1.7 P) and –9.23 (s, 1 P) ppm. 1H NMR
(300 MHz, CD2Cl2, 25 °C, CDHCl2): δ = 7.0–7.5 (m), 3.93 (s), 3.76
(s), 2.49 (t), 2.33 (s), 2.20 (t), 1.26 (m), 0.88 (m), 0.54 (t) and 0.33
(t) ppm. Suitable crystals for X-ray diffraction were obtained by
slow diffusion of hexane into a concentrated solution of the crude
product in dichloromethane at 4 °C, but the structure obtained cor-
responded to the starting, unreacted cluster 2.

Crystal Structure Determination: The X-ray diffraction (XRD)
analyses were recorded for the activated clusters with a Siemens
D5000 diffractometer equipped with a copper source (λKα

=
154.18 pm). The samples were placed on quartz monocrystals and
the crystalline phases were identified by reference to the JCPDS



Anchoring of Ru–Pt and Ru–Au Clusters onto a Carbon Support

database. For single-crystal X-ray diffraction, the X-ray intensity
data were collected at 120 K for both clusters with a MAR345
image plate using Mo-Kα (λ = 0.71069 Å) radiation. The crystal
was chosen, mounted in inert oil and transferred quickly to the
cold gas stream for flash cooling. The crystal data and the data
collection parameters are summarized in Table 4. The data were
not corrected for absorption but the collection mode partially takes
the absorption phenomena into account (see the total number of
collected reflections versus the number of independent reflections).
The unit cell parameters were refined using all the collected spots
after the integration process. Both structures 3 and 4 were solved
by the Patterson method and refined by full-matrix least-squares on
F2 using SHELXL97.[31] All the non-hydrogen atoms were refined
anisotropically. For both compounds, the hydrogen atoms were cal-
culated with AFIX and included in the refinement with a common
isotropic temperature factor. The details of the refinement and the
final R indices are presented in Table 4.

CCDC-811674 (for 3) and -811675 (for 4) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Annex 1: SIMS spectra of CPPh2

after thermal treatment, An-
nex 2: raw XPS data, Annex 3: EDXS analysis of anchored clusters
after thermal treatment, Annex 4: XRD diffractograms and Annex
5: 1H NMR spectrum of (PPh2CH2)2NC3H7.
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