
DOI: 10.1002/chem.200701500

Grafting and Thermal Stripping of Organo-Bimetallic Clusters on Au
Surfaces: Toward Controlled Co/Ru Aggregates

Ahmed Naitabdi,[a] Olivier Toulemonde,[a] Jean Pierre Bucher,*[a] Jacky Ros1,[b]

Pierre Braunstein,*[b] Richard Welter,[c] and Marc Drillon[a]

Dedicated to Professor W. A. Herrmann on the occasion of his 60th birthday

Introduction

One of the main objectives in the field of high-density re-
cording media is the development of microscopically con-

trolled nanoparticles and nanostructured magnetic materials
involving binary clusters or binary cluster–substrate interfa-
ces with the highest possible intrinsic magnetic anisotro-
py.[1–4] These clusters with optimized coercive properties,
and the extended nanostructures derived from them, should
allow the storage of bits on an always smaller number of
particles until the ultimate goal of bit storage on a single
cluster with the smallest possible size is achieved at room
temperature.

Experimental and theoretical studies on metallic clusters
of the 3d transition metals, such as iron, cobalt, and nickel,
have shown that a decrease in the size of the system results
quite generally in an enhancement of spin moments, orbital
moments, and magnetic anisotropy energy per atom.[5,6]

However, despite this enhancement with respect to the bulk
solid, the relatively weak spin–orbit coupling in the 3d ele-
ments still yields magnetic anisotropy energies that are far
too small and that do not allow room-temperature blocking
of magnetic moments on the nanoscale. On the other hand,
the heavier 4d and 5d transition metals have a stronger
spin–orbit coupling but are usually nonmagnetic as solids or
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nanoparticles. One of the basic innovations in recent years
consists of combining 3d and 4d elements to take advantage
of the qualities of both, that is, the high moments of 3d ele-
ments such as Co, Ni, and Fe and the large spin–orbit cou-
pling of the nonmagnetic 4d elements.[2,4] Although in
binary 3d–4d clusters the electronic states are metallic-like,
namely, delocalized throughout the particle,[2] these clusters
are known for their large magnetic anisotropy energy which
leads to an increase in the blocking temperature of small
clusters. Furthermore, the electronic structure of ligand-sta-
bilized and naked-metal clusters and the structure and mor-
phology of supported metal particles are very actively stud-
ied.[7–9]

Achieving a well-defined stoichiometry of the constituents
is a critical issue in the synthesis of alloy clusters and metal
thin films. This concept is well known in ultra-high-vacuum
(UHV) surface physics, in which evaporator calibration is
often a cumbersome task. With the exception of silver and
gold nanoalloys,[10] transition-metal nanoalloys have been
synthesized only in very limited cases,[11, 12] and mixtures of
monometallic, carbonyl complexes have typically been
used,[13,14] which renders precise control of their composition
more difficult than if bimetallic single-source precursors
were used. Therefore, new strategies are desirable and the
present approach is based on recent advances in both coor-
dination chemistry and surface physics for the fabrication of
self-organized bimetallic clusters on surfaces. The approach
described herein takes advantage of the ability of molecular
chemistry to provide mixed-metal organometallic clusters
with a large diversity of core structures and compositions
and a perfectly known proportion of the transition-metal
atoms A and B they contain.[15,16] To recover the metal com-
ponents in a form suitable for our purpose, the ligands will
be stripped off by thermal treatment after the molecular
self-assembling process has taken place on the desired sup-
port. This approach has been used for the preparation of
cluster-derived bimetallic particles endowed with unique
properties in heterogeneous catalysis.[17–20] Tetrahedral
AxB4�x carbonyl clusters (x=0—4) form an interesting
family of precursors in which the metal centers are already
in a low oxidation state, and we focus herein on {RuCo3}
carbonyl clusters because of the potentially excellent mag-
netic anisotropy properties of this alloy. Such clusters have
been previously used to generate nanoparticles within meso-
porous silica supports, and these were shown to display in-
teresting magnetic properties.[21,22]

Mixed-metal thin films have been obtained from molecu-
lar precursors through a metal–organic deposition process
on, for example, silicon or glasses,[23, 24] and the thermal de-
composition of molecular precursors on metal surfaces has
been previously performed with the homometallic cluster
[Ru3(CO)12] on Co[25] or Au ACHTUNGTRENNUNG(111)[26] surfaces deposited under
UHV conditions. However, the present investigation de-
scribes the formation of a bimetallic deposit on a gold sur-
face obtained by chemical anchoring followed by thermal
treatment. The study of the deposition of organometallic
molecules on a metal surface is further motivated by the in-

creasing use of such systems in catalytic processes and as a
surface-modification method.[25–28] By analogy with the avail-
able diverse methods for the functionalization of molecular
clusters,[29–31] which allow strong binding to inorganic sup-
ports and a high dispersion of the metal particles generated
by thermal treatment, functionalization methods are re-
quired for a more selective self-organization of organome-
tallic molecules on metal surfaces. This approach is impor-
tant in itself since this grafting technique represents a prom-
ising way toward the assembly of monolayers of molecules
on metal surfaces.[32–34]

Results and Discussion

To provide chemical anchoring of the desired, mixed-metal
carbonyl cluster onto the gold substrate, one of the carbonyl
ligands of the precursor cluster [RuCo3(H)(CO)12] was sub-
stituted by a thiol-containing ligand. This chemical function
has the well-known ability to covalently bind to such a sur-
face.[35–38] Owing to its high reactivity (see the Experimental
Section), the tetrahedral cluster [Ru-
Co3(H)(CO)11(Ph2PCH2CH2SH)] (1) was obtained in low
yield from the reaction of [RuCo3(H)(CO)12] with
Ph2PCH2CH2SH in dichloromethane at room temperature.
The molecular structure of 1 was determined by X-ray dif-
fraction studies and is shown in Figure 1.

The carbonyl substitution reaction retains the basic tetra-
hedral cluster core and the Co�Ru and Co�Co lengths are
in the range found for these bonds in related molecules.[39–41]

Substitution of one cobalt-bound carbonyl group by the
phosphine ligand occurs in the trans position with respect to
the ruthenium cap, in agreement with previously established

Figure 1. View of the molecular structure of [Ru-
Co3(CO)11(H)(Ph2PCH2CH2SH)] (1). Selected bond lengths [L] and
angles [8]: Ru1�Co1 2.6304(7), Ru1�Co2 2.6373(6), Ru1�Co3 2.6197(8),
Co1�Co2 2.5148(7), Co1�Co3 2.5221(9), Co2�Co3 2.5082(9), Co1�P1
2.236(2), P1�C12 1.843(5), C12�C13 1.541(7), S1�C13 1.814(6); Ru1-
Co1-P1 174.99(4), Co1-P1-C12 114.8(2), P1-C12-C13 111.8(3), C12-C13-
S1 111.4(3).
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reactivity patterns.[39,42–44] The axial orientation of the func-
tional phosphine ligand is comparable to the situation in
[RuCo3(H)(CO)11ACHTUNGTRENNUNG(PPh3)].

[40] The Co�P length of 2.236(2) L
is similar to the values of 2.223(8) and 2.228(2) L found in
[RuCo3(CO)11(H)ACHTUNGTRENNUNG(PMe3)] and [RuCo3(CO)11(H)-
ACHTUNGTRENNUNG(PMe2Ph)],

[41] respectively, but slightly shorter than the
value of 2.261(5) L found in [RuCo3(CO)11(H) ACHTUNGTRENNUNG(PPh3)].

[40]

The hydride ligand could not be located in X-ray diffraction
studies but the 1H NMR chemical shift of d=�20.17 ppm is
consistent with capping of the Co3 face.[39]

Separation of the reaction mixture, which leads to 1 after
column chromatography, also afforded product 2, which was
recrystallized and identified by X-ray diffraction studies as
resulting from the intermolecular oxidative coupling of two
thiol functions to form a sulfur–sulfur disulfide linkage
(Figure 2). Complex 2 is thus constituted by two tetra-
ACHTUNGTRENNUNGnuclear cluster units linked together by the resulting diphos-
phine ligand. Each of these cluster units is very similar to 1
and the structure will, therefore, not be discussed in detail.
This octanuclear complex is, however, very interesting be-
cause its formation results selectively in the diphosphine
ligand behaving as a bridge between the clusters, whereas
when a long-chain diphosphine ligand is treated with substi-
tutionally labile clusters, complex reactions may result with
the possible occurrence of bridging and chelating bonding

modes of the ligand. Another point of interest in the context
of this study is that disulfide bridges are known to react
cleanly with gold surfaces and open to give rise to two
Au�S bonds.[45–54]

The grafting of the thiol-functionalized cluster 1 by self-
assembly was then performed on a AuACHTUNGTRENNUNG(111) surface. It is im-
portant to emphasize that the clusters exhibit diamagnetic
behavior at this stage. Only after the decarbonylation pro-
cess will the clusters become metallic and exhibit ferromag-
netic behavior.

A freshly annealed gold substrate free from organic con-
taminants was immersed into a 17 mm solution of cluster 1 in
dichloromethane for 24 h. During this time, a self-assembled
monolayer of cluster molecules forms on the AuACHTUNGTRENNUNG(111) sur-
face with breaking of the S�H bond and its replacement
with a covalent sulfur–gold linkage. The sample was then
rinsed thoroughly with dichloromethane to eliminate any
nonanchored material (weakly adsorbed, physisorbed clus-
ters) and dried by exposure to a vigorous flow of pure nitro-
gen just before characterization.

The characterization of the self-assembled layer was first
performed with a scanning tunneling microscope (STM)
under UHV conditions at room temperature (pressure was
in the range of 10�11 mbar). The STM images in Figure 3b, c
show that the grafting led to a high coverage of cluster
mole ACHTUNGTRENNUNGcules on large AuACHTUNGTRENNUNG(111) terraces.

As expected because of the privileged interaction of the
clusters with the Au ACHTUNGTRENNUNG(111) surface, no second layer of clusters
was observed. Furthermore, the clusters are found to assem-
ble into organized islands of about 10 nm of lateral exten-

Figure 3. a) View of the molecular structure of [Ru-
Co3(CO)11(H)(Ph2PCH2CH2SH)] (1). b) STM image (U=0.3 V, I=

40 pA) of self-assembled cluster molecules of 1 on a Au ACHTUNGTRENNUNG(111)/mica sub-
strate. c) Close-up view of (b).

Figure 2. View of the molecular structure of dicluster complex [{Ru-
Co3(CO)11(H)(Ph2PCH2CH2S)}2] (2). Selected bond lengths [L] and
angles [8]: Ru1�Co1 2.629(2), Ru1�Co2 2.645(2), Ru1�Co3 2.642(2),
Co1�Co2 2.500(2), Co2�Co3 2.496(2), Co1�Co3 2.507(2), Co1�P1
2.219(2), Ru2�Co4 2.625(2), Ru2�Co5 2.646(2), Ru2�Co6 2.631(1), Co4�
Co5 2.514(2), Co5�Co6 2.491(2), Co4�Co6 2.527(2), Co4�P2 2.227(2),
S1�S2 2.036(2); Ru1-Co1-P1 176.28(4), Ru2-Co4-P2 175.58(4).
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sion. The absence of long-range ordering is not surprising
since these clusters were not designed to interact laterally
through intermolecular links. Moreover, Figure 3b, c shows
that the regions between the close-packed patches appear to
be free of molecules. These unoccupied zones most probably
coincide with the depressions in the gold surface induced by
the self-assembly process. Similar defects have been ob-
served previously by STM after the self-assembly of
alkane—thiol compounds on Au ACHTUNGTRENNUNG(111) surfaces.[55] The
brightest features in the STM images express the contribu-
tion to the tunneling current that come from the overlap of
the density of state that arises from the individual atoms
(i.e., Co, Ru). Since the tetrahedral metallic structure is not
in close contact with the AuACHTUNGTRENNUNG(111) surface, the current most
probably flows from the gold atoms through the phosphine–
thiolate ligand. From the STM image in Figure 3c and the
locally ordered molecular arrangement, the dimension of an
individual molecule can be estimated to be 1.1 nm. A sche-
matic, scaled view of the possible arrangement of the tetra-
hedral clusters on the AuACHTUNGTRENNUNG(111) surface is shown in Figure 4.

Controlled thermal annealing of the self-assembled mole-
cules was then performed to decarbonylate the cluster mole-
cules and obtain metallic products containing cobalt and
ruthenium centers in the 3:1 ratio originally present in the
molecular cluster. This process was performed under UHV
conditions, and the evolution of the chemical state of the el-
ements was monitored by X-ray photoelectron spectroscopy
(XPS). The XPS spectra were collected using a VSW X-ray
photoelectron spectrometer equipped with a monochromatic
AlKa X-ray source (hn=1486.6 eV) incident at 458 relative
to the axis of the hemispherical analyzer. The base pressure
in the chamber during measurements was 2O10�10 mbar.
The binding energies were referenced by setting the Au4f7/2

binding energy to 84 eV. The first XPS measurements were
performed at room temperature after self-assembly and
prior to thermal annealing. Figure 5 shows the evolution of
the XPS spectra of the Co2p line in the {RuCo3} molecules
just after self-assembly at 300 K and up to 560 K.

The curve at 300 K provides the binding energies of the
two peaks Co2p1/2 and Co2p3/2 at 799.45 and 783.25 eV, re-
spectively. The two values are at least 5 eV above those ob-
tained for pure metallic cobalt. Moreover, the appearance
of two shake-up satellites near the main peaks expresses the
nonmetallic behavior of the cobalt centers in the monolayer
after self-assembly. This finding is expected since, at this
stage, the cobalt atoms are still surrounded by carbonyl li-
gands and the cluster is molecularly adsorbed on the Au-
ACHTUNGTRENNUNG(111) surface. The binding energy of Co2p3/2 is also larger
than the value obtained in the case of isolated {CoO} units
(780.2 eV), which rules out the presence of naked cobalt
atoms on the surface after self-assembly. The large value of
the binding energy can then be ascribed to the Co�carbonyl
bonds and to the contribution from the Co�Ru bonds.
These indications provide evidence for the retention of the
molecular nature of the cluster after the grafting process. In
the fitting curve of Co2p at 300 K (Figure 5a), the contribu-
tion from the two satellites has been introduced and a spin–
orbit coupling of 16.7 eV has been deduced. This value is
large compared to that observed for the {CoO} units, thus

Figure 4. Schematic representation of the interaction between the func-
tional clusters and the Au ACHTUNGTRENNUNG(111) surface.

Figure 5. Co2p XPS spectra of a) the species just after self-assembly in-
cluding the corresponding fits and b) the evolution of the Co2p peaks as
a result of increasingly higher annealing temperatures.
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indicating the large contribution from the cobalt-bound car-
bonyl moieties.

Shifts in the XPS spectra of the cobalt centers were ob-
served upon progressive annealing. The evolution of the
binding energy expresses the modification of the chemical
nature of the molecules as a result of thermal annealing.
The spectra were collected after the substrate was cooled
down to 300 K. A new peak for Co2p3/2 appears at 779.8 eV
as a result of annealing to 360 K over 90 minutes (Fig-
ure 5b). This process also induced a noticeable decrease in
the intensities of the two satellites, mainly for the satellite at
the lower binding energy. The line for Co2p3/2 at 779.8 eV
corresponds to the binding energy of elemental cobalt. This
behavior expresses the evolution of the cobalt center in the
{Co3Ru} unit toward a metallic behavior and points toward
the onset of the loss of the carbonyl moieties. At this stage,
however, the contribution from the carbonyl ligands is still
significant and most of the cobalt centers remain in their ini-
tial state. The next heating step to 430 K over 60 minutes in-
duces major changes in the XPS spectra of the cobalt cen-
ters. The significant shift of the peak for Co2p1/2 toward
lower binding energies and the fading of the contribution
from the absorption for Co2p3/2 at higher energy (783.25 eV,
Co–carbonyl) provide clear evidence for the loss of the car-
bonyl ligands and confirm the tendency toward the forma-
tion of metallic cobalt.

Upon annealing to 500 K, the contribution from Co2p3/2

(at 783.25 eV) disappears, thus confirming complete loss of
the carbonyl ligands. The unchanged values of the binding
energies of Co2p3/2 and Co2p1/2 at 779.8 and 794.7 eV, re-
spectively, after annealing from 430 to 560 K are indicative
of the stabilization of metallic cobalt. However, a noticeable
decrease in the intensity of the cobalt was observed after
the last annealing process up to 560 K, which corresponds to
a Co/Ru ratio of only 1:1. This behavior can be attributed to
the tendency of the cobalt atoms to sink into the gold sub-
strate, as previously observed in the case of self-organized
cobalt aggregates on a AuACHTUNGTRENNUNG(111) surface.[56] Consequently, re-
tention of the stoichiometry of the {RuCo3} unit at the sur-
face cannot be guaranteed above 560 K. Further characteri-
zation of the decarbonylation process in the self-assembled
monolayer of {RuCo3} clusters may be achieved using the
XPS curves of Ru3d. The evolution of the peaks for Ru3d is
shown in Figure 6.

The XPS curves shown in Figure 6 provide information on
the chemical state of the ruthenium centers in the cluster
molecules after self-assembling on a AuACHTUNGTRENNUNG(111) surface and as
a function of the annealing temperature. After self-assembly
of the molecular clusters 1 (but before heating), the binding
energies of Ru3d5/2 and Ru3d3/2 are 283.1 and 286.7 eV, re-
spectively. Again, the large binding energies of Ru3d,
namely +4 eV with respect to the bulk metallic Ru, point to
a large contribution from the ruthenium-bound carbonyl li-
gands. The fitting of the signal for Ru3d in Figure 6 also pro-
vides accurate contributions from carbon monoxide and ele-
mental carbon. The significant amount of carbon monoxide
is attributed to the carbonyl ligands. Although the presence

of 14 carbon atoms in the phosphine–thiolate unit of the
{RuCo3} cluster molecule contributes to the XPS carbon
signal, it does not account for all of the carbon present on
the surface. The remaining quantity of carbon should mainly
be a result of contamination since the sample was prepared
ex situ before introduction into the UHV chamber. Using
the fitting parameters and on the basis of the integral peak
intensities and atomic sensitivity factors, the relative concen-
tration of ruthenium, cobalt, carbon monoxide, and carbon
provides the formulation [RuCo2.8(CO)10(Csp3 and Csp2)13.5] ,
which is very close to the expected stoichiometry of the mol-
ecules [RuCo3(CO)11(Csp3 and Csp2)14] after their self-as-
sembly. The first modification in the chemical state of the
ruthenium centers is visible after annealing at 360 K. The in-
crease of the peak for Ru3d at lower energy (281.5 eV) is
the result of a partial loss of carbonyl ligands and can be at-
tributed to the ruthenium centers that are bound to some re-
sidual carbonyl ligands. The progressive shifts of the peak
for Ru3d toward lower binding energies, as a result of heat-
ing from 360 to 560 K, is an additional interesting feature.
This behavior corresponds to the progressive shift of ruthe-
nium towards a metallic state, as a result of the gradual loss
of the carbonyl ligands.

Retention of the stoichiometry of cobalt and ruthenium
was monitored after each annealing step. For this purpose,
the intensity of a given element X, measured from the XPS
data, must be corrected for the atomic sensitivity factor:
IX= Imeas/sl, where Imeas corresponds to the integrated inten-
sity calculated from the XPS peak area, s is the cross-sec-

Figure 6. Ru3d XPS spectra of a) species just after self-assembly includ-
ing the corresponding fits and b) the evolution of the Ru3d peaks as a
result of increasingly higher annealing temperatures.
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tion, and l is the mean free path (l=0.54
ffiffiffiffiffiffi

EC

p
). The chemi-

cal composition of the deposit was calculated and is repre-
sented in Figure 7 as a function of the annealing tempera-

ture. It is shown that the chemical composition of the depos-
it becomes stable for annealing temperatures above 400 K.
The calculation leads to ICo/IRu=3.0, which is in good agree-
ment with the expected, unperturbed stoichiometric compo-
sition of the {RuCo3} particles in the metallic state. It can be
noticed that the annealing process also leads to the loss of
phosphorus, thus preventing contamination of the exposed
metallic {RuCo3} clusters after decarbonylation.

It was not possible to examine the metallic deposit by
STM after stripping away the ligands. Indeed STM and XPS
measurements are performed in different UHV chambers
and transferring the sample from the XPS chamber into the
STM chamber would result in oxidation of the fragile metal-
lic structures during the passage at ambient atmosphere. It
is to be expected, however, that Co–Ru metal islands are
formed on the gold surface. Assuming that a four-metal-
atom cluster occupies an area of approximately 1.2 nm2 (Fig-
ures 3 and 4), about 30% of the Au ACHTUNGTRENNUNG(111) surface is covered
by the cobalt and ruthenium atoms after thermal stripping.
If the islands nucleate at the elbows of the surface recon-
struction of the AuACHTUNGTRENNUNG(111) surface, which seems to be a rea-
sonable assumption,[57] one would expect them to contain
370 atoms on average, each island thus occupying a rectan-
gular unit cell of 15O7.5 nm2.

Preliminary results of XAS investigations on synchrotron
starting from 2 are identical to those with 1, which is consis-
tent with the breaking of the disulfide linkage to give two
Au�S bonds.[45–54] This finding appears to be promising since
the former precursor is easier to prepare and is more stable
than 1. Future investigations will focus on the use of 2 and
on more detailed comparisons between these precursors.

Conclusion

The technique presented herein provides a good alternative
to physical vapor deposition for the formation of metallic

clusters or thin-film alloys. The feasibility of the two-step
process, namely, grafting of the molecular precursor and
stripping away the ligands under UHV conditions, has been
demonstrated. The observed behavior clearly indicates that
the deposit retains the bimetallic stoichiometry of the pre-
cursor cluster, thus making the technique suitable for the
study of the influence of alloying on the improvement of
magnetic properties. Element-specific X-ray magnetic circu-
lar dichroism (XMCD) measurements are underway to
study the paramagnetic nature of the metallic-cluster prod-
ucts, also to follow the onset of cluster magnetism as a func-
tion of the annealing temperature. Molecular precursors
such as those investigated herein also represent interesting
model systems to study the interaction between molecules
and metal surfaces on the atomic scale, which is highly rele-
vant to the development of functional molecular electronics.

Experimental Section

General: All manipulations were carried out under an inert dinitrogen
atmosphere and used standard Schlenk-line techniques and dried, freshly
distilled solvents. The 1H, 31P{1H}, and 59Co NMR spectra were recorded
at 298 K on a Bruker Avance 400 instrument at 400.13, 161.97, and
94.7 MHz, respectively, using trimethylsilane, H3PO4 (85% in D2O), or
[K3Co(CN)6] in D2O as external standards with downfield shifts reported
as positive. The compounds [RuCo3(H)(CO)12]

[44] and (diphenylphosphi-
no)ethanethiol (Ph2PCH2CH2SH)[58] were prepared according to litera-
ture procedures.

The XPS spectra were collected using a VSW X-ray photoelectron spec-
trometer equipped with a monochromatic AlKa X-ray source (hn=

1486.6 eV) incident at 458 relative to the axis of the hemispherical ana-
lyzer. The base pressure in the chamber during measurements was 2O
10�10 mbar. The binding-energy values were referenced by setting the
Au4f7/2 binding energy to 84 eV. The samples were examined over a large
temperature range of 300–560 K.

For STM measurements, the self-assembled layers were introduced in the
UHV equipment through a fast-load lock and were studied without fur-
ther treatment in a modified commercial UHV–STM from Omicron at
room temperature (pressure in the range of 10�10 mbar).

Preparation of [RuCo3(CO)11(H)(Ph2PCH2CH2SH)] (1) and [{Ru-
Co3(CO)11(H)(Ph2PCH2CH2S)}2] (2): The pure ligand (diphenylphosphi-
no)ethanethiol (0.250 mL, 1.140 mmol) was added slowly to a solution of
[RuCo3(H)(CO)12] (0.700 g, 1.140 mmol) in CH2Cl2 (50 mL), and the
wine-red reaction mixture immediately turned dark red and was stirred
at room temperature. The reaction mixture was monitored by TLC,
which indicated the formation of the major product 1 together with other
minor compounds. After the reaction mixture was stirred for 0.25 h, the
dark red solution was filtered and purified by chromatography over silica
gel using hexane/CH2Cl2 (80:20) as the eluant, which afforded three main
bands. The first, fast-moving red band of residual [RuCo3(H)(CO)12] was
followed by a second red band of pure 1 (0.050 g, 6%). 1H NMR
(400.13 MHz, CDCl3): d=�20.17 (s, 1H, m3-H), 1.65 (t, 1H, SH), 2.48
(m, 2H, CH2P), 2.64 (m, 2H, CH2S), 7.26–7.49 ppm (m, 10H, Ph);
31P{1H} NMR (161.97 MHz, CDCl3): d=27.25 ppm (br, w1/2=1170 Hz);
59Co NMR (94.7 MHz, CDCl3): d =�2735 (br, 2Co, w1/2=5400 Hz),
�2632 ppm (br, 1Co, CoP, w1/2=4340 Hz); IR (pentane, nCO): 2082m,
2046s, 2035s,sh, 2010 s, 1896w, 1868m, 1845m cm�1.

However, cluster 1 was unstable in solution at room temperature and
transformed during chromatography, which explains why 1 was the major
species found during monitoring of the reaction mixture by TLC but was
isolated after column chromatography in low yield. Thus, further elution
with hexane/CH2Cl2 (70:30) gave another dark-red band, thus affording 2
(0.380 g, 20%). 1H NMR (400.13 MHz, CDCl3): d=�20.15 (s, 1H, m3-H),

Figure 7. The atomic composition of the self-assembled {RuCo3} layer
after annealing treatments from 300 to 600 K.
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2.47 (m, 2H, CH2P), 2.70 (m, 2H, CH2S), 7.17–7.45 ppm (m, 10H, Ph);
31P{1H} NMR (161.97 MHz, CDCl3): d=26.22 ppm (br, w1/2=1100 Hz);
59Co NMR (94.7 MHz, CDCl3): d =�2724 (br, 2Co, w1/2=7100 Hz),
�2628 ppm (br, 1Co, CoP, w1/2=6600 Hz); IR (pentane, nCO): 2082m,
2046s, 2035s,sh, 2010 s, 1896w, 1868m, 1845m cm�1.

X-ray diffraction studies : Selected crystals were mounted on a Nonius
Kappa-CCD area detector diffractometer (MoKa, l=0.71073 L). The
complete conditions under which the data collection (Denzo software)
and structure refinements were carried out are given in the correspond-
ing cif files. The cell parameters were determined from reflections taken
from one set of ten frames (1.08 steps in phi angle), each at 20-s expo-
sure. The structures were solved using direct methods (SHELXS97) and
refined against I by using the SHELXL97 software. All the non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were generated ac-
cording to stereochemistry and refined using a riding model in
SHELXL97.

CCDC 670990 and 970991 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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