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a  b  s  t  r  a  c  t

An  ordered  mesoporous  carbon  (OMC)  was  functionalized  with  ammonium  or chelating  phosphine  lig-
ands.  In  both  cases,  the  functionalization  procedure  started  by  oxidation  by nitric  acid  treatment,  followed
by activation  of  surface  carboxylic  acid groups  with  thionyl  chloride,  then  formation  of  amide  bonds  with
diamines.  The  pendant  amine  groups  were  then  either  quaternized  or  further  reacted  with  phosphine.
The  introduced  functions  were  used  as  anchors  for  molecular  mixed-metal  clusters.  These  organometallic
eywords:
rdered mesoporous carbon
unctionalization
imetallic

grafted  species  could  then  be  thermally  transformed  into  hetero-metallic  nanoparticles  (NP)  embedded
within  the  mesoporous  framework.  The  NP/OMC  nanocomposites  could  find  application  in hydrogenation
heterogeneous  catalysis  or as  electrodes  in fuel  cells.

©  2014  Elsevier  B.V.  All  rights  reserved.

anoparticles
luster

. Introduction

Porous carbons have drawn a widespread attention during the
ast years in various domains such as energy storage (anodes for
i-ion batteries or double-layer supercapacitors [1–3]), adsorption
4,5] and as catalysts supports [6]. The most used materials in these
omains, especially as supports for catalysis, are activated carbons,
btained by pyrolysis and activation of natural species such as wood
esidues, olive stones or orange skin for instance [7]. This high inter-
st is mainly due to the fact that porous carbons are stable in acidic
s well as in alkaline media, they exhibit a high thermal stability and
he dispersed catalytic species (noble metals for instance) can be
asily recovered by burning away the carbon [8]. Nevertheless, the
orosity of activated carbons is very difficult to control and is highly
ependent on the raw material used for its production. In addition,
hey often contain mineral impurities, which could interfere in the
atalytic processes, their production is energy-consuming and a
igh burn-off of the starting material is always present [3,9]. More-
ver, activated carbons are essentially microporous, which in het-
rogeneous catalysis leads to diffusion limitations and even deac-

ivation upon pore blocking by reactants or products. It is known
hat the length of mass transport can be reduced by about 20 times
f the pore sizes increase from microporous to mesoporous. For that

∗ Corresponding author. Tel.: +32 10 47 2810; fax: +32 10 47 2330.
E-mail address: sophie.hermans@uclouvain.be (S. Hermans).

ttp://dx.doi.org/10.1016/j.cattod.2014.03.017
920-5861/© 2014 Elsevier B.V. All rights reserved.
reason, an increased attention has arisen toward the development
of synthesis pathways leading to mesoporous carbons, such as
carbon xerogels and ordered mesoporous carbons (OMC) [10,11].
During the last years, lots of efforts have been devoted to the prepa-
ration of ordered mesoporous carbons, in view of their remarkable
structure. Indeed, in addition to their interesting features inher-
ent to the carbonaceous nature of the framework (hydrophobicity,
thermal stability, corrosion resistance), their structure can be
described as a regular stacking of mesoporous channels with a
defined pore width, providing a very homogeneous environment
for catalytic sites.

The first preparation of OMC  was  described in 1999 by Ryoo
and co-workers (denoted as CMK  materials) [12,13]. The strategy
involved is based on a nanocasting procedure, where mesoporous
silica is used as a sacrificial template. In detail, carbon polymers are
formed inside the pores of the mesoporous silica, followed by pyrol-
ysis and removal of the inorganic framework by HF treatment. This
route, also called hard-templating, leads to highly ordered meso-
porous carbons that are perfect inverted replica of the sacrificial
silica. They can be described as a stacking of nano-rods stabilized by
pillars and delimiting regular mesoporous voids in-between them.
The pore sizes of the carbon thus depend on the pore wall thick-
ness of the silica template, and can be tuned upon choosing the

appropriate preparation method of the latter [14]. The preparation
of ordered mesoporous carbons by hard-templating was very well
reviewed by several authors [15,16]. More recently, soft-templating
was proposed as an alternative strategy for the preparation of OMC.

dx.doi.org/10.1016/j.cattod.2014.03.017
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2014.03.017&domain=pdf
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n this case, the carbon framework is directly created in presence
f surfactant molecules in the same manner as for the synthesis
f ordered mesoporous silica [11,15,17]. Such a new route is very
ttractive, since there is space for more flexibility in tuning the
ore sizes, the spatial regularity and the surface properties. The
tructure is also different since the material is made of true tubu-
ar mesopores in contrast to the stacking of carbon rods delimiting

esopores, allowing for an increased mechanical stability. Though
ore elegant, less expensive and less time-consuming, the major

rawback of the soft-templating route is the need for a precise con-
rol over the interaction between surfactant molecules and growing
arbon polymer species and the kinetics of the subsequent forma-
ion of the continuous carbon framework. For that reason, the direct
yntheses reported are mostly very sensitive to pH and tempera-
ure, involve very long durations when prepared in diluted aqueous

edia [18] and need the evaporation of large quantities of solvents
n the case of Evaporation-Induced Self-Assembly (EISA) [19]. Phase
eparation was also reported as an alternative, but in this case, HCl
s used as a catalyst, making this route not adapted when poison-
ng by Cl− ions has to be avoided, for instance in catalysis [20].
lthough promising alternate preparation ways have been pro-
osed recently [21], until now, the hard-templating route remains
he most widespread in the application of OMC  for energy storage
r heterogeneous catalysis.

Ordered mesoporous carbons indeed serve as good starting
aterials for further modification with catalytically active species.

he most widespread is the incorporation of metallic elements (Pd,
r, Co, Fe, etc.), either during the preparation or via post-synthetic

ethods. It has been shown that the use of OMC  as supports lead
o high performance catalysts, due to the better dispersion of the
ctive species and the low pore diffusion resistance [22–27]. It has
o be emphasized that the nature of the groups present at the
urface of the porous carbons plays a key role for their further
pplication. This important fact has been extensively reviewed by
igueiredo very recently [9]. Porous carbons principally bear oxy-
enated and nitrogenated surface groups that can be active sites
or catalysis, be used either for anchoring catalysts or catalysts pre-
ursors, or even serve for a further functionalization of the surface
9,15]. For this latter case, many examples refer to the functional-
zation with sulfonic acid groups covalently attached to the surface,
o produce acidic catalysts used for instance in esterification of
rganic acids with ethanol or alkylation of aromatic compounds
28]. Finally, surface functionalization with molecules bearing spe-
ific functions is especially interesting for anchoring catalytically
ctive compounds, like metal complexes or nanocluster-derived
anoparticles [29,30].

A wide variety of methodologies have been used to introduce
etallic nanoparticles within mesoporous carbon frameworks. The

ynthesis of this type of host/guest materials can be accomplished
y two different procedures: either by addition of the metal pre-
ursors during the synthesis of the OMC, or by a post-synthetic
ncorporation of the metal precursors, usually by impregnation.
ne of the systems that has attracted considerable interest is the
t/OMC nanocomposite [31–37]. Platinum nanoparticles on meso-
orous carbon find applications as sensors or in hydrogenation
eactions and electrochemical oxidation of hydrogen or methanol
n fuel cells. Beside Pt, other metals, such as Fe, Pd, Ni, Ru and Ag
ave been loaded onto OMC, introducing magnetic and/or catalytic
roperties [38–40]. As an alternative to post-synthesis modifica-
ion, metal precursors can be introduced with or before carbon
recursors at the nanocasting stage to produce carbon-based
anocomposites with metals, such as cobalt, titanium, copper, iron,

nd nickel [41–44]. During carbonization, metal salts or oxides
re spontaneously reduced to metal nanoparticles and, though
art of the particles is embedded in the walls, their surface still
emains accessible. The advantage of this technique is that the
y 235 (2014) 112–126 113

pores of the OMC  are not obstructed, but the post-synthesis mod-
ification still remains the most versatile and widespread route.
Few examples of bimetallic nanoparticles can be found and gener-
ally concern association between platinum and ruthenium for fuel
cell applications [45–48]. They are usually prepared by impregna-
tion of porous carbon with solutions of the corresponding metal
salts.

Heterometallic molecular clusters are ideal precursors for
bimetallic nanoparticles of controlled composition. Most of the
time, the cluster-derived catalysts are found to be more active and
selective than commercial catalysts or their salt-derived counter-
parts [49,50]. The improvement of selectivity is attributed to the
strong metal–metal interaction within heterometalic NPs and to
the better dispersion on the surface. Most heterogeneous cata-
lysts based on clusters are used in hydrogenation [50–57] and in
Fischer–Tropsch reactions [58,59].

In this paper, we report the preparation of bimetallic
nanoparticles supported on an ordered mesoporous carbon. The
carbonaceous material was first functionalized with neutral chelat-
ing phosphine or charged ammonium groups in order to introduce
anchoring points for bimetallic molecular clusters. The grafted clus-
ters were then converted into nanoparticles by gentle thermolysis.
To the best of our knowledge, this is also the first example of
phosphine-functionalized OMC, which could be used as support for
a wide range of catalytically active species, including homogeneous
complexes.

2. Experimental

All manipulations were carried out under N2 using standard
Schlenk techniques. The solvents were distilled or degassed
before use, stored under nitrogen on molecular sieves, and the
obtained products were stored under Ar in a glovebox. The
mesoporous carbon, noted Cm,  was  prepared as a replica of
SBA-15 following the route described by Ryoo et al. [12,13].
Functionalized supports, Cm-PPh2 and Cm-NMe3

+, were pre-
pared according to procedures described elsewhere [60].
All mentioned reactants were commercially available and
used as received. Triruthenium dodecacarbonyl ([Ru3(CO)12])
was supplied by Alfa Aesar. Chloro(triphenylphosphine)
gold (Au(PPh3)Cl), bis(triphenylphosphoranylidene) ammo-
nium chloride (PPNCl), dichloro(1,5-cyclooctadiene)platinum
(Pt(COD)Cl2), tetraphenylphosphonium chloride (PPh4Cl),
ethylenediamine (H2N(CH2)2NH2), paraformaldehyde ((CH2O)n),
methyl trifluoromethanesulfonate (CF3SO3CH3) and iron pen-
tacarbonyl (Fe(CO)5) were supplied by Aldrich. Thionyl chloride
(SOCl2), dicobalt octacarbonyl (Co2(CO)8) and tetraethylam-
monium bromide (NEt4Br) were supplied by Acros Organics.
Diphenylphosphine (HPPh2) and 2-dimethylaminoethylamine
(H2N(CH2)2N(CH3)2) were supplied by Fluka. Nitric acid 65% was
supplied by VWR  and hydrochloric acid 36% by Fisher Scientific.

2.1. Functionalization of the mesoporous carbon

2.1.1. Oxidation of Cm to give Cm-ox [61]
The amount of oxygenated functional groups at the surface

of the starting mesoporous Cm carbon support was increased by
an acid treatment with HNO3. In a typical experiment, 500 mg of
Cm were placed in a 100 ml  round-bottom flask with 20 ml HNO3
1 mol/l or 2.5 mol/l. The mixture was  stirred for 24 h at 110 ◦C
(reflux). Then, it was filtered and extensively washed with distilled

water until neutral pH. The resulting powder was dried under vac-
uum at 70 ◦C during 16 h. The Cm-ox sample oxidized with 1 mol/l
nitric acid was  selected for the next steps. The surface O/C ratio of
this sample was  determined by XPS to be equal to 0.125. Based on
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revious work [61], the number of acidic functions was estimated
t 1.7 mmol/g.

.1.2. Addition of SOCl2 on Cm-ox to give Cm-Cl
In a 100 ml  round-bottom flask, 500 mg  of Cm-ox were intro-

uced and degassed overnight at 120 ◦C. Then, 30 ml  of toluene
ere introduced together with 3 ml  of SOCl2. The mixture was

efluxed (120 ◦C) for 5 h, filtered, and the obtained powder was
xtensively washed with toluene and dried under vacuum for sev-
ral hours to give Cm-Cl.

.1.3. Addition of H2N(CH2)2NR2 on Cm-Cl to give Cm-NR2
In a 100 ml  round-bottom flask, 450 mg  of Cm-Cl were intro-

uced together with 30 ml  toluene. Then, 1.3 equiv. (with regard
o the number of acidic functions estimated in 450 mg  of oxidized
m)  of NH2(CH2)2NR2 (where R = H or CH3) were added (0.99 mmol,
.07 ml  for R = H; 0.99 mmol, 0.11 ml  for R = CH3). The mixture was
efluxed (120 ◦C) for 4 h to give Cm-NH2 or Cm-NMe2. Finally, the
olid was filtered off, extensively washed with toluene and dried
nder vacuum for several hours.

.1.4. Addition of HPPh2 on Cm-NH2 to give Cm-PPh2
In a 100 ml  round-bottom flask, 2.5 equiv. (with regard to the

umber of acidic functions estimated in 400 mg  of oxidized Cm)
f HPPh2 (1.7 mmol, 0.29 ml), and CH2O (1.7 mmol, 51 mg)  were
ntroduced with 7.5 ml  of methanol. The mixture was  stirred at
0 ◦C for 10 min  and then cooled down to room temperature. At
he same time, 400 mg  of Cm-NH2 were introduced with 12.5 ml
f methanol in a 100 ml  round-bottom flask. Once the first mixture
eached room temperature, it was added to the Cm-NH2 suspension
nd stirred for 15 min  at room temperature. Then, 25 ml  of toluene
ere added and the solution was stirred at 70 ◦C for 24 h, to give
m-PPh2. Finally, the solid was filtered out, extensively washed
ith methanol and dried under vacuum for several hours.

.1.5. Addition of CF3SO3CH3 on Cm-NMe2 to give Cm-NMe3
+

In a 100 ml  round-bottom flask, 400 mg  of Cm-NMe2 were intro-
uced together with 200 ml  of acetone. Then, 3 equiv. (with regard
o the number of acidic functions estimated in 400 mg  of oxidized
m)  of methyl trifluoromethanesulfonate were added (2.3 mmol,
.25 ml). The suspension was stirred at room temperature for 24 h,
ltered, extensively washed with acetone and finally dried under
acuum for several hours to give Cm-NMe3

+.

.2. Synthesis of clusters (see Annex 1 in Supplementary data for
nfrared spectra)

Cluster [HFeCo3(CO)12] (1) was obtained in 50% yield from
e(CO)5 and Co2(CO)8 [58,62]. IR �CO (CCl4) = 2100 (w), 2059
s), 2050 (s), 2027 (m), 1986 (m), 1883 cm−1 (s). Anal (calc.) = C
2.43 (25.30), H 0.23 (0.18) %. Cluster (NEt4)[FeCo3(CO)12] (2) was
btained in 80% yield from Fe(CO)5 and Co2(CO)8 [58,62]. IR �CO
acetone) = 2063 (w), 2005 (s), 1970 (w), 1932 (m), 1823 cm−1

m). Anal (calc.) = C 34.17 (34.36), H 2.88 (2.88), N 1.99 (2.00)
. Cluster [Ru6C(CO)17] (3) was obtained in 71% in an auto-
lave from [Ru3(Co)12] [63]. IR �CO = 2068 (s), 2047 (s) cm−1.
luster [Ru5C(CO)15] (4) was obtained in 89% yield from clus-
er 3 in an autoclave [63]. IR �CO (hexane) = 2068 (s), 2034 (m),
018 (w) cm−1. (PPN)2[Ru6C(CO)16] and (PPN)2[Ru5C(CO)14] were
btained by reduction in KOH/MeOH [64] with a yield of 97 and
6%, respectively. Cluster [Ru6PtC(CO)16(COD)] (5) was  obtained

n 31% yield by addition of Pt(COD)Cl2 to (PPN)2[Ru6C(CO)16]

64]. IR �CO = 2078 (m), 2035 (s), 2002 (m), 1975 (w), 1943 (w)
821 (w) cm−1. Anal (calc.) = C 20.59 (21.92), H 1.50 (0.88) %.
luster [Ru5PtC(CO)14(COD)] (6) was obtained in 67% yield by
he reaction between Pt(COD)Cl2 and (PPN)2[Ru5C(CO)14] [64].
y 235 (2014) 112–126

IR �CO = 2077 (m), 2050 (s), 2033 (s), 2011 (s), 1989 (w), 1966
(w) 1818 (w) cm−1. Anal (calc.) = C 22.43 (22.78), H 1.10 (1)
%. Cluster [Ru6C(CO)16(Au{PPh3})2] (7) was prepared by react-
ing 100 mg  of (PPN)2[Ru6C(CO)16] (0.0466 mmol) with 2 equiv.
of Au(PPh3)Cl (46.1 mg,  0.0933 mmol) in 10 ml dichloromethane.
The mixture was stirred at room temperature for 1 h, then fil-
tered and the solvent was removed under reduced pressure. The
obtained powder was purified by column chromatography on sil-
ica (hexane/dichloromethane 50/50) to give 5 as a dark red powder
(77.7 mg,  84%). IR �CO = 2067 (w), 2049 (s), 2017 (vs), 1965 (w), 1821
(m)  cm−1 [65]. Anal (calc.) = C 32.15 (32.07), H 1.64 (1.52) %. Cluster
[Ru5C(CO)14(Au{PPh3})2] (8) was  obtained in 75% yield by addition
of Au(PPh3)Cl to (PPN)2[Ru5C(CO)14] [66]. IR �CO = 2065 (m), 2035
(m), 2020 (s), 2008 (s), 1975 (m), 1845 (w)  cm−1. Anal (calc.) = C
33.31 (33.51), H 1.64 (1.65) %. Cluster [Ru4C(CO)12(Au{PPh3})2]
(9) was  obtained in 67% yield from cluster 8 in an autoclave [67].
IR �CO = 2064 (vw), 2032 (s), 2022 (s), 2008 (w), 1990 (m), 1954
(w) cm−1. Anal (calc.) = C 34.94 (35.22), H 1.71 (1.81) %. Clus-
ter [Ru5PtC(CO)15(Au{PPh3})2] (10) was  obtained in 73% yield by
reaction between Au(PPh3)Cl and (PPh4)2[Ru5PtC(CO)15] [68]. IR
�CO = 2068 (m), 2038 (s), 2015 (vs), 1968 (m), 1859 (m), 1834 (m)
cm−1. Anal (calc.) = C 30.55 (30.45), H 1.70 (1.47) %.

2.3. Grafting of clusters

The amount of cluster engaged in each grafting experiment cor-
respond to a theoretical 5 wt.% metal loading on the support after
ligands removal. In the case of cluster 1, 12.2 mg  of cluster 1 was
stirred with 95 mg  of support in 20 ml  toluene or THF at room tem-
perature for 5 days in the dark. The solid was filtered, washed with
solvent and dried at room temperature under vacuum. For cluster 2,
15 mg  of this cluster was  stirred with 95 mg  of support in a 1:1 mix-
ture of acetone and THF (total volume = 20 ml)  at room temperature
for 5 days in the dark. The solid was filtered washed with acetone
and dried at room temperature under vacuum. For clusters 3–10,
the procedure was  the same for all clusters. For example, 8.7 mg
of cluster 3 was stirred with 95 mg  of Cm-PPh2 in a 1:1 mixture of
toluene and dichloromethane (total volume = 20 ml)  at room tem-
perature for 5 days in the dark. The solid was filtered, washed with
dichloromethane and dried at room temperature under vacuum.

The supported clusters were then submitted to a thermal treat-
ment in a tubular oven STF 16/450 from CARBOLITE. The samples
were placed into porcelain combustion boats and heated under N2
stream at 200 ◦C for cluster 1, 300 ◦C for 1 h for clusters 2–6 and at
350 ◦C for 1 h for clusters 7–10 (heating ramp: 100 ◦C/h).

2.4. Physico-chemical methods of characterization

Infrared spectra of the clusters were recorded in
dichloromethane solution on a BRUKER EQUINOX 55 spectrometer
with a solution cell from PERKIN ELMER.

The elemental analyses (C, H, N) of clusters were realized by the
Analytical Chemistry service of University College London (UK).

The elemental analyses (C, H, N, O) of supports were realized by
MEDAC Ltd., UK.

XPS analyses were performed on a Kratos Axis Ultra spec-
trometer (Kratos Analytical, Manchester, UK) equipped with a
monochromatized aluminum X-ray source (powered at 10 mA  and
15 kV). The sample powders were pressed into small stainless steel
troughs mounted on a multi specimen holder. The pressure in the
analysis chamber was about 10−6 Pa. The angle between the normal
to the sample surface and the direction of photoelectrons collection

was about 0◦. Analyses were performed in the hybrid lens mode, the
resulting analyzed area being 700 �m × 300 �m.  The pass energy
was set at 160 eV for the survey scan and 40 eV for narrow scans.
In the latter conditions, the full width at half maximum (FWHM)
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Table  1
Constraints for XPS results treatment.

Analytical peaks Area ratio �(B − A) (eV)

A B B/A

Cl 2p3/2 Cl 2p1/2 0.500 1.6
S  2p3/2 S 2p1/2 0.500 1.18
P  2p3/2 P 2p1/2 0.500 0.84
Co 2p3/2 Co 2p1/2 0.500 14.97
Ru 3d5/2 Ru 3d3/2 0.667 4.17
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introduce anchoring sites to optimize the dispersion of the grafted
Pt 4f7/2 Pt 4f5/2 0.750 3.33
Au 4f7/2 Au 4f5/2 0.750 3.67

f the Ag 3d5/2 peak of a standard silver sample was about 0.9 eV.
harge stabilization was  achieved by using the Kratos Axis device.
he following sequence of spectra was recorded: survey spectrum,

 1s, O 1s, N 1s, Cl 2p, S 2p, P 2p, Co 2p or Pt 4f and/or Au 4f
nd C 1s again to check for charge stability as a function of time
nd the absence of degradation of the sample during the analy-
es. The C-(C,H) component of the C1s peak of carbon was fixed
o 284.8 eV to set the binding energy scale. Spectra were decom-
osed with the CasaXPS program (Casa Software Ltd., UK) with a
aussian/Lorentzian (70/30) product function and after subtrac-

ion of a linear baseline. Molar fractions were calculated using peak
reas normalized on the basis of acquisition parameters, experi-
ental sensitivity factors and transmission factors provided by the
anufacturer. The constraints used for decomposition of p, d and

 doublets are summarized in Table 1 with the FWHM ratio equal
o 1. Given the superposition of the C 1s and the Ru 3d5/2 peak,
hese constraints were particularly important in order to quantify
uthenium. The following method was used: a Gaussian/Lorentzian
85/15) was placed at the position of the Ru 3d5/2 peak, which is vis-
ble on the right-hand side (lower binding energy side) of the C 1s
eak. The contribution of the Ru 3d5/2 peak to subtract from the car-
on component was calculated by reference to the Ru 3d5/2 peak
y placing another Lorentzian/Gaussian (85/15) at 4.17 eV toward
igher binding energy, and imposing an area ratio equal to 0.667.
ecause of this problem of overlap, the experimental error on the Ru
urface atomic concentration is high and therefore the Ru/C ratios
ave to be taken with caution.

The nitrogen adsorption–desorption isotherms were measured
n a ASAP 2020 instrument from MICROMERITICS at 77 K. The

ample was degassed for several hours at 200 ◦C before analysis.
he specific surface area was calculated from the adsorption data
sing the Brunauer–Emmet–Teller (BET) method. The pore size

ClO O

SOCl2 H2N(CH2)2N(R)2

OHO

R = H

Cm Cm Cm

Fig. 1. Functionalization of
y 235 (2014) 112–126 115

distribution was obtained from the adsorption branch by using
Barrett–Joyner–Halenda (BJH) method.

Cobalt atomic absorption measurements were carried out on a
PERKIN ELMER 3110 atomic absorption spectrometer. A calibration
curve was  realized from a Co standard solution with a concentration
of 1 g/l (Fluka).

Platinum, gold and ruthenium atomic emission measurements
were carried out on a ICAP6500 spectrophotometer from Thermo
Scientific (ICP-AES).

TOF-SIMS measurements were performed with an IONTOF V
spectrometer. The sample was  bombarded with pulsed Bi3+ ions
(30 keV). The analyzed area used in this work was  a square of
500 �m × 500 �m and the data acquisition time was 60 s. On insu-
lating samples (such as the pure clusters), charge effects were
compensated by means of an interlaced pulsed electron flood gun
(Ek = 20 eV). With these parameters, the primary ion dose density
was lower than 1011 Bi3+/cm2. The powders were pressed with a
spatula onto a double-sided silver adhesive sheet (SPI #5070).

TGA analyses of the clusters were recorded on a SDT 2960 simul-
taneous DSC–TGA instrument from TA Instruments. These analyses
were carried out with a heating ramp of 10 ◦C/min and under N2
flow (100 ml/min) and the samples were placed into alumina con-
tainers.

SEM images were obtained with a FEG Digital Scanning Micro-
scope (DSM982 Gemini from LEO), equipped with a EDXS detector
(Phoenix CDU LEAP). The samples were fixed by using double-sided
conducting adhesive tape onto 5 mm diameter aluminum specimen
stubs from Agar Scientific.

TEM images were obtained with a LEO 922 OMEGA energy filter
Transmission Electron Microscope. The samples were suspended in
hexane under ultrasonic treatment, then a drop of the supernatant
was deposited on a holey carbon film supported on a copper grid,
which was dried overnight under vacuum at room temperature
before analysis.

3. Results and discussion

3.1. Supports

The mesoporous carbon support was  functionalized in order to
clusters on its surface. Two  different strategies [60,69] were envis-
aged as illustrated in Fig. 1. The first step, in both cases, consists in
increasing the number of surface acidic functions by treatment with
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Table 2
XPS results before and after oxidation by HNO3.
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Cm-ox 1 mol/l 0.12 0.01
Cm-ox 2.5 mol/l 0.16 0.03

itric acid. Then, the carboxylic acid groups can be converted into
cyl chloride groups by treatment with thionyl chloride. The acyl
hloride-functionalized carbon is then susceptible to react with
iamines to gives amide bonds. In the last step, phosphines or
mmonium groups are grafted on the terminal pendant amines.

Various characterization methods were used to estimate the
egree of functionalization of the supports and to examine their
extural properties at each step of functionalization. On the one
and, elemental analysis was used to determine the total oxy-
en content, as well as the phosphorous or nitrogen content. On
he other hand, XPS allowed an estimation of the contents in sur-
ace elements and furthermore, peaks decomposition allowed to
etermine the nature of the introduced functions. Finally, measure-
ents of specific surface area and porosity were realized to assess

he impact of functionalization on the textural parameters of the
upport.

.1.1. Oxidation of mesoporous carbon
The most commonly used oxidant for carbonaceous materials

s an aqueous solution of nitric acid [8,9]. Oxidation with nitric
cid is quite controllable, simply by tuning the acid concentration,
emperature and treatment duration. Our procedure of oxidation
s based on previous work on activated carbon [61]. Here, the
nly parameter varied was the concentration of nitric acid. It is
nown that the use of nitric acid to functionalize mesoporous car-
on leads predominantly to the formation of carboxyl groups [70].
he increase in the number of acid functions was followed by XPS,

ia quantification of O 1s and C 1s peaks (Table 2). An increase of
he O/C ratio was observed with increasing nitric acid concentra-
ion. However, when functionalizing with 2.5 mol/l HNO3, damage
n the sample was observed by SEM, in accordance with literature
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Fig. 2. XPS spectra of Cm (A), Cm-ox 1 mol/l (B) and Cm-ox 2
y 235 (2014) 112–126

[9] (see Supplementary data, Fig. S1). The next steps were therefore
carried out with the sample oxidized with HNO3 1 mol/l.

To determine the types of functions present on the surface of the
supports, it is possible to decompose XPS peaks into several compo-
nents. The C 1s peak can be fitted with a number of components, but
due to the strength of the shake-up tail relative to the low concen-
tration of various oxide groups, the procedure cannot be considered
as highly reliable. However, an increase in the region of 286–289 eV
was observed (Fig. 2(a)) and corresponds to oxygen atoms bound
to carbon. The decomposition of the O 1s spectrum results in two
main peaks (Fig. 2(b)): oxygen doubly bound to carbon (C O) in
quinones, ketones, and aldehydes at 531.5–532 eV, and oxygen
singly bound to carbon (C O) in ethers and phenols at about 533 eV.
Because oxygen atoms in esters, carboxyls, anhydrides and pyrones
are involved in both single and double bonds with carbon atoms,
these groups contribute to both above-mentioned peaks [71]. A
third peak was observed at 535–536 eV. In the literature [72], this
peak is often attributed to water, O2 or CO2. The decomposition
of the N 1s peak results in three components (Fig. 2(c)): two com-
ponents at 399–400 eV corresponding to amine or amide and one
component at ∼406 eV corresponding to nitro groups. Indeed, it is
known that nitric acid oxidation proceeds via nitronium ion NO2

+

which is believed to be able to attack the aromatic bonds [73]. No
nitrogen was  observed in the case of the pristine support.

The carbonaceous samples were also characterized by elemen-
tal analysis to determine their mass composition. Analysis of the
oxidized supports shows a decrease of the quantity of carbon, cou-
pled with an increase in the oxygen percentage (Table 3). In this
case, the oxygen percentage was  measured by direct measure, not
by difference. If we  compare the O/C ratios determined by XPS and
by elemental analysis, the same values were obtained for pristine
support but for Cm-ox functionalized with HNO3 1 mol/l, the value
obtained by elemental analysis is 2 times higher than by XPS. Proba-
bly, most of the oxidation takes place within the mesopores and the
internal surface is not accessible by XPS which is a surface analysis.
3.1.2. Functionalization to form –PPh2 or –NMe3
+ surface groups

3.1.2.1. X-ray photoelectron spectroscopy. After each functionaliza-
tion step (Fig. 1), a black powder was obtained and characterized
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Table  3
Elemental analyses before and after oxidation by HNO3.

Support C (wt.%) H (wt.%) N (wt.%) O (wt.%) O/C (mass) O/C (mol)

Cm 88.26 1.82 <0.10 4.01 0.04 0.03
Cm-ox 1 mol/l 70.22 2.33 1.12 22.07 0.31 0.23

Table 4
XPS results for the functionalization of Cm.

XPSAtomic ratio Cm Cm-ox Cm-Cl Cm-NH2 Cm-NMe2 Cm-PPh2 Cm-NMe3
+

O/C 0.033 0.088 0.087 0.061 0.072 0.058 0.123
Cl/C  – – 0.007 0.005 0.002 0.002 0.002
N/C  – 0.010 0.017 0.055 0.054 0.041 0.043
P/C – – – – – 0.005 –
S/C  – – 0.003 0.002 0.002 – 0.020
F/C  – – – – – – 0.061
F/N  – – – – – – 1.402
S/N  – – – – – – 0.457

Table 5
Elemental analysis of –PPh2 and –NMe3

+ functionalized supports.

Support C (wt.%) H (wt.%) N (wt.%) S (wt.%) Cl (wt.%) P (wt.%) F (wt.%) P or N/C (mass) P or N/C (mol)
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support, the same calculations did not seem reliable because
nitrogen was already present on the support before the last step of
functionalization.

Table 6
Textural properties of the different supports.

SBET (m2/g) Vpore (cm3/g) Dpore (nm)
Cm-PPh2 79.00 2.43 4.92 0.54 

Cm-NMe3
+ 69.84 2.38 3.11 3.30

y XPS. The results are shown in Table 4. The reaction yield of
ndividual steps was never 100%. Nevertheless, at each step, an
ncrease in the surface concentration of the heteroatom of inter-
st was observed. In the ammonium functionalization route, the
/N and S/N ratios were also determined to check if the counter-
on (CF3SO3

−) is present in proportional quantity with respect to
he ammonium groups. In theory, the F/N ratio must be equal to 1.5
nd the S/N ratio to 0.5. It is indeed the case here.

The nature of different species present on the surface can also
e determined by XPS. In the first step of functionalization (SOCl2
ddition), Cl and S species appear. The decomposition of the Cl 2p
eaks reveals two inequivalent chlorine sites. According to litera-
ure [74,75], the more intense Cl 2p component at 200.6 eV is typical
f chlorine participating in organic C Cl bonds. The less intense
omponent with a lower binding energy of 198.8 eV can be assigned
o chloride ions which are ionically bonded to the surface. The
ecomposition of S 2p peak results in two components. The peak
t 164 eV corresponds to sulfide and the second peak at 168.5 eV
an be attributed to the sulfur from SOCl2 molecules or other S
ontaining species, including SO2 [74]. In the second step (diamine
ddition), the Cl 2p peak at 200.6 eV decreased or disappeared and
he N 1s peak at 400 eV increased. This last peak can be attributed to
mine or amide group. Sometimes, a small peak at 402 eV (already
resent on the oxidized support) was also observed and can be
ttributed to ammonium group. The last step was  different for the
wo types of functionalization. In the case of–NMe3

+ functionalized
esoporous carbon, the N 1s peak at 402 eV increased and the peak

t 400 eV decreased at the same time. The apparition of fluorine was
lso observed due to the presence of the counter-ion CF3SO3

−. In
he case of phosphine functionalized support, a P peak appeared.
he decomposition of P 2p peak results in two components: one at
31 eV which corresponds to diphenylphosphine and the second
t 133 eV which corresponds probably to oxidized phosphine [76].
his oxidation is assumed to occur during the sample preparation
or the XPS analysis, and not during the synthesis, because all steps
ere realized under inert atmosphere.
.1.2.2. Elemental analysis. The carbonaceous samples were char-
cterized by elemental analysis to determine their mass compo-
ition (Table 5). If we compare the P/C ratios determined by XPS
 1.19 – 0.015 0.006
 – 4.18 0.044 0.038

and by elemental analysis for the –PPh2 functionalized support, the
ratios were equal. In the case of –NMe3

+ functionalized support,
the same result was observed. This means that the hetero-atom
functionalization was  homogeneous and occurred equally on the
external surface as well as in the mesopores.

3.1.3. Nitrogen adsorption isotherms
Nitrogen adsorption isotherms were recorded for representa-

tive samples at each step of the functionalization (Fig. 3(a)). The
starting support presents a typical type IV isotherm with a well-
defined hysteresis loop, indicating its well-ordered mesostructure,
with a very narrow pore size distribution centered at 4 nm (Fig. 4
and Table 6). Upon progressive modification of the support, the
specific surface area, calculated by the BET equation, was found
to decrease starting from the pristine carbon to the phosphine or
ammonium-functionalized ones. This reduction is accompanied by
a decrease in the total pore volume. It seems from the isotherms
that in particular, the micropore volume is reduced, suggesting a
progressive blocking of the micropores upon support modification,
leading in fine, to a totally mesoporous material (Fig. 3(b)).

Knowing the specific surface area of the Cm-PPh2
(SBET = 424 m2/g) and the P wt.% determined by elemental analysis
(1.19 wt.%), the number of phosphine ligands present on the
surface per unit of area can be calculated: ∼0.6 functions per nm2.
This value must be divided by 2 because the ligand is a bidentate
phosphine (2 P), so 0.3 anchoring sites per nm2 were present
on the final support. In the case of ammonium-functionalized
Cm 1089 0.95 3.9
Cm-ox 894 0.72 3.9
Cm-PPh2 424 0.42 4.0
Cm-NMe3

+ 402 0.40 4.0
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Fig. 3. (a) Nitrogen adsorption isotherms and (b) pore size distribution for functionalized Cm.

Fig. 4. TEM images of pristine mesoporous carbon.
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Fig. 5. Incorporation yield (%) of (a) clusters 1–2 a

.2. Clusters incorporation
Clusters 1–10 were prepared as described previously and are
isted in Table 7 (see Section 2). All clusters were unambiguously
dentified by their IR fingerprints in the �CO region. The ten clusters

ere incorporated on the functionalized mesoporous supports by

able 7
hermogravimetric analyses (under N2).

Cluster Weight loss (%) Final decompositi
temperature (◦C)

[HFeCo3(CO)12] (1) 56 200 

(NEt4)[FeCo3(CO)12] (2) 61 300 

[Ru6C(CO)17] (3) 44 300 

[Ru5C(CO)15] (4) 47 300 

[Ru6PtC(CO)16(COD)] (5) 38 300 

[Ru5PtC(CO)14(COD)] (6) 38 300 

[Ru6C(CO)16(Au{PPh3})2] (7) 48 750 

[Ru5C(CO)14(Au{PPh3})2] (8) 49 900 

[Ru4C(CO)12(Au{PPh3})2] (9) 53 900 

[Ru5PtC(CO)15(Au{PPh3})2] (10) 45 800 

a 200 ◦C for cluster 1, 300 ◦C for clusters 2–6, and 350 ◦C for clusters 7–10.
) clusters 3–10 on different mesoporous carbons.

stirring in a mixture of solvents, in order to optimize both cluster
solubility and surface contact. The total metal loading was deter-

mined, for cluster 1 and 2, by Co atomic absorption analysis of the
synthesis filtrates (Fig. 5(a)). For cluster 3–10, the total metal load-
ing was determined by Ru, Pt and/or Au ICP analysis of the solids
(Fig. 5(b)).

on Calculated weight loss (%) Weight loss at selected
activation temperature (%)a

59 (= 12 CO + H) 56
67 (= 12 CO + NEt4) 61
44 (= 17 CO) 44
45 (= 15 CO) 47
41 (= 16 CO + COD) 38
41 (= 14 CO + COD) 38
49 (= 16 CO + 2 PPh3) 32
50 (= 14 CO + 2 PPh3) 26
52 (= 12 CO + 2 PPh3) 34
46 (= 15 CO + 2 PPh3) 30
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Fig. 6. Positive SIMS spectrum before thermal treatment of cluster 6 incorporated on Cm-PPh2.

Table 8
Loading and XPS results for the incorporation of cluster 1 to 2 on Cm.

Cluster Support Solventa Metal loading (wt.%)b XPS

Co/Ccalc
c Co/Cexp before act. Co/Cexp after act.

1 Cm Tol 5.4 0.008 0.013 0.014
THF  5.6 0.009 0.038 0.037

Cm-ox Tol  5.5 0.009 0.014 0.014
THF  5.1 0.008 0.014 0.016

Cm-PPh2 Tol 5.1 0.008 0.017 0.017
Cm-NMe3

+ THF 2.2 0.003 0.004 0.005

2 Cm  THF/Acet 1.4 0.002 0.005 0.005
Cm-ox THF/Acet 1.6 0.003 0.005 0.005
Cm-  NMe3

+ THF/Acet 0.8 0.001 0.002 0.002

a THF = tetrahydrofurane, Tol = toluene and Acet = acetone.
b Metal loading was  calculated from incorporation yield determined by atomic absorption of cobalt in the synthesis filtrates.
c Calculated values are bulk molar ratios based on experimental metal loadings. The amount of Co taken into consideration for the calculations corresponds to the amount

grafted on the support. The amount of C taken into consideration corresponds to the amount of support used by considering that it is only constituted of carbon.

Table 9
Loading and XPS results for the incorporation of cluster 3–10 on Cm-PPh2.

Cluster Support Metal loading (wt.%)a XPS

M M/Ccalc
b (×100) M/Cexp before act. (×100) M/Cexp after act. (×100)

3 Cm-PPh2 4.9 Ru 0.61 0.62 0.54

4  Cm-PPh2 4.5 Ru 0.55 0.68 0.53

5 Cm-PPh2 3.8 Ru 0.30 0.39 0.38
Pt 0.09 0.14 0.12

6 Cm-PPh2 4.3 Ru 0.35 0.42 0.40
Pt 0.10 0.15 0.18

7 Cm-PPh2 3.6 Ru 0.21 0.22 0.15
Au 0.12 0.17 0.16

8 Cm-PPh2 3.6 Ru 0.20 0.22 0.16
Au 0.12 0.18 0.04

9 Cm-PPh2 2.4 Ru 0.14 0.12 0.07
Au 0.08 0.07 0.03

10 Cm-PPh2 3.2 Ru 0.16 0.11 0.07
Pt 0.04 0.07 0.05
Au 0.09 0.12 0.08

a Metal loading calculated from incorporation yield determined by ICP analysis of metals in solid samples.
b Calculated values are bulk molar ratios based on experimental metal loadings. The amount of metal taken into consideration for the calculations corresponds to the

amount grafted on the support. The amount of C taken into consideration corresponds to the amount of support used by considering that it is only constituted of carbon.
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ig. 7. Negative SIMS spectra of cluster [Ru6C(CO)15(Au{PPh3})2] (7) before therma
m-PPh2.

In the case of FeCo clusters, the choice of solvent is justified by
he fact that cluster [HFeCo3(CO)12] 1 is protonated (hence neu-
ral) in toluene and deprotonated (hence negatively charged) in
HF [60]. For cluster 1 in toluene, the incorporation yield reached
00% on the Cm-PPh2 support. The fixation of this neutral clus-
er onto a support functionalized by chelating phosphine ligands
ccurs by ligand exchange for CO ligands present initially on the
luster. Quantitative incorporation yield was also obtained on pris-
ine Cm and oxidized Cm-ox, used as ‘blank’ experiments. However,
e know from previous studies [60,69], that the repartition of

lusters on the support surface is less ideal when incorporated by

on-specific interactions. In addition, they are then not fixed cova-

ently on the support and are highly mobile during the thermal
ctivation step, leading to agglomeration. Functionalization is nec-
ssary, starting from carbonyl clusters, to ensure that nanometric
tment: (a) pure unsupported cluster as reference and (b) cluster 7 incorporated on

particles are obtained in the end. In the case of the same cluster
[HFeCo3(CO)12] 1 in THF, where it is deprotonated (hence nega-
tively charged), the incorporation yield was also equal to 100% on
pristine and oxidized supports but for Cm-NMe3

+, it was  only 45%.
This means that the formation of ion-pairs with clusters on the sur-
face is less efficient than the ligand exchange mechanism with the
chelating phosphine. In the case of cluster 2, which is always neg-
atively charged, the incorporation yield was smaller in every case.
These poor results can be explained by the presence of tetraethy-
lammonium as counter-ion that stabilizes the cluster in solution
and is competing with the support.
In the case of RuM (where M = Pt or Au) clusters, only Cm-PPh2
was used for incorporation, as they are all neutral and stay so. These
clusters are all able to react with a chelating phosphine group by
ligand exchange, which gives the cluster core covalently attached
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Fig. 8. TEM images of cluster [HFeCo3(CO)12] (1) after thermal treatment: (a) on Cm (THF), (b) on Cm-ox (THF), (c) on Cm-PPh2 and of cluster (NEt4)[FeCo3(CO)12] (2) after
t
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hermal treatment: (d) on Cm-ox.

o the functionalized surface. Some preliminary ‘blank’ tests with
luster 6 showed that no incorporation occurred on pristine Cm
hereas a 100% incorporation yield could be obtained on the oxi-
ized support. Again, we know that the oxygen-containing groups
re not able to function as ligands for neutral organometallic clus-
ers, hence lead to non-specific interactions that need to be avoided.
onsidering clusters 3–10 with the functionalized support Cm-
Ph2, the incorporation yield was, most of the time, higher than
0%, and reached 90% in the best cases (Fig. 5(b)).

Clusters 1 and 2 incorporated on the different mesoporous
arbons were characterized by SIMS after cluster incorporation.
he molecular peak and the typical fragmentation pattern of such
lusters were not obtained. This might be ascribed to the low
uantity of metal present on the support surface and/or to the

ocation of metal species within the pores. Cluster 6 incorporated
n Cm-PPh2 and Cm-ox was also characterized by SIMS. Again,
he molecular peak and the typical fragmentation pattern of such
lusters were not obtained. However, the presence of metals and

ome specific fragments could be observed. On the SIMS spectra of
Ru5PtC(CO)14(COD)] (6) on Cm-PPh2 in positive mode (Fig. 6), an
sotopic peak centered at m/z  302 was observed which corresponds
o [PtPC6H4]+ (centered at 302.1). The PC6H4 fragment originates
from the phosphine groups present on the support, unequivocally
proving that a reaction occurred between the cluster and the func-
tionalized support. Indeed, it is known that the COD ligand in cluster
4 is easily exchanged for phosphines in this cluster [77].

Cluster 7 on phosphine-functionalized mesoporous carbon was
also analyzed by SIMS. The SIMS spectrum obtained for the pure,
unsupported cluster is displayed in Fig. 7(a). The peak with high-
est m/z  value is observed at m/z 1957 ([Ru6C(CO)15(Au{PPh3})2]−),
and is followed by the successive losses of one PPh3 ligand at
m/z 1695, then 1 CO ligand and the other PPh3 ligand at m/z
1405 ([Ru6Au2C(CO)14]−). Next, a series of peaks corresponding
to CO losses up to m/z 1012 ([Ru6Au2C]−) were observed. When
cluster 7 was anchored onto Cm-PPh2, some small peaks were
observed by SIMS (Fig. 7(b)) but with a shift of m/z 197, which cor-
responds to one gold atom. The highest mass peak is observed at
m/z 1153 ([Ru6Au2C(CO)12]−) followed by fragments correspond-
ing to CO losses up to m/z 840 ([Ru6Au2C(CO)]−). The same result
was obtained in a previous work on activated carbon and was

interpreted with the aid of model studies in solution as cluster
fragmentation upon grafting [69].

After incorporation, a thermal activation was performed to
obtain supported naked metal particles by removing the ligands.
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ig. 9. TEM images of clusters 3–6 on Cm-PPh2 after thermal treatment: (a) [Ru6C(
6).

ontrol over this step is obtained by the covalent anchoring
hat reduces clusters mobility and agglomeration. Moreover, ther-

ogravimetric analyses of the pure clusters were realized to
etermine the optimal activation temperature (Table 7). For clus-
ers 1–6 the selected temperature was the final decomposition
emperature. For clusters 7–10, the chosen temperature was 350 ◦C
uring 1 h under nitrogen. This temperature corresponds to the loss
f the majority of ligands. Indeed, for these clusters, the ligands
oss occurred in a more gradual way up to higher temperatures
800–900 ◦C) and the selected activation temperature is a compro-

ise to avoid agglomeration.
The surfaces of the different samples were characterized by XPS

efore and after activation to determine the surface M/C  ratios,
nd by ICP to determine bulk loadings. The metal loading deter-
ined by ICP (Tables 8–9) after activation was comprised between

 and 6 wt.%, which depends on the number of surface function-
lization sites available for clusters incorporation. It could have
een majored by increasing the number of these surface sites or

y repeated cluster impregnations. The XPS results are also pre-
ented in Tables 8 and 9. It should be noted that the Fe/C ratios
ould not be determined because the cobalt Auger line L3M45M45
nd the Fe 2p XPS peak overlap each other, while the other Fe
 (3), (b) [Ru5C(CO)15] (4), (c) [Ru6PtC(CO)16(COD)] (5) and (d) [Ru5PtC(CO)14(COD)]

XPS peaks are not sensitive enough to be used. The experimen-
tal M/C  values before thermal treatment were equal or slightly
higher than the predicted values, which are calculated based on the
incorporated quantities, except for clusters 9 and 10.  The anchored
clusters are therefore located on the external surface as well as
within the mesopores. For clusters 1 and 2, there is no or small
differences between before and after activation, which means that
there was no agglomeration during activation. By opposition, in
the case of clusters 3–10, the experimental values decreased after
activation, which means that there was some agglomeration. This
phenomenon was  more important for clusters containing gold
(clusters 7–10). The Ru/M (M = Pt, Au) ratios were also determined
by ICP and XPS (see Supplementary data, Table S1). In the case of
ICP, the experimental ratios were close to the theoretical values.
There was  a systematic error probably due to the known diffi-
culty of ruthenium dissolution. In the case of XPS, the experimental
values were not close to the theoretical values. These differences
can be explained, on the one hand, by the experimental error on

the Ru surface atomic concentration determination due to over-
lap between the Ru 3d5/2 and C 1s peaks, and on the other hand,
by fragmentation of the cluster in the case of gold-containing
clusters.
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Fig. 10. TEM images of clusters 7–10 on Cm-PPh2 after thermal treatment: (a) and (b) [Ru6Au2C(CO)16(PPh3)2] (7), (c) [Ru5Au2C(CO)14(PPh3)2] (8), (d) [Ru4Au2C(CO)12(PPh3)2]
(9)  and (e) [Ru5PtAu2C(CO)15(PPh3)2] (10).
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Finally, all samples were characterized by TEM to determine the
article sizes after activation. In the case of cluster 1 (Fig. 8(a)–(c)),
he size distribution was approximately the same for the three
upports: between 1 and 7 nm.  The particles were homogeneously
istributed over the whole surface. No major difference was found
etween the different supports. One sample was analyzed by EDXS
see Supplementary data, Fig. S2) and both metals were observed. In
he case of cluster 2 (Fig. 8(d)), particles with a size lower than 3 nm
ere seen with sometimes the presence of particles of 6–8 nm.  For

lusters containing ruthenium, two distinct cases were observed.
or clusters 3–6, which include Ru and RuPt clusters, the particles
ize was lower than 3 nm and predominantly between 1 and 2 nm
Fig. 9). The particles were homogeneously distributed on the sup-
ort. However, in spite of the fact that the final particles were small,
ome agglomeration did occur during thermal activation because
heir size is slightly above the size of a single cluster (∼0.4 nm).
amples with cluster 4 and 6 on Cm-PPh2 were analyzed by EDXS
see supplementary info) and Ru was observed in both samples. For
t, its peak overlaps with the P peak. In the case of RuAu clusters
Clusters 7–10, Fig. 10), TEM images showed that well-dispersed
anoparticles smaller than 3 nm were also obtained, but with the
oncomitant presence of bigger particles of 30–70 nm.  These bigger
articles were analyzed by EDXS (see Supplementary data, Fig. S2),
hich indicates that these particles were exclusively constituted

f gold. The small particles were also analyzed by EDXS (see Sup-
lementary data), and both metals, i.e. gold and ruthenium, were
bserved. So for these clusters, the grafting on phosphine func-
ionalized supports causes their fragmentation into two separate
ntities that are retained on the support by phosphine groups. This
s in agreement with results of SIMS characterization (see above).
hen, during thermal treatment, the gold atoms tend to agglomer-
te. It is thus more the nature of the molecular cluster precursor
ather than the support that is decisive on the final nanostruc-
ured material obtained. By choosing adequately a cluster precursor
nown to undergo readily a ligand exchange reaction (such as that
pecies containing the COD ligand) in conjunction with a support
unctionalized with a ligand moiety, we have shown that nanopar-
icles of heterometallic nature can be formed on a catalytically
elevant support. This is not an easy matter, as proving the bimetal-
ic nature of a particle at the nanometer size is very difficult when it
as been synthesized from separated monometallic salt precursors
even by co-impregnation). Mixed-metal clusters even allow the
reparation of bimetallic nanoparticles of metals that do not form
lloys in the bulk. Going further in the present study, one could
nvision studying the effect of confinement within the mesopores
y selectively functionalizing only the external or the internal sur-
aces and comparing the sample with nanoparticles located inside
he mesopores with the one presenting the nanoparticles on the
xternal surface in terms of catalytic activity/selectivity.

Preliminary catalytic tests were carried out in cinnamaldehyde
elective hydrogenation, and the Ru5Pt/Cm-PPh2 catalyst (pre-
ared from cluster (6)) was found to be very active, with selectivity
or cinnamyl alcohol (the product of interest) higher than equiva-
ent catalysts prepared on carbon nanotubes or carbon nanofibers
sing the same methodology.

. Conclusions

A mesoporous carbon material prepared by hard-templating
as functionalized and used as support for molecular precursors

f hetero-metallic nanoparticles. The number of surface carboxylic

cid groups was increased by nitric acid oxidation, and this was
hown to occur more within the pores than on the external surface.
hen, by activation with thionyl chloride followed by reaction with
iamine, an amide bond was created for post-functionalization.

[
[

[
[

y 235 (2014) 112–126 125

The pendant amine groups could then be derivatized into charged
ammonium or chelating phosphine groups. The functionalization
was homogeneous and occurred without loss of the mesoporous
structure.

The surface functions were used to immobilize bimetallic clus-
ter compounds, via electrostatic interactions or ligand exchange.
Characterization indeed showed the success of the procedure and
molecular surface fragments containing both metal and ligand were
highlighted by SIMS. The anchored clusters were then thermally
transformed into nanoparticles denuded of organic ligands lay-
ers. Characterizations and TEM imaging demonstrated that this
methodology indeed led to heterometallic nanoparticles located
within the mesopores of the carbon framework. A counter-example
with gold clusters that fragment upon anchoring provided a further
proof of the success of the presented methodology. The obtained
NP/OMC nanomaterials could find applications in a wide range of
heterogeneously-catalyzed hydrogenation reactions or as superior
electrodes in fuel cells.
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