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The synthesis of the previously-reported atomically-precise
[Rh16Au6(CO)36]

6� (1) nanocluster has been optimized by screen-
ing different reaction variables like solvent, stoichiometric ratio,
counterion and atmosphere. Its multivalence properties have
also been studied by means of electrochemical and spectroelec-
trochemical techniques; the results pointed out a remarkable
electron-sponge behaviour, as under such experimental con-
ditions 1 is capable to release one electron and accept up to
four more, while retaining its molecular structure. This scarce
structural variation has been confirmed through DFT calcula-
tions on those species whose redox processes showed the
maximum reversibility, namely [Rh16Au6(CO)36]

7� and

[Rh16Au6(CO)36]
5� . Moreover, we report herein the isolation and

characterization of the new [Rh10Au(CO)26]
3� (2) nanocluster,

which represents one of the major fallouts of the synthetic
pathway investigation of 1. Finally, we disclosed the existence
of further species that, from preliminary results, appear to be
new large atomically-precise Rh� Au nanoclusters, which will be
the subject of future investigations. Cluster 2 has been
identified via single-crystal X-ray diffraction analysis, and the
characterization of both clusters 1 and 2 completed by infrared
(IR) spectroscopy and Electrospray Ionization Mass Spectrome-
try (ESI-MS).

Introduction

Molecular compounds containing gold atoms stabilized by
different types of ligands have been known and studied for
decades, both because of gold’s unique optical,[1] biologic[2] and
catalytic[3] properties, and also for fundamental research.[4] More
recently, a considerable attention has been devoted to atomi-
cally-precise gold nanoclusters,[5] which have the peculiarity of
possessing nanosized dimension and, at the same time, a
structure known at a molecular level disclosed by single-crystal
X-ray diffraction analyses.

The “atomically-precise” adjective is perfectly suitable also
to metal nanoclusters stabilized by carbonyl ligands,[6] which
had been known for decades beforehand.[7] In terms of Au-
containing carbonyl nanoclusters, the ability of gold towards π-
backdonation is knowingly weak, at least when compared to
that of other d-block metals, therefore the CO shell is preferably
coordinated to the latter. It is, however, worth mentioning that
Au(I) carbonyl complexes have been reported in the literature,[8]

and their bonding features deeply studied.[9]

Most heterometallic atomically-precise carbonyl nanoclus-
ters containing gold are synthesized from the reaction of a pre-
formed carbonyl compound with Au(I) or Au(III) complexes.[10]

Whenever the ligand coordinated to the gold cation is fairly
strongly bonded, like in the case of phosphine ligands (herein
generally referred as L), the resulting products are mainly
heterometallic species surface-decorated by [AuL] fragments
(Figure 1).[11]

If, conversely, Au(I) or Au(III) cations are coordinated to
more labile ligands, for instance halides, then their reaction
with a preformed carbonyl precursor is likely to result in the
formation of heterometallic clusters with naked Au atoms
inserted inside the metal cage (Figure 2).[12] It is important to
underline, however, that these are rules of thumb and, in some
cases, clusters with interstitial gold atoms may be obtained by
using Au(PPh3)Cl as initial reactant.[12a]

The state of the art for heterometallic carbonyl clusters and
nanoclusters containing Au atoms as part of their metal
skeleton indicates that they are mostly Ni-,[12a] Pd-,[12b] and Fe[12c]

based. Their preparation commonly exploits the well-known
redox condensation method,[13] which generally consists in
reacting a pre-formed carbonyl cluster anion of one metal type
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and a complex of a different metal cation, so to give
heterometallic species composed of CO-stabilized compounds

with the metals in different oxidation states with respect to the
starting ones. The advantage of such method lies on the fact

Figure 1. Overview of some selected examples of transition metal carbonyl clusters surface-decorated by [AuL] fragments (L =phosphine ligand). Yellow
spheres indicate gold. Carbonyl and L ligands have been omitted for sake of clarity. (Reproduced with permission of Elsevier from I. Ciabatti, C. Femoni, M. C.
Iapalucci, S. Ruggieri, S. Zacchini, Coord. Chem. Rev. 2018, 355, 27–38).[10]

Figure 2. Graphical overview of carbonyl clusters containing Au atoms embedded in the metal framework. Yellow spheres indicate gold (Reproduced with
permission of Elsevier from I. Ciabatti, C. Femoni, M. C. Iapalucci, S. Ruggieri, S. Zacchini, Coord. Chem. Rev. 2018, 355, 27–38).[10]
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that, being the driving force of the reaction mainly due to the
reactants’ different reduction potentials, it can be carried out
under mild conditions of temperature and pressure. It is also a
versatile method that can be exploited to prepare large
carbonyl nanoclusters with combinations of different metals[14]

and post-transition elements.[15]

Considering the lack of Rh� Au species, and in view of our
expertise in the synthesis and characterization of atomically-
precise carbonyl nanoclusters, we previously carried out a sort
of proof-of-concept study investigating the possibility of prepar-
ing Rh� Au compounds, and preliminarily reported the obtain-
ing of a unique heterometallic species, namely [Rh16Au6(CO)36]

6�

(1).[16] In the present paper we describe its optimized synthesis
that also allowed us to disclose the existence of another new
species, [Rh10Au(CO)26]

3� (2), unambiguously identified via
single-crystal X-ray diffraction (SC-XRD) analysis and character-
ized via infrared (IR) spectroscopy and Electrospray Ionization
Mass Spectrometry (ESI-MS). Moreover, we completed the
characterization of [Rh16Au6(CO)36]

6� and analysed its electron-
sponge behaviour through electrochemical and spectroelectro-
chemical experiments. The results indicate that
[Rh16Au6(CO)36]

n� can give rise to five long-lived species in the
time scale of the spectroelectrochemical experiments (n=5, 6,
7, 9, 10), all of which could be brought back to the parent
cluster with a good degree of reversibility. Evidence of a cluster
with n=8 was also found, albeit always in co-existence with its
immediate closed congeners. The stationary points of the two
species presenting the best reversibility, namely the para-
magnetic [Rh16Au6(CO)36]

7� and [Rh16Au6(CO)36]
5� deriving from

the first reduction and oxidation process of the parent cluster,
respectively, have been obtained by theoretical DFT calculations
and compared with the ones of the hexaanion, confirming that
the redox processes cause very scarce variations of the cluster
structure. Ultimately, over the course of our investigation we
disclosed the existence of further species that, from preliminary
structural and spectroscopic results, appear to be new atomi-
cally-precise Rh� Au carbonyl nanoclusters. They will be the
subject of future studies.

Results and Discussion

Reactions Screening

A previous study of rhodium-gold bimetallic system had led to
the isolation of the large atomically-precise [Rh16Au6(CO)36]

6� (1)
nanocluster, which was obtained by a redox condensation
process between the already known [Rh7(CO)16]

3� [17] and
[AuCl4]

� carried out in a 1 : 0.75 ratio, respectively, under carbon
monoxide atmosphere, at room temperature and using dime-
thylformamide (DMF) as solvent.[16] However, it was quite clear
that a complex bimetallic system was yet to be analysed as
other species could be detected, and the reaction selectivity
appeared to be rather poor. Indeed, [Rh16Au6(CO)36]

6� could
only be obtained in fairly low yield (around 20 % based on Rh).
Therefore, we decided to deepen the study of the reaction
leading to 1 trying to optimize it and, also, to understand the

influence of the employed solvent, the related solubility of
reactants/products, the role of the stoichiometric ratio and of
the atmosphere under which the reaction is carried out.

Over the past, the cluster precursor showed to be very
effective in preparing large heterometallic carbonyl species,[18]

therefore the reference reaction between [Rh7(CO)16]
3� and

[AuCl4]
� was maintained. However, it was systematically tested

under both N2 and CO, and in different solvents and stoichio-
metric ratios, as well as with different counterions so to increase
and/or decrease the solubility of the reactants and products,
which is a key parameter to ease their separation from the
reaction mixture. More specifically, the relatively small dimen-
sion of [Rh7(CO)16]

3� combined with its high negative charge
make it well soluble in polar solvents like acetonitrile and DMF,
but poorly soluble in less polar solvents like tetrahydrofuran
(THF), and only partially soluble in acetone. It is important to
underline that, nonetheless, some degree of polarity in the
solvent is needed to dissolve charged clusters, whereas neutral
ones can easily be dissolved in apolar media. Like in most salts,
the [Rh7(CO)16]

3� solubility can be significantly tuned by
employing tetraalkylammonium counterions with different
length of the alkyl chains, taking into consideration that the
longer the chain, the higher the solubility. The same principle
applies to all clusters, including the obtained ones. The organic
cations screened in this study were tetramethylammonium
(TMA+), tetraethylammonium (TEA+), tetrapropylammonium
(TPA+), and tetrabutylammonium (TBA+). The bulkier tribenzyl-
methylammonium (TBMA+) was also exploited, but to ease
cluster crystallization. To be sure to work in homogeneous
conditions, either acetonitrile or DMF were employed, as they
are able to dissolve large nanoclusters even with short-alkyl
chain ammonium counterions. If, however, heterogenous
conditions were desired, for instance to enhance separation of
the formed products by their precipitation in the reaction
medium, then THF was used. In such case, the counterion of
choice had to be TBA+, the only one able to solubilize
[Rh7(CO)16]

3� .
All reactions’ pathways were monitored via IR spectroscopy,

and the work-up was carried out after 24 hours. When working
in homogeneous conditions, when both the reactants and
products were fully soluble, the final mixture was dried under
vacuum, the solid washed with water and ethanol to eliminate
tetraalkylammonium salts and possible Rh(I) complexes, respec-
tively, dried again and then subsequently treated with solvents
of increasing polarity (THF, acetone, acetonitrile), to separate
and isolate the different products of increasing nuclearity and
negative charge. The only exception to this procedure was
when using DMF as solvent: in this case, due to its high boiling
point, the product mixture was not dried under vacuum but
recovered by precipitation with a saturated aqueous solution of
the desired ammonium halide. When working in heterogeneous
conditions, the formed precipitate at the end of the reaction
was filtered off and treated separately from the mother
solution, following the aforementioned procedure.

The first set of reactions was conducted under N2 atmos-
phere. However, regardless of the employed counterion, solvent
and stoichiometric ratio, all tests led to the formation of only
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homometallic rhodium clusters, more specifically the known
[Rh11(CO)23]

3� [19] and [Rh12(CO)30]
2� ,[20] which are both expected

oxidation products of [Rh7(CO)16]
3� that can be brought about

by different oxidizing agents.[21] In the present case, the
oxidation was brought about by Au(III), which in turn was
reduced to metallic gold. The formation of [Rh(CO)2Cl2]

� was
also detected, again a common fallout in such environment. No
heterometallic species were identified during this first screening
under N2.

Considered the above results, we focused our attention on
the reactions carried out under carbon monoxide atmosphere.
We employed [Rh7(CO)16]

3� and [AuCl4]
� starting with a 1:0.5

ratio, respectively, with TEA+ as unique counterion to allow
their full solubility in acetonitrile, as well as that of the obtained
products. However, in such solvent the reaction confirmed to
be poorly selective, as we obtained the targeted cluster 1 but in
a very low yield and in mixture with other homometallic and
heterometallic products. Among the former we identified the
[Rh(CO)2Cl2]

� complex (extracted in ethanol), and the already
known [Rh5(CO)15]

� [22] (extracted in THF). The extraction in
acetone evidenced the presence of an unknown large and
possibly homometallic Rh cluster, which is currently under
investigation (here referred as cluster A); the final acetonitrile
fraction isolated what, from preliminary results, seems to be
another new nanocluster, but this time of heterometallic nature
(here referred as cluster B), and in mixture with cluster 1.

We repeated the same reaction in a 1 : 1 ratio but it was
clear that even this did not impart any significant selectivity.
The main differences with the precedent stoichiometry were
the absence of the presumed homometallic species (cluster A)
and the detection of another unknown product in the acetone
extraction (later identified as cluster 2), while the acetonitrile
fraction still extracted cluster 1, but in a lower amount. The
increase of Au(III) beyond 1 equivalent led to yet another new
species (here referred as cluster C), therefore we decided to set
this set of reaction aside for future studies.

We moved on and decided to work under heterogeneous
conditions, always under carbon monoxide atmosphere. In
order to do so, we searched for the best combination of solvent
and ammonium cation that would solubilize the reactants but
not all the products, at least not the highly charged ones, which
are generally those with the higher nuclearity. After several
attempts the optimised conditions were to carry out the
reaction in THF using TBA+ as counterion for the cluster
precursor and TEA+ for the Au(III) complex, and to use 1
equivalent of [AuCl4]

� per equivalent of [Rh7(CO)16]
3� . After

leaving the final mixture under stirring overnight, the formed
precipitate was filtered to separate it from the solution, which
evidenced the presence of the expected [Rh(CO)2Cl2]

� and
[Rh5(CO)15]

� species. As for the precipitate, we added an extra-
step in the procedure and started the extraction with dichloro-
methane, which solubilized traces of an unknown species that
we were not able to identify (later recognized as cluster 2).
Then the residue was firstly extracted in acetone but, due to
partial solubility, subsequently solubilized in acetonitrile, and
the IR spectrum indicated the sole presence of the desired
[Rh16Au6(CO)36]

6� . Its identity in its TEA+ salt was confirmed by

SC-XRD analysis performed on the crystals obtained after
layering a small amount of hexane and di-isopropyl ether on to
the acetonitrile solution. Remarkably, when the reaction was
repeated but using TBA+ for both [Rh7(CO)16]

3� and [AuCl4]
� , no

precipitate was formed and cluster 1 was only found in traces
in the final mixture.

All above experimental evidence led us to conclude that,
under CO atmosphere, 1 is the first heterometallic product that
originates from the reaction of [Rh7(CO)16]

3� with [AuCl4]
� , but it

can undergo subsequent reactions leading to different clusters.
Such occurrence is very likely if 1 is soluble in the reaction
media, while if it precipitates right after its formation, then it
remains stable. In order to maximize the formation of 1,
therefore, it is necessary to carry out the reaction under
heterogenous conditions, that is in THF using [Rh7(CO)16]

3� in its
TBA+ salt but ensuring that some TEA+ is present to allow the
precipitation of 1[TEA]6, insoluble in such solvent. Any other
counterion combined with TBA+, for instance TMA+ and TPA+,
did not allow selective precipitation of 1.

The previously reported synthesis of cluster 1 had been
carried out in DMF,[16] therefore under homogeneous condi-
tions; indeed, in agreement with the above conclusions, the
obtained yield was significantly lower than that obtained under
the heterogeneous conditions ensured by THF (around 20 %
based on Rh, against a 35 % yield achieved with the new
optimized synthesis).

Nevertheless, to continue our reaction screening, we
replicated the original procedure in DMF but, with hindsight,
we increased the amount of Au(III) complex up to 1 equivalent,
considering the good results obtained with the reaction carried
out in THF.

As previously mentioned, the work-up on the final mixture
required its preliminary precipitation by adding dropwise an
aqueous solution of the desired tetraalkylammonium salt, in our
case TEACl. After having washed with water the precipitated
solid mixture, the first two extractions in ethanol and THF
solubilized [Rh5(CO)15]

� , while the one in acetone showed an
unknown IR spectrum, the same observed in the acetone and
dichloromethane fractions in the reactions carried out in
acetonitrile and THF under CO, respectively. This solution was
layered with hexane in the attempt to obtain suitable crystals
for the SC-XRD analysis. Having failed this, we performed a
metathesis with a bulkier counterion, TBMA+, and this time we
succeeded in obtaining black needle-shaped crystals of a new
species, [Rh10Au(CO)26]

3� (2). Its molecular structure is described
in detail in the specific section. The final extraction in
acetonitrile evidenced only traces of cluster 1.

Our investigation in DMF continued by varying the Rh7:
Au(III) ratio, going from 1 : 0.75 to 1 : 1.5 and up to 1 : 2. When
working in defect of Au(III), the reaction loses selectivity in
[Rh10Au(CO)26]

3� with respect to the reaction carried out with a
1 : 1 ratio. On the other hand, when the amount of Au(III) is
taken to 1.5 equivalents with respect to the Rh cluster
precursor, no traces of [Rh16Au6(CO)36]

6� are detected, whereas
cluster 2 was found in mixture with another new species
(cluster C, the same obtained in the acetonitrile reaction with
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an excess of oxidant) whose formation is maximized when
working with 2 equivalents of Au(III).

These results confirmed the hypothesis that cluster 1 is the
first heterometallic cluster obtainable from the reaction of
[Rh7(CO)16]

3� with [AuCl4]
� carried out under CO atmosphere,

and that its oxidation to cluster 2 is caused by an excess of
Au(III) in the reaction medium. This is also in line with the
tested stochiometric ratios. The suitable combination of
counterion and solvent allows to either keep cluster 1 in
solution, so once formed it can further react with Au(III)
undergoing a subsequent reaction, or to make it precipitate in
the solid state to prevent it from doing so. Cluster 1 can
therefore yield to cluster 2 in the former case, but from
experimental evidence it seems that cluster 2 cannot be
reconverted into cluster 1.

Another conclusion that we can draw is that, although both
DMF and acetonitrile allowed to work under homogeneous
conditions, the different work-up may have an influence on the
reaction path. In fact, the 1 : 1 ratio was more selective towards
cluster 2 when the reaction was carried out in DMF with respect
to the one in acetonitrile, and this could be due to the fact that
in the latter case, as the mother solution is dried in vacuum, an
increase of concentration occurs and this may lead to undesired
side reactions.

The last tested solvent was acetone, and TPA+ was used as
counterion for [Rh7(CO)16]

3� , while for Au(III) both TPA+ and
TEA+ were tried. Another new species, albeit in traces, was
detected when mixed cations were employed (here referred as
cluster D), most likely isolated thanks to the different solubility

imparted by the TPA+ counterion, but these results will be
reported elsewhere.

Scheme 1 summarizes the key points of the reactions
screening under CO, highlighting the major outcomes in terms
or heterometallic carbonyl clusters. The unknown clusters (A–D)
have been identified through IR spectroscopy and, in some
cases, preliminary X-ray analyses that provided information on
their metal frameworks.

Characterization

After having found a more selective synthesis for
[Rh16Au6(CO)36]

6� (1) by working under heterogeneous condi-
tions, we completed its characterization via IR and ESI-MS
registered on selected crystals dissolved in acetonitrile (details
are reported in the Supporting Information section in Figur-
es S1a–c and in Table S1a). As for the mass spectrometry, we
were able to prevent the cluster fragmentation under the
experimental conditions by working at lower cone voltage in
the ionization chamber than the one used when we firstly
reported the obtaining of 1. In the negative-ion spectrum it is
possible to see the molecular ion with a maximum of 30
carbonyl ligands out of its original 36, plus other peaks
corresponding to subsequent losses of one ligand at a time,
down to a minimum of 22. This occurrence is always happening
during the ESI-MS analyses, and it is indeed a desired feature as
the CO loss enables the correct assignment of z in the mass
spectra. In fact, the cluster charge resulting from the analysis is
hardly ever the original one, and generally all signals corre-

Scheme 1. Summary of the reactions screening carried out under CO using various solvents, stoichiometric ratios and counterions. Only the main obtained
products in terms of metal clusters are indicated. In grey the reactions that will be the subject of further investigation.
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spond to ions with z= 2 and 3 in the negative region. This is,
again, a very common feature in the carbonyl cluster chemistry,
especially those with high nuclearity. Notably, Rh-based clusters
are actually more robust than others thank to their high Rh� Rh
and Rh-CO bond strengths.[23]

We also investigated the electronic properties of 1 via
electrochemical and spectroelectrochemical experiments, the
details of which are described in the dedicated section, to
assess its multivalence behaviour in analogy with what
observed in the past for species of similar nuclearity.

As for the new bimetallic [Rh10Au(CO)26]
3� (2), its IR and ESI-

MS spectra are reported in the Supporting Information (Fig-
ure S2a–c and Table S2a), as well as its crystallographic data
(Table S2b) and selected bond lengths (Table S2c) derived from
its SC-XRD characterization. In the negative region of the ESI-MS
spectrum it is worth noting that the cluster is partially stable
under the experimental conditions, as we can also see signals
attributable to a {Rh5Au(CO)11}

2� fragment, together with some
derived from the molecular ion (z=2 and 3) with a maximum of
21 carbonyl ligands out of 26, with and without the counterion.

Molecular Structure of [Rh10Au(CO)26][TBMA]3 (2)[24]

Cluster 2 in its TBMA+ salt crystallized in a monoclinic system,
and the unit cell contains four cluster units and twelve TBMA+

cations. The packing in the solid state alternates cluster anions
and ammonium cations in an ionic fashion. The molecular
structure of 2 is illustrated in Figure 3, and it consists of two
Rh5Au octahedra sharing the Au atom, slightly tilted with
respect to each other. Another way of describing the metal

skeleton is considering two {Rh5(CO)13} cluster moieties joint
through a gold atom. This arrangement resembles that of
[Ni12Au(CO)24]

3� ,[25] where the gold atom connects two
[Ni6(CO)12]

2� clusters. Notably, the {Rh5(CO)13} units differ from
the known [Rh5(CO)15]

� as the latter possesses a trigonal
pyramidal geometry, and not a square pyramidal one. The
literature reports a few further examples where two cluster
units are sandwiched between naked Au(I)[10] or, more generally,
d10 ions, for instance [{Co5C(CO)12}2Au]� ,[26]

[{Pt3(CO)3(PPh3)3}2Au]+,[27] [{Pt3(CO)3(PMe3)4}2Au]+,[28]

[{HOs3(CO)10}2Au]� ,[29] [{Fe2(CO)8}2Au]� [30] in the former case, [Hg
{RuCo3(CO)12}2],

[31] [{Ru3(CO)11}2Au]2� [32] and {[AgRu6C-
(CO)16][PPN}∞

[33] in the latter.
The ligand shell of 2 is composed of 26 carbonyl groups, of

which 10 terminally bonded to each Rh atom, and the
remaining 16 bridging all the Rh� Rh edges.

The octahedral motif found in 2 is also encountered in 1.
Indeed, the metal framework of [Rh16Au6(CO)36]

6� consists of an
Au6 octahedron surrounded by sixteen Rh atoms arranged in a
way so to compose four Rh4Au2 octahedra, each built on the
edge of the squared base of the inner golden polyhedron. For
sake of comparison, the metal skeletons of cluster 1 and 2
highlighting the various octahedra are illustrated in Figure 4.

Remarkably, the same octahedral-based architecture can be
observed in the large atomically-precise [Ni32Au6(CO)44]

6�

nanocluster[12a] whose Ni24Au6 inner core is composed of an Au6

octahedron onto which eight more octahedra are built, more
specifically two Ni3Au3 on opposite sides of the golden
polyhedron, and six Ni4Au2 ones (Figure 5).

The average Rh� Rh bond lengths in cluster 2 is 2.9195 Å,
while the Rh� Au ones have average of 2.7419 Å. The latter
value is perfectly in line with that found in cluster 1 (2.797 Å),
while the former is slightly longer, being the Rh� Rh average
bond length in cluster 1 equal to 2.841 Å. For sake of
comparison, in [Ni32Au6(CO)44]

6� the Au� Au bond lengths have
an average of 2.875 Å. The full list of metal-metal bond for
[Rh10Au(CO)26]

3� is reported in Table S2c.

Electrochemistry and Spectroelectrochemistry of
[Rh16Au6(CO)36][TEA]6

The redox properties of [Rh16Au6(CO)36][TEA]6 have been studied
by cyclic voltammetry (CV) at a glassy carbon (GC) working
electrode (WE), in CH3CN solutions containing [TBA][PF6]
(0.1 mol dm� 3) as supporting electrolyte, and under CO atmos-
phere. This analysis has been integrated by in situ infrared
spectroelectrochemical (IR SEC) measurements of a CH3CN/
[TBA][PF6] solution, in an OTTLE cell,[34] under CO atmosphere,
resolution 4 cm� 1. In the case of the CV analysis, in the scanned
potential range from + 0.3 to � 2.0 V cluster 1 exhibits a rich
redox activity; in fact, as shown in Figure 6, it undergoes four
oxidations and four reduction processes. The same number of
electrons appears to be involved in the oxidation processes and
in the first two reduction ones, with features of chemical
reversibility in the cyclic voltammetry time-scale. The peak-to-
peak separations measured at 0.2 V s� 1 are around 80 mV in the

Figure 3. Molecular structure of [Rh10Au(CO)26]
3� . Rhodium atoms are

depicted in blue, gold atoms in yellow, carbon atoms in grey and oxygen
atoms in red.
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four oxidation processes, and around 100 mV in the two
reduction ones. The two further reduction processes at � 1.71
and � 1.87 V, respectively, are ill-defined and complicated by
relatively fast chemical reactions.

Formal electrode potentials for the observed electron trans-
fers are reported in Table 1.

The results obtained from the CV experiments were
confirmed by IR SEC measurements, always carried out under
CO atmosphere. The IR spectra were recorded every 60 seconds
during a slow potential scan (1 mV s� 1) between � 0.5 and
� 2.0 V. The complete sequence, reported in Figure S1d, shows
a shift of the CO stretching frequencies of the parent cluster
(νCO 2007, 1982 and 1803 cm� 1) towards lower values upon

Figure 4. Metal framework of [Rh16Au6(CO)36]
6� (left) and [Rh10Au(CO)26]

3� (right) with highlighted the Au6, Rh4Au2 (cluster 1) and Rh5Au (cluster 2) octahedra.
Rh atoms are in blue, Au atoms in yellow.

Figure 5. Front and side view of the Ni24Au6 inner architecture of the [Ni32Au6(CO)44]
6� nanocluster. The core is composed of one interstitial Au6 octahedron

(defined by yellow bonds), two face-sharing Ni3Au3 octahedra (defined with brown bonds) and six edge-sharing Ni4Au2 octahedra (defined by green bonds).
Au atoms are depicted in yellow, Ni atoms in green.

Table 1. Formal electrode potentials (V vs Ag/AgCl) for the redox
processes exhibited by [Rh16Au6(CO)36]

6� in CH3CN/[TBA][PF6] solution under
CO atmosphere.

Reduction processes

E°1 E°2 E°3 E°4

� 1.87[a] � 1.71[a] � 1.44 � 1.20

Oxidation processes

E°5 E°6 E°7 E°8

� 0.62 � 0.40 � 0.13 + 0.09

[a] Coupled to relatively fast chemical reactions.
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reduction, as a result of the increased negative charge, and
towards higher values upon oxidation.

The IR spectrum of the starting cluster was re-obtained in
quantitative/high yields as the potential was reversed to the
initial value, demonstrating a relatively high stability of the
obtained redox states of the cluster also in the time-scale of the
spectroelectrochemical experiments.

To assign the charge to the electrogenerated species we
referred to the previously observed behaviour of other carbonyl
nanoclusters,[35] where the shift values related to the stretching
frequencies of terminal CO ligands are within a range of around
15–25 cm� 1 per added/removed electron.

On such basis and considering the relative i/E profile curve
and the maxima of the terminal and bridging CO stretching
bands, the sequence of the recorded IR spectra was separated
in four groups, each belonging to a different redox process
(Figure 7).

The stability of each redox state was verified by the
comparison between the initial spectrum of the cluster and the
one obtained by reverting the scan potential after each step. In
this way we could demonstrate that, at increasing potentials,
only the product of the mono-oxidation [Rh16Au6(CO)36]

5� (Fig-
ure 7a, νCO 2024 and 1836 cm� 1) is fairly stable in the long time
of the IR SEC experiment, since the starting cluster could be
regenerated in very high yields (Figure S1e). Indeed, when the
potential was increased above � 0.5 V, the complete cluster
decomposition was pointed out by the decrease of the IR
absorptions of [Rh16Au6(CO)36]

5� and by the appearance of two
carbonyl bands at 2120 and 2063 cm� 1 (Figure S1f) due to the
formation of the mononuclear cationic [Rh(CO)2(CH3CN)2]

+

complex.[36]

The same full reversibility was observed for the first
reduction process. In fact, when the WE potential was
decreased from � 0.8 to � 1.4 V (Figure 7b) the shift of the
stretching CO bands at 1989, 1965 and 1784 cm� 1 was
accompanied by a change of the band shape (relative intensity
and width) of terminal CO stretching bands, but the starting

Figure 6. Cyclic voltammetric profiles recorded at a glassy carbon electrode
in CH3CN solution of [Rh16Au6(CO)36]

6� between � 2.0 and +0.3 V (red line) or
� 1.6 and + 0.3 V (blue line). [TBA][PF6] (0.1 mol dm� 3) supporting electrolyte.
Scan rate: 0.2 V s� 1.

Figure 7. Infrared spectra of [Rh16Au6(CO)36]
6� in CH3CN containing

0.1 mol dm� 3 [TBA][PF6], under CO atmosphere, recorded in an OTTLE cell
during the progressive: a) increase of the WE potential from � 0.8 to � 0.5 V;
b) decrease of the WE potential from � 0.8 to � 1.4 V; c) decrease of the WE
potential from � 1.4 to � 1.7 V; d) decrease of the WE potential from � 1.7 to
� 2.0 V. The solvent and supporting electrolyte absorptions have been
subtracted. The left- and right-oriented arrows indicate oxidation and
reduction processes, respectively.
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spectrum was completely restored in the backward oxidation
(Figure S1g), pointing out the high stability of the radical anion
[Rh16Au6(CO)36]

7� .
In the IR spectra sequence recorded from � 1.4 to � 1.7 V

(Figure 7c), the terminal CO-frequency downshift was in a range
of around twice that observed for the above described redox
changes (from 1989 and 1965 to 1931 cm� 1), indicating a two-
electron step from [Rh16Au6(CO)36]

7� to [Rh16Au6(CO)36]
9� . More-

over, in the complex pattern of intermediate spectra of
Figure 7c, the presence of a transient additional charge state
with n=8 was suggested by one absorption maximum at
1949 cm� 1; this value was supported by a spectral deconvolu-
tion analysis of the middle spectrum of the sequence, whose
details are reported in the Supporting Information (Figure S1h).
The process reversibility was ascertained by the back-oxidation
that restored [Rh16Au6(CO)36]

6� in fairly high yields (Figure S1i).
The WE potential could be further lowered to � 2.0 V

(Figure 7d) with only a moderate cluster decomposition, as
demonstrated by the good recovery of [Rh16Au6(CO)36]

6� when
the potential was brought back to � 0.8 V (Figure S1l). The IR
bands at 1907 and 1748 cm� 1 were attributed to a relatively
long-lived negative charge state � 10. Extensive and fast cluster
decomposition was observed for further potential decrease.

Considering the combined results from the CV and the IR
SEC experiments, we can conclude that four reversible
oxidations and four reductions can be recognized in the
voltammetric profile, but in the longer time scale of IR SEC only
four long-lived different negative charge states of
[Rh16Au6(CO)36]

n� were identified in addition to the initial one
(n=6) namely one obtained by oxidation (n=5) and three by
reduction, (n=7, 9 and 10) (Figure 8). Evidence of one cluster
with limited stability and charge � 8 was obtained by an
accurate analysis of the spectra of Figure 7c and a spectral
deconvolution performed on the blue spectrum of Figure 8.
Table 2 reports the IR stretching frequencies related to all the
six differently charged [Rh16Au6(CO)36]

n� derivatives, as inferred
by the SEC experiments and spectral deconvolution.

Theoretical Molecular Structures of [Rh16Au6(CO)36]n� (n=5, 6,
7): a Comparative Analysis

In light of the results obtained by the spectroelectrochemical
experiments, we calculated the coordinates of the molecular
structures for the two more stable and differently-charged
[Rh16Au6(CO)36]

n� congeners adjacent to the starting one, more
specifically those obtained by the first oxidation and the first
reduction process of cluster 1, namely [Rh16Au6(CO)36]

5� and
[Rh16Au6(CO)36]

7� , respectively, as they were those with features
of fully reversibility. Preliminary single-point calculations in-
dicated that the ground-state electronic configuration of the
two compounds is best described with doublet multiplicity. We
also optimized the molecular structure of the parent hexaanion,
so to conduct a significative comparative analysis among the
three isomers. The computed [Rh16Au6(CO)36]

6� structure is in
good agreement with the single-crystal X-ray data. The root
mean square deviation (RMSD) with respect to the experimental
geometry is 0.296 Å (0.172 Å for what concerns the Au6Rh16

core). The computed stationary points of the three
[Rh16Au6(CO)36]

n� (n= 5, 6, 7) clusters are very similar, the RMSD
between the parent hexaanion and the oxidized and the
reduced species being 0.062 and 0.149 Å, respectively. The
relative disposition of the metal atoms and the coordination
modes of the ancillary ligands appear thus unaffected by the
change of global charge. The average computed metal-metal
bond lengths, summarized in Table 3, confirm the negligible
variations in the metal cage.

Such a result is possibly to be ascribed to the widely
delocalized nature of the frontier orbitals of [Rh16Au6(CO)36]

6� ,

Figure 8. Selected infrared spectra of [Rh16Au6(CO)36]
n� as a function of the

cluster charge n in CH3CN containing 0.1 mol dm� 3 [TBA][PF6], under CO
atmosphere. The absorptions of the solvent and supporting electrolyte have
been subtracted. The red arrow indicates the initial spectrum.

Table 2. Infrared stretching frequencies (cm� 1) of terminal (νt
CO) and

bridging (νb
CO) carbonyl groups for [Rh16Au6(CO)36]

n� in CH3CN solution as a
function of the cluster charge. The row in italic corresponds to the cluster
charge deduced by spectral deconvolution.

Cluster charge n� νt
CO (cm� 1) νb

CO (cm� 1)

n= 5 2024 1836

n= 6 2007, 1982 1803

n= 7 1989, 1965 1784

n=8 1965, 1949 1766

n= 9 1931 1754

n= 10 1903 1748

Table 3. Computed average metal-metal bond lengths (Å) for
[Rh16Au6(CO)36]

n� clusters.

Bond
Lengths
(Å)

[Rh16Au6(CO)36]
7� [Rh16Au6(CO)36]

6� [Rh16Au6(CO)36]
5�

Au� Au 2.958 2.939 2.960

Au� Rh 2.874 2.852 2.835

Rh� Rh 2.856 2.846 2.838
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depicted in Figure 9. The sums of the Hirshfeld contributions[37]

of the Au and Rh centres to the HOMO are respectively 24.6 %
and 35.7 %. In the case of the LUMO the participation of the Rh
centres is more important, 59.1 %, while that of the Au atoms is
lower, 11.2 %.

The effects of the change of global charge on the metal-
metal bonds were further investigated by means of the Atoms-
in-Molecules (AIM) analysis. (3,–1) bond critical points (BCPs) are
localized about in the middle of each Au� Au and Au� Rh couple
when the distances between the metal centres are below 3.1 Å.
In the cases of the Au� Rh interactions the BCPs are slightly
closer to the Rh atoms, an effect attributable to the higher
electronegativity of Au compared to Rh.[38] The Au6Rh16 core of
[Rh16Au6(CO)36]

6� with the Au� Au and Au� Rh BCPs is shown as
example in Figure S1m. The negative values of energy density
(E) and the positive values of the Laplacian of electron density
(r21) are in line with Bianchi’s definition of metal-metal
bond.[39] BCPs were instead not localized between the interact-
ing Rh atoms, replaced by BCPs involving the μ-CO ligands.

The average values of electron density (ρ) and potential
energy density (V) at Au� Au and Au� Rh BCPs, collected in
Table S1b, indicate scarce influence of the variation of global
cluster charge on the localized metal-metal bonds. Almost
negligible changes were also observed for the properties
computed at the (3,+3) cage critical points (CCPs) localized at
about the centres of the Au6 and Rh4Au2 octahedra (Table S1b
and Figure S1m). The AIM data are thus in agreement with the
previously described comparable structural features among the
clusters computationally investigated.

Despite the similarities with the parent diamagnetic
[Rh16Au6(CO)36]

6� anion, including the approximate D4h symme-
try of the Au6Rh16 core, less pronounced for [Rh16Au6(CO)36]

7� ,
the unpaired electron density derived from the monoelectronic

oxidation or reduction of [Rh16Au6(CO)36]
6� is not uniformly

distributed in the final clusters, as observable in Figure 10. The
spin density of [Rh16Au6(CO)36]

5� is mainly localized on the
central Au6 fragment and on two Rh4Au2 octahedra in trans
position with respect to the centre of the cluster. On the other
hand, the spin density surface of [Rh16Au6(CO)36]

7� is mostly
present on two mutually cis Rh4Au2 fragments.

Such an outcome is confirmed by the Löwdin spin
population analysis. The values obtained for the atoms
composing the metal cores, reported in Figure S1n, reveal that
in the case of [Rh16Au6(CO)36]

5� the spin population is
distributed with Ci symmetry. The spin population values are
the same on comparing the Rh4Au2 octahedra in trans position,
while mutually cis Rh4Au2 octahedra have different spin
populations. The values are much less symmetric for
[Rh16Au6(CO)36]

7� . Two Rh4Au2 octahedra in cis position have
quite high spin population, while the spin values for the other
atoms composing the metal core are close to zero.

Experimental Section
General procedures. All reactions were performed using standard
Schlenk technique under either N2 or CO. Solvents were dried and
degassed before use; tetrahydrofuran (THF) was dehydrated with
sodium benzophenone and distilled under nitrogen. IR spectra
were recorded on a PerkinElmer Spectrum One interferometer in
CaF2 cells. Positive/negative-ion mass spectra were recorded in
CH3CN solutions on a Waters Micromass ZQ 4000 using electrospray
ionization. Experimental conditions: 2.56 kV ES-probe voltage, 10 V
cone potential, 250 L/h flow of N2 spray-gas, incoming solution flow
20 μL min� 1.

Figure 9. DFT-optimized structure of [Rh16Au6(CO)36]
6� with plots of the frontier molecular orbitals (green and pink tones, surface isovalue= 0.03 a.u.) and

HOMO-LUMO gap. Rh atoms are in blue, Au atoms in yellow, C atoms in grey, O atoms in red.
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Electrochemical Experiments

Materials and apparatus for electrochemistry and IR SEC have been
described elsewhere.[40] CV and IR SEC measurements were
performed on CO-saturated CH3CN/[TBA]PF6 0.1 M solutions of
[Rh16Au6(CO)36][TEA]6 (1.2�1.5 mM). Glassy-carbon electrodes, used
as working electrodes for the voltammetric experiments, were
polished, prior to measurements, according to the following
procedure: manual rubbing with 0.3 μm Al2O3 slurry in water
(eDAQ) for 2 min, then sonication in ultrapure water for 10 min,
manual rubbing with 0.05 μm Al2O3 slurry in water (eDAQ) for
2 min, then sonication in ultrapure water for 10 min. After polishing,
the electrodes were rinsed with acetone and air-dried. A leakless
miniature Ag/AgCl/KCl electrode (eDAQ) was employed as a
reference. Under the present experimental conditions, the one-
electron oxidation of ferrocene occurs at E° = +0.42 V vs. Ag/AgCl.

Molecular Structure Determination

Single-crystal X-ray diffraction analysis of cluster 2 was performed
at 100 K with a Bruker Apex II diffractometer, equipped with a
CMOS detector, by using Kα-Mo radiation. Data were corrected for
Lorentz polarization and absorption effects (empirical absorption
correction SADABS).[41] After the absorption correction, due to the
presence of heavy atoms like both Rh and Au, some high residual
density close to them, the highest closer to the Au atom, still
remained and could not be eliminated. Considering their proximity
to the heavy metals, we can confidently state that they do not
correspond to any undefined atom. The structure was solved by
direct methods and refined by full-matrix least-squares based on all
data using F2.[42] Hydrogen atoms belonging to the TBMA+ cations
were fixed at calculated positions and refined by a riding model. All
non-hydrogen atoms were refined with anisotropic displacement
parameters. Molecular structures were drawn with SCHAKAL99.[43]

Computational Details

Geometry optimizations were carried out using the PBEh-3c
method, which is a reparametrized version of PBE (with 42 % HF
exchange)[44] that uses a split-valence double-zeta basis set (def2-
mSVP) with relativistic effective core potentials accounting for 28
electrons of the Rh atoms and 60 electrons of the Au atoms.[45] The
method adds three corrections considering dispersion, basis set

superposition, and other basis set incompleteness effects.[46] In the
case of an odd number of electrons, the lack of spin contamination
was verified by comparing the computed <S2> values with the
theoretical ones. The software used was ORCA version 5.0.3.[47] The
output was elaborated using MultiWFN, version 3.8.[48] Cartesian
coordinates of the DFT-optimized structures are collected in a
supplementary Coordinates RhAu.xyz file.

Synthesis of [Rh16Au6(CO)36]
6� (1)

A THF solution of [AuCl4][TEA] (0.15 g, 0.32 mmol) was added
dropwise to a solution containing [Rh7(CO)16][TBA]3 (0.60 g,
0.32 mmol) in the same solvent under carbon monoxide atmos-
phere. The solution was left under vigorous stirring overnight. The
formed precipitate was separated from the solution through
filtration. The solid was washed with THF, then dichloromethane
and dissolved in acetonitrile. By layering a small amount of hexane
and di-isopropyl ether onto the solution, crystals of
[Rh16Au6(CO)36][TEA]6 were obtained (yield around 35 % based on
Rh). The salt is fairly soluble in acetone, soluble in acetonitrile and
DMF and stable, but not soluble, in water. The IR spectrum of
1[TEA]6 recorded in acetonitrile shows νCO absorptions at 2006(s),
1981(ms) and 1802(m) cm� 1. ESI-MS analysis of 1[TEA]6 was carried
out in acetonitrile and the spectrum of the negative region shows
two main groups of peaks related to z=2 and z=3. In the first
group it is possible to detect the [Rh16Au6(CO)27]

2� ion at 1792 m/z.
In this same area there are signals due to the cluster where either
one or two TEA+ counterions are retained, more specifically at 1871
and 1992 m/z, related to the {[Rh16Au6(CO)28][TEA]}2� and
{[Rh16Au6(CO)32][TEA]2}

2� ions, respectively. In the second group it is
possible to observe signals at 1213 and 1266 m/z corresponding to
the [Rh16Au6(CO)29]

3� and {[Rh16Au6(CO)30][TEA]}3� ions, respectively.
Each of the aforementioned peaks was accompanied by others
deriving from subsequent CO loss.

Synthesis of [Rh10Au(CO)26]3� (2).

A DMF solution of [AuCl4][TEA] (0.20 g, 0.43 mmol) was slowly
added to a solution of [Rh7(CO)16][TEA]3 (0.67 g, 0.43 mmol) in the
same solvent, under CO atmosphere, and in a 1 : 1 molar ratio. After
being left under stirring overnight, the resulting solution was
precipitated with an aqueous solution of TEACl and the solid
washed with water, ethanol and THF. The residue was extracted
with acetone, then a metathesis with an aqueous solution of

Figure 10. DFT-optimized structures of [Rh16Au6(CO)36]
5� and [Rh16Au6(CO)36]

7� with plots of the spin density (violet tones, surface isovalue= 0.001 a.u.). Rh
atoms are in blue, Au atoms in yellow, C atoms in grey, O atoms in red.
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TBMACl was performed. The solid was re-dissolved in acetone and
layered with hexane; after a few days, crystals of 2[TBMA]3 were
obtained (yield around 50 % based on Rh). [Rh10Au(CO)26][TBMA]3 is
soluble in acetone, acetonitrile and DMF and stable, but not
soluble, in water. The IR spectrum of 2[TBMA]3 recorded in CH3CN
shows νCO absorptions at 2040(m), 2010(vs), 1828(m), 1803(m) and
1772(mw) cm� 1. ESI-MS analysis of [Rh10Au(CO)26][TBMA]3 in CH3CN
shows, in the negative region, two main groups of signals plus a
single low-intensity one at 968 m/z, which can be assigned to the
{[Rh10Au(CO)20][TBMA]}2� ion. The first group starts at 907 m/z and is
attributable to the [Rh10Au(CO)21]

2� ion accompanied by signals due
to CO loss (893, 879, 865, 851, 837, 822, 808 and 794 m/z for the
[Rh10Au(CO)20-19-18-17-16-15-14-13]

2� ions, respectively). The second group
of peaks indicates the cluster fragmentation, since it starts at
510 m/z, corresponding to the [Rh5Au(CO)11]

2� ion, with progressive
losses of CO ligands up to 454 m/z.

Conclusions

In this paper we presented the optimization of the synthesis of
the previously reported atomically-precise [Rh16Au6(CO)36]

6� (1)
nanocluster, by performing a thorough reaction screening
varying various parameters like solvent, stoichiometric ratio,
counterion and atmosphere (either N2 or CO). From the
obtained results the first conclusion is that the CO atmosphere
(with a pressure around 1.5 atm) is necessary to obtain
heterometallic Rh� Au clusters, whereas by conducting the
reaction under N2 only homometallic rhodium species were
identified. Furthermore, one key parameter to reach a higher
selectivity of 1 is its solubility, or rather lack thereof, in the
reaction medium, which was attained by finding the right
combination of solvent and positive counterion, namely THF
and TBA+/TEA+. This way cluster 1, once formed, is subtracted
from the mother solution by its precipitation as TEA+ salt, and
this prevents the cluster from undergoing further reactions. A
proof of this is that by carrying out the reaction in a
homogeneous environment, its formation is lowered by the
concurrent formation of 2, which appears to be deriving from
the oxidation of 1.

The obtaining of 1 in fairly good amount allowed the
completion of its characterization via IR spectroscopy and ESI-
MS. Furthermore, its remarkable electron-sponge behaviour was
unravelled by electrochemical and spectroelectrochemical ex-
periments, as [Rh16Au6(CO)36]

n� is capable to exist in four long-
lived differently charged states in addition to the initial one,
namely n=5, 6, 7, 9, 10, and still retaining its molecular
structure. The presence of a sixth charged state with n=8 was
suggested by the analysis of the IR sequence registered over
the SEC experiments, and its IR spectrum was derived from a
spectral deconvolution taking into considerations the different
contributions to its original pattern. DFT calculations supported
the fully reversible electrochemical formation of paramagnetic
[Rh16Au6(CO)36]

5� and [Rh16Au6(CO)36]
7� clusters, characterized by

very similar geometries and Au� M bond strengths with respect
to the parent [Rh16Au6(CO)36]

6� hexaanion.
The in-depth investigation of the synthesis of 1 also allowed

the isolation and characterization of a new atomically-precise
heterometallic nanocluster, namely [Rh10Au(CO)26]

3� (2), whose

dimensions of length and width are of about 1.4 and 1.0 nm,
respectively. Cluster 2 was unambiguously identified by SC-XRD
analysis and characterized by IR spectroscopy and ESI mass-
spectrometry. Remarkably, its octahedral-based structural motif
can also be observed in 1 and in the even larger
[Ni32Au6(CO)44]

6� nanocluster. Both octahedral-based structures
in cluster 1 and 2 were somewhat surprising when compared
with those of other heterometallic Rh nanoclusters, like the
[Rh12E(CO)27]

n� series of compounds (E=Ge, Sn, Sb, Bi; n= 4, 3)
and most of their derivatives,[6] which all have an icosahedral-
based geometry. Gold homometallic clusters too often show a
preference for the latter architecture.[49] However, the geo-
metrical versatility of carbonyl metal nanoclusters is well
known, as it is the result of the best combination of various
factors like the metal-metal and metal-ligand bond strengths,
steric hindrance and the fulfilling of electronic requirements.

Ultimately, the present study allowed to disclose a very
complex Rh� Au chemical system which can give rise to new
nanoclusters, some of which we were able to only partially
identify, and that will be further investigated in the future.
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