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ABSTRACT

In this paper we present the investigation of the reactivity of [Rh7(CO)16]3− with InCl3, with the aim 
of expanding the more general study that allowed us to obtain, among other species, the 
icosahedral [Rh12E(CO)27]n (n = 4 when E = Ge or Sn; n = 3 when E = Sb or Bi) family of clusters. 
Indeed, the study resulted in the isolation and characterization of the analogous In-centred 
icosahedral [Rh12In(CO)28]3− nanocluster (1), which is isoelectronic and isostructural with the 
[Rh12E(CO)27]n congeners. During the course of the reaction two more new species, namely the 
octahedral [Rh6(CO)15InCl3]2− (2) and the dimeric [{Rh6(CO)15InCl2}2]2− (3) have also been identified. 
The reaction between [Rh7(CO)16]3− and InCl3 proved to be poorly selective; nevertheless, by fine 
tuning some reaction parameters it was possible to drive the reaction more towards one product or 
the other. Alternatively, [Rh6(CO)15InCl3]2− can be more selectively prepared by reacting either 
[Rh5(CO)15] or, less efficiently, [Rh6(CO)15]2- with InCl3. As for the dimeric [{Rh6(CO)15InCl2}2]2− 
species, this was only isolated by carrying out the reaction with [Rh7(CO)16]3− under inert 
atmosphere, as opposed to under CO. All clusters were characterized by IR spectroscopy and ESI-
MS spectrometry, and their molecular structures were fully established by single-crystal X-ray 
diffraction studies. The [Rh12In(CO)28]3− species was also analysed by EDS via SEM, and further 
investigated through in situ infrared spectroelectrochemistry and CV experiments to check its 
multivalence nature. Indeed, [Rh12In(CO)28]3− can reversibly undergo two monoelectronic oxidation 
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and one bi-electronic reduction processes, behaving like an electron sponge and, thus, giving rise to 
the further [Rh12In(CO)28]n− derivatives (n = 1, 2 and 5). These results perfectly parallel the findings 
for the [Rh12E(CO)27]n series. The geometry variations of the metal framework associated to the 
changes in the cluster negative charge were investigated by means of DFT calculations. 

INTRODUCTION

In the last two decades, atomically-precise metal nanoclusters (APMNCs) have been increasingly 
emerging as nanomaterials characterized by a well-defined structure and a molecular-like 
behaviour,1 with interesting properties that made them suitable in various applications such as in 
biomedicine,2 optoelectronics,3 and catalysis.4 Furthermore, they offer the possibility of combining 
the specific properties of different metals within the same NCs, thus expanding their application 
range. For instance, in the literature there are several examples of Rh nanoparticles also containing 
Cu,5 Ag,6 Au,7 Ni,8 Pd,9 and Pt 10 with enhanced catalytic activity. 
Transition-metal carbonyl clusters, whose existence dates back to the Sixties,11 rightly gained their 
position into the category of APMNCs, as well as in that of intermetalloid compounds,12 having a 
size which has increased more and more over the years yet keeping their molecular nature.13 
In the case of rhodium carbonyl clusters, whose interest also lies in their application as catalyst 
precursors,14 the strength of the Rh-Rh and Rh-CO bonds15 particularly favours the formation of 
nanosized compounds.16 The combination of Rh with other transition or post-transition metals may 
also enhance this feature.17 
In the last few years, we have investigated the synthesis and properties of several transition homo- 
and heterometallic nanoclusters, also with p-block elements,18 as well as Rh nanoclusters with post-
transition metals. More specifically, with have fruitfully utilized the redox condensation method 19 
to prepare a wide number of CO-stabilized atomically precise Rh nanoclusters containing Sn,20 Ge,21 
Sb,22 and Bi.23 This method consists of reacting a cluster precursor in a negative oxidation state, in 
this case [Rh7(CO)16]3− 24 (Rh oxidation state = 3/7), with another cluster or compound in a higher 
one, that is either less negative, or positive. In those specific examples, EXn halides of the desired 
elements were employed, where E = Sn, Ge, Sb and Bi, X = Cl, Br and n = 2-4. The resulting products 
of such redox reactions usually consist of higher-nuclearity heterometallic clusters (thus the name 
“condensation”) containing both elements but in a different oxidation state with respect to the 
original ones. This method relies on the reactant’s reduction potentials to drive the reaction; 
therefore, it can be carried out at room temperature. Furthermore, by employing a carbonyl cluster 
precursor the CO ligands are provided without need of high pressure of carbon monoxide.25 It is 
important to underline that the detailed reaction mechanism that leads to the formation of large 
APMNCs is still hard to be determined, as they can be found in a variety of architectures whose 
stability is a combination of several parameters including metal-metal bond strength, ligand type, 
atmosphere, and electronic requirements.
Among the library of obtained Rh-E heterometallic products, which vary depending on the employed 
heteroatom,26 there is a particular one shared by all studied systems, that is the E-centred 
icosahedral [Rh12E(CO)27]n compound. These clusters show an exceptional stability,27 most likely 
due to their electron count and geometry. In fact, they all possess the same metal structure, 
consisting of an icosahedron of Rh atoms inside which the E atom is incapsulated, and have the 
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same number of Cluster Valence Electrons (CVEs), that is 170, perfectly in comply with the Wade-
Mingos theory for a metal cluster with such geometry.28

We decided to fill the void and explore the reaction between the [Rh7(CO)16]3− cluster precursor and 
InCl3. Nanoclusters composed of rhodium and indium have yet to be explored, even if the combined 
use of those metals in catalysis has been deeply exploited.29 When referring to carbonyl cluster 
compounds, to our knowledge, in the literature only [Rh6(CO)15InCp*] is reported,30 although 
indium clusters stabilized by various ligands have been prepared alone 31 and in combination with 
other metals, such as Au,32 Fe,33 Ni 34 and Pd.35

The investigation we carried out revealed a quite complex and poorly selective bimetallic system, 
nevertheless we are herein reporting the isolation of the targeted icosahedral [Rh12In(CO)28]3− 
nanocluster, which is isostructural and isoelectronic with the [Rh12E(CO)27]n congeners, as well as 
the synthesis of the new octahedral [Rh6(CO)15InCl3]2− and the dimeric [{Rh6(CO)15InCl2}2]2− species. 
All clusters have been characterized by infrared (IR) spectroscopy, Electrospray Ionization Mass 
Spectrometry (ESI-MS), and single-crystal X-ray diffraction (SC-XRD) analyses. To unambiguously 
ascertain its metal ratio, [Rh12In(CO)28]3− was also analysed through energy dispersive X-ray 
spectrometry (EDS) via Scanning Electron Microscopy (SEM), and the results confirmed the 
crystallographic outcomes. Finally, the electron-sponge like properties of [Rh12In(CO)28]3− have been 
unravelled by electrochemical studies through in situ infrared spectroelectrochemistry (SEC) and 
cyclic voltammetry (CV) experiments. The geometries of the [Rh12In(CO)28]n− clusters with different 
negative charges (n = 1, 2, 3, 5) were investigated by means of Density Functional Theory (DFT) 
calculations. 

RESULTS AND DISCUSSION

Synthesis
The reaction between the homometallic [Rh7(CO)16]3− cluster precursor and InCl3 was studied under 
different experimental conditions, more specifically by changing the stoichiometric ratio between 
the reactants, reaction time, solvent, counterion and atmosphere (N2, CO). However, the key 
reaction factors were mostly represented by the employed atmosphere and, to a lower extent, by 
the reactant ratio, as the other parameters did not significant affect the reaction course.
The synthetic strategy was based on the redox condensation method, as it proved to be very 
successful in preparing many Rh-E heterometallic nanoclusters (E = Ge, Sn, Sb, Bi). In the present 
case, the targeted icosahedral [Rh12In(CO)28]3 (1) was obtained by reacting [Rh7(CO)16]3− with 1 
equivalent of InCl3 under CO atmosphere, whereas the same reaction under N2 only led to traces of 
it. When the former reaction was repeated but adding 1.5 equivalents of InCl3, the main product 
was [Rh6(CO)15InCl3]2 (2), even if 1 was found in the crude mixture. Further additions beyond two 
equivalents of InCl3 mostly resulted in the degradation of the cluster precursor, similarly to what 
observed for the Rh-E systems. When the reaction was carried out under N2 atmosphere we isolated 
the dimeric [{Rh6(CO)15InCl2}2]2− (3) but also obtained the [Rh(CO)2Cl2] complex, both undetected 
under CO. The presence of the latter is in agreement with the more reducing atmosphere brought 
by the carbon monoxide, which seems to prevent the formation of Rh(I) complexes. In all reactions, 
in addition to the mentioned products, the final mixture contained homometallic Rh clusters, both 
under CO and N2 atmosphere, albeit of different type (vide infra). This occurrence often happens in 
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condensation reactions because, even though the oxidant agent is, here, In3+, the oxidation of 
[Rh7(CO)16]3− can also be brought about by the intrinsic acidity of the metal cation, thus generating 
larger homometallic Rh species.36

For the sake of the readers, we collected the isolated species with their identifying numbers and 
molecular structures in Scheme 1.

Scheme 1. Summary of the characterized clusters with their identifying numbering sequence and 
molecular structure. Carbonyl ligands have been omitted for clarity.

Going into more details, we initially investigated the reaction between [Rh7(CO)16]3− in its [NEt4]+ 
salt with 1 equivalent of InCl3, under CO atmosphere and in acetonitrile, as these conditions were 
those that previously allowed the isolation of the [Rh12E(CO)27]n derivatives, monitoring its path via 
IR spectroscopy. We let the reaction run overnight and the day after we dried the solution under 
vacuum, washed the solid residue with water to eliminate the ammonium salts, then extracted the 
different species present in the crude mixture by exploiting different and more and more solubilizing 
solvents: ethanol (EtOH), tetrahydrofuran (THF), acetone. The first extraction in EtOH isolated a 
product whose IR was very similar to the one related to the already known [Rh6(CO)15InCp*], 
suggesting the obtainment of a similar species,30 but its fairly low amount made any further 
characterization ineffective. The subsequent extraction in THF evidenced the presence of the 
homometallic [Rh5(CO)15] species, which has been known since 1980.37 The final extraction in 
acetone isolated a compound whose IR signals were not ascribable to any known Rh carbonyl 
cluster. By layering hexane onto the acetone solution, we were able to obtain crystals suitable for 
X-ray diffraction and to characterize the new species as the targeted [Rh12In(CO)28][NEt4]3 (1[NEt4]3). 
We repeated the same procedure but increasing the amount of InCl3 up to 1.5 equivalents. The EtOH 
extraction isolated the yet uncharacterized compound, but this time in larger amount. Therefore, 
we dried it and dissolved it in acetonitrile and after crystallization, achieved by layering di-isopropyl 
ether on top of the solution, X-ray diffraction analysis allowed us to characterize the new cluster as 
[Rh6(CO)15InCl3][NEt4]2·CH3CN (2[NEt4]2·CH3CN), which possesses the same metal structure as the 
analogue with Cp* (see the Crystal Structures section), thus confirming our initial hypothesis. In 
acetone we extracted cluster 1; this time, no homometallic species were isolated. When the reaction 
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was repeated with 1.8 equivalents of InCl3, the same species were obtained but in mixture with 
other ones, which we were not able to completely characterize, but whose nuclearity, from 
preliminary structural data, seems to be higher than that of 1. 
While the obtaining of 1 was expected and sought after, the isolation of 2 was a surprise, as no such 
species had been observed before when [Rh7(CO)16]3− was reacted with Ge, Sn, Sb and Bi halides. A 
similar one, [Rh7Sn4Cl10(CO)14]5, was obtained in very low yields when adding 1.3 equivalents of 
SnCl2 to the cluster precursor, similarly to the present case, but its metal structure is not related to 
the one of 2.20 Interestingly, when the reaction of [Rh7(CO)16]3 with one equivalent of InCl3 was 
carried out in DMF under CO, and left under stirring for a week, little to no traces of 2 were obtained, 
unlike what happened in acetonitrile, and the subsequent extractions isolated [Rh5(CO)15] and 
cluster 1. At present, this finding is still puzzling as both solvents possess similar characteristics. In 
fact, they can completely dissolve the reactants and final products, as well as possessing 
coordinating properties. The only difference stands in the fact that at the end of the reaction in 
acetonitrile, the mother solution is dried under vacuum to recover the solid mixture, while in DMF 
the recovery of the crude solid is carried out by precipitation with an aqueous solution of [NEt4]Cl. 
One possible consequence could be that, upon increase of the concentration during the drying 
process of the acetonitrile solution, [Rh5(CO)15] reacts with some residual InCl3 to yield cluster 2.
We paralleled the first two above-described reactions in acetonitrile but under N2 atmosphere. The 
1 : 1 reaction followed a different path as it gave rise to more oxidated homometallic products, as 
mentioned before. In fact, the extraction of the crude reaction mixture in ethanol isolated both 
[Rh(CO)2Cl2]− and the already known homometallic [Rh12(CO)30]2,38 as they present similar 
solubilities. Conversely, in THF and acetone we extracted the same species previously obtained 
under CO, that is 2 and 1, respectively. By repeating the reaction but adding 1.5 equivalents of InCl3 
to the starting [Rh7(CO)16]3−, we were able to isolate the new dimeric species 
[{Rh6(CO)15InCl2}2][NEt4]2·2THF·2H2O (3[NEt4]2·2THF·2H2O), which was extracted in THF and 
crystallized by layering hexane onto the solution. The rest of the mixture contained both clusters 1 
and 2 as well as traces of unknown species that we were not able to characterize. 
In view of the obtained results, which unravelled a very complicated redox system, we tried to 
overcome the evident poor selectivity of the reactions by finding possible alternative routes to 
prepare the new clusters.
Since [Rh6(CO)15InCl3]2− could be seen as a direct addition product between the Lewis acid InCl3 and 
the Lewis base [Rh6(CO)15]2−, which is already known in the literature,39 we directly made the two 
react in a 1 : 1 molar ratio under CO. This, indeed, led to a more selective formation of 2. However, 
as the preparation of [Rh6(CO)15]2− is rather laborious when compared to that of [Rh7(CO)16]3−, this 
synthetic route for 2 is overall not advantageous. Moreover, despite this apparent straightforward 
synthesis, some unknown by-products were also detected, suggesting that the reaction of InCl3 with 
Rh carbonyl clusters involves numerous parallel/subsequent redox reactions, irrespective of the 
starting cluster. Finally, we tried to prepare 2 by reacting [Rh5(CO)15]− directly with InCl3, exploiting 
its recovery from the reaction carried out under CO. Indeed, by dissolving the homometallic cluster 
in THF, still under CO, and making it react with InCl3 in a 1.5 : 1 molar ratio, respectively, the 
[Rh6(CO)15InCl3]2 cluster was obtained alongside with some metallic residue. Finally, in terms of the 
larger [Rh12In(CO)28]3, we tried to prepare it by thermal treatment of 2, exploiting the knowledge 
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that an alternative way to obtain larger carbonyl clusters is to deplete them from their ligands, so 
to form unsaturated fragments that would condense in higher nuclearity species.40 As a matter of 
fact, by dissolving 2 in ethanol and let it under reflux for around two hours, it was possible to obtain 
cluster 1 in a more selective way, albeit some yet uncharacterized species were formed.
All above experimental findings let us to draw some conclusions in terms of the reaction path. First 
of all, the reaction between [Rh7(CO)16]3− and InCl3 is significantly different from those with Sn, Sb 
and Bi halides. In such cases, the most stable and straightforwardly obtainable compound was the 
icosahedral [Rh12E(CO)27]n, to the point that it could serve as starting material for subsequent 
reactions.26 Here, conversely, the low-nuclearity [Rh6(CO)15InCl3]2 seems to be the most recurrent 
one. One possible explanation could be that the Lewis acidity of InCl3 drives the reaction more 
towards the formation of an adduct other than a proper redox condensation, that would originate 
larger heterometallic Rh-In clusters. Second of all, we can assert that over the course of the reaction 
with InCl3, [Rh7(CO)16]3 not only yields a mixture of Rh-In products, but part of it is oxidized to the 
homometallic [Rh12(CO)30]238 whose presence was detected in the crude mixture under N2. 
However, [Rh12(CO)30]2 is known to quickly degrade to [Rh5(CO)15] under CO pressure,41 hence its 
absence when the reaction is carried out in such atmosphere. Moreover, as we proved that 
[Rh5(CO)15] reacts with InCl3 to give 2, this explains why some of it was left unreacted when working 
in a 1:1 molar ratio, and why we did not isolate it when working in excess of InCl3 with respect to 
[Rh7(CO)16]3.

CHARACTERIZATION
All cluster compounds above described were characterized by IR spectroscopy and ESI-MS 
spectrometry (see Supporting Information), and their molecular structure (discussed in the 
following section) was determined by single-crystal X-Ray diffraction analysis.
Cluster 1 was also analysed with energy dispersive X-ray spectrometry (EDS) through Scanning 
Electron Microscopy (SEM), to confirm the Rh/In atomic ratio.
In this respect, a few crystals of 1 were mapped in various area and the resulting mean atomic ratio 
between Rh and In derived from the EDS analysis was 11.9886 : 1.0114, being the experimental 
atomic percentage for Rh and In equal to 92.22 and 7.78%, respectively, corresponding to weight 
percentage values of 91.40 and 8.60 % (see Figure S1b and Table S1a in the Supporting Information 
document). The theoretical values in 1 for Rh and In, translated in atomic percentage, are 92.31 and 
7.69%, respectively, while those for the weight percentage are 91.49 and 8.51%; therefore, the EDS 
results are in complete agreement with the formulated stoichiometry based on the SC-XRD analysis.
In the case of the cluster characterization with infrared spectroscopy, to the contrary of what one 
may expect based on the experience on carbonyl complexes, the IR spectra of high-nuclearity 
carbonyl clusters are rather simple. In fact, they usually consist of one intense peak related to the 
terminal CO ligands, approximately in the range of 2100-1950 cm−1, and a second broader and less 
intense peak signalling the edge- or face-bridging carbonyls (around 1850 – 1750 cm−1).42 All clusters 
presented herein show IR spectra in line with what stated above, and they are presented in the 
Supporting Information document.
As for the ESI-MS analysis, carbonyl clusters are quite fragile and need mild experimental conditions. 
Nevertheless, they do always present losses of CO ligands, therefore it is quite rare to observe their 
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intact molecular ion. Actually, this occurrence is desired as essential to correctly assign the ion 
charge of the various peaks, because the negative charge resulting from the analysis does not always 
coincide with the original one. Fragmentation products may also be observed. In this specific case, 
clusters 1 and 2 showed enough robustness to resist under the experimental conditions, so the 
observed peaks are always related to the starting species. Conversely, cluster 3 broke in half, giving 
rise to the [Rh6(CO)15InCl2]− ion. This occurrence is not unknown in dimeric clusters species.23

Crystal Structures of 1, 2 and 3.
X-ray crystal structure of 1[NEt4]3.
Cluster 1 crystallized in a trigonal system and the unit cell contains six clusters and eighteen 
tetramethylammonium cations, the former arranged in stacks along the c axis spaced by the latter, 
in an ionic-like fashion (Figure S4a).
The molecular structure of [Rh12In(CO)28]3− consists of a slightly distorted icosahedron defined by 
the twelve Rh atoms centred by the unique In atom; the metal framework is then stabilized by 28 
carbonyl ligands, of which 12 terminally bonded, 15 edge-bridging, and 1 face-bridging CO equally 
disordered over two positions. Figure 1 illustrates the molecular structure of 1, pointing out the 
central position occupied by the In atom inside the icosahedral cavity, which perfectly mimes the 
geometrical array observed in the [Rh12E(CO)27]n− family of clusters (E = Sn, Ge when n = 4; E = Sb, 
Bi when n = 3), thus making them all isostructural as far as the metal skeleton is concerned.

Figure 1. Metal skeleton (left), molecular structure (centre) and space-filling model (right) of 
[Rh12In(CO)28]3− (1). Rh is depicted in blue, In in magenta, C in grey, and O in red.

This compound is also isoelectronic with the icosahedral [Rh12E(CO)27]n− series of clusters. The only 
difference is that 1 possesses one extra carbonyl ligand, but the two electrons brought by the CO 
are perfectly in comply with the electronic stability predicted by the Wade-Mingos theory, stating 
that icosahedral clusters should possess 170 Cluster Valence Electrons (CVEs). As a matter of fact, 
in the present case the electron counting is as follows: 12 × 9 (from the Rh atoms) + 28 × 2 (from 
the CO ligands) + 3 (from the In atom) + 3 (from the negative charge) = 170 CVEs. Notably, the 
presence of an extra CO ligand may affect the metal-metal bond lengths when comparing them with 
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those of the other E-centred Rh-icosahedral derivatives. For instance, CO ligands in bridging position 
may tighten the metal-metal distances. In 1, the number of bridging carbonyls is higher than that 
found in the other congeners (16, vs 14 in the RhSn, and 15 in the RhGe, RhSb and RhBi clusters). In 
line with this, the average Rh-Rh bond length in [Rh12In(CO)28]3− is 2.936 Å, very close to that of 
[Rh12Ge(CO)27]4− (2.935 Å) but shorter than that of [Rh12Sn(CO)27]4− (2.978 Å), [Rh12Sb(CO)27]3− (2.982 
Å) and [Rh12Bi(CO)27]3− (3.024 Å), hence in misalignment with the increasing radius of Ge, Sn, Sb, In 
and Bi atoms, respectively. Conversely, the Rh-In average distance of 2.826 Å seems more in line 
with the increasing size of E (Table 1). 

Table 1. Experimental average, longest and shortest Rh-Rh and Rh-In bond lengths observed in 
[Rh12In(CO)28]3−, and their comparison with those of the [Rh12E(CO)27]n− nanoclusters. 

Bond lengths (Å) [Rh12Ge(CO)27]4− [Rh12Sn(CO)27]4− [Rh12Sb(CO)27]3− [Rh12In(CO)28]3− [Rh12Bi(CO)27]3−

Rh-Rh average 2.935 2.978 2.982 2.936 3.024
Rh-Rh

longest - shortest 3.336 - 2.808 3.349 - 2.810 3.368 - 2.821 3.012 - 2.773 3.470 - 2.812

Rh-E average 2.788 2.830 2.823 2.826 2.859
Rh-E

longest - shortest 2.929 - 2.645 2.933 - 2.741 2.941 - 2.707 2.885 - 2.767 2.978 - 2.736

Cluster 1 possesses nanometric dimensions, being the average distance between the outermost 
oxygen atoms equal to around 1.0 nm.

X-ray crystal structure of 2[NEt4]2·CH3CN.
Cluster 2 crystallized in an orthorhombic system, and its unit cell contains four cluster units, eight 
tetamethylammonium cations and four acetonitrile molecules. Its solid-state packing view along the 
c axis, reported in Figure S4b, shows an alternance of clusters spaced by the cations, with the solvent 
molecules filling the voids. Among the hydrogen atoms with the cations and the chlorides in the 
clusters, hydrogen bonds are present. We were able to obtain crystals of 2 also from its acetone 
solution, resulting in the same unit cell content, including the presence of the one solvent molecule 
per cluster (see Supporting Information), and with very similar cell parameters leading to the same 
crystal system and space group.
The molecular structure of [Rh6(CO)15InCl3]2−, depicted in Figure 2, consists of an octahedron defined 
by the six Rh atoms stabilized by 15 CO ligands and capped by a InCl3 moiety. Therefore, it can be 
seen as the Lewis base-acid addiction product of the hexa-nuclear [Rh6(CO)15]2− with the In(III) 
halide. Out of the 15 ligands, 12 are terminally coordinated, two per each Rh atom, and 3 are face-
bridging; the [InCl3] fragment caps a fourth triangular face, so to create and alternated occupancy 
of the four triangular faces of the octahedron out of the eight available ones. This ligand 
arrangement is exactly like the one observed in the [Rh6(CO)15InCp*] parent compound or in the 
analogue [Rh6(CO)15GaCp*] species.43 

Page 8 of 28Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 0
8.

09
.2

02
4 

08
:2

0:
49

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4NR02922D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02922d


9

Figure 2. Metal skeleton (left), molecular structure (centre) and face-bridging ligand arrangement 
(right) of [Rh6(CO)15InCl3]2− (2). Rh is depicted in blue, In in magenta, Cl in green, C in grey, and O in 

red.

The Rh-Rh distances are in line with those observed for similar clusters. Conversely, the average Rh-
In bond length in 2 is 2.8447 Å, longer than that in the InCp* congener where the average value is 
2.711 Å, and both values are significantly longer than that found in 1.
As for the electron count, the Wade-Mingos theory predicts 86 CVEs for an octahedral cluster. 
Indeed, [Rh6(CO)15InCl3]2− has 6 × 9 (from the Rh atoms) + 15 × 2 (from the CO ligands) + 2 (from the 
negative charge) = 86 CVEs. Note that, being InCl3 a Lewis acid, it brings no electrons to the cluster, 
thus behaving like a [AuPPh3]+ ligand.44

In terms of size, [Rh6(CO)15InCl3]2− shows a maximum length of around 0.9 nm, therefore it could be 
defined as a quasi-nanocluster.

X-ray crystal structure of 3[NEt4]2·2THF·2H2O.
Cluster 3 crystallized in a monoclinic system and the unit cell contains two full clusters, four 
tetramethylammonium cations, plus four THF and water molecules. The dimeric cluster units are 
arranged in a stacked fashion along the b axis and are spaced by the ammonium cations, while the 
solvents fill the voids (Figure S4c). Hydrogen bonds between the water molecules and the terminal 
chloride atoms in the clusters are present.
The molecular structure of [{Rh6(CO)15InCl2}2]2− is reported in Figure 3. It consists of two 
[Rh6(CO)15]2− octahedral clusters, each face-capped by a [InCl2]+ unit, joint together through two 
intermolecular In-Cl bonds, so to create two {In-Cl-In} bridging links between the cluster units. 
Hence, two chloride atoms remain terminally coordinated to just one In atom, in trans position with 
respect to each other. Alternatively, the molecular structure of 3 can be seen as a dimer of 
[Rh6(CO)15InCl2] that in turn is the chloride-deficient analogue of 2, or, in essence, as two 
[Rh6(CO)15]2 clusters held together by a [In2Cl4]2+ bridging fragment. This way, it is easier to see that 
this cluster too is in comply with the Wade-Mingos rules for the electron count. The two octahedral 
Rh6 moieties are eclipsed with each other, but not the corresponding ligands. This can be seen by 
the misalignment of the two In atoms and their coordinated chlorides along the axis of the eclipsed 
view (Figure 3 (d)). 
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10

Figure 3. Metal skeleton (a), space-filling model (b), molecular structure (c) and eclipsed view of 
the two octahedral Rh6 moieties (d) of [{Rh6(CO)15InCl2}2]2− (3). Rh is depicted in blue, In in 

magenta, Cl in green, C in grey, and O in red.

As expected, the average intermolecular In-Cl bond distance (2.637 Å) is slightly longer than the 
intramolecular one (2.507(3) Å). As for the Rh-Rh bond lengths, their average value is 2.7705 Å, in 
line with those found in cluster 2 (2.7721 Å). Conversely, the Rh-In distances are slightly shorter 
(average 2.7896 Å) than those in 2 (average 2.8447 Å), possibly due to a stronger interaction 
between the anionic [Rh6(CO)15]2− and the cationic [InCl2]+, with respect to the interactions involving 
the neutral In(III) trihalide. Finally, the maximum length of cluster 3 reaches around 1.8 nm, while 
the size measured along the other two dimensions remains below 1 nm. 

The crystallographic data derived from the single-crystal X-ray diffraction studies of clusters 1 – 3, 
as well as their detailed bond lengths, can be found in the Supporting Information document.

Electrochemical and Spectroelectrochemical Studies of [Rh12In(CO)28]3− (1) 
The icosahedral [Rh12In(CO)28]3− was characterized via CV experiments and in situ infrared 
spectroelectrochemical experiments (IR SEC), to assess whether it possessed the same multivalence 
features as its RhE congeners (E = Ge, Sn, Sb, Bi).27

The cyclic voltammetries were recorded at a glassy carbon electrode, with a scan rate = 0.1 V s1; 
potentials are reported vs Ag/AgCl, KCl sat. The in situ IR SEC experiments were conducted in an 
OTTLE cell,45 under CO atmosphere in CH3CN/[NnBu4]PF6 solution (0.1 mol dm−3), resolution of 4 
cm1, with a scan rate of 1 mV sec–1; potentials are measured and reported vs Ag pseudoreference 
electrode.
As it is shown by the cyclic and hydrodynamic voltammetries (Figure 4), two electrochemically and 
chemically reversible and diffusion-controlled oxidations were detected in the anodic region, while 
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the reduction at −1.78 V appeared in the CV as a chemically irreversible two-electrons process. The 
corresponding formal electrode potentials for the observed redox changes are reported in Table 2.

Figure 4. Cyclic (bottom) and hydrodynamic (top) voltammetric responses recorded at a GC 
electrode in a CH3CN solution of [Rh12In(CO)28]3− under CO atmosphere. [NnBu4][PF6] (0.1 mol dm−3) 
as the supporting electrolyte. Scan rate = 0.1 V s−1.

Table 2. Formal Electrode Potentials (V, vs Ag/AgCl, KCl sat.) and peak-to-peak separations (Ep in 
mV, in brackets) for the redox changes exhibited by [Rh12In(CO)28]3− in 0.1 M [NBu4][PF6]/CH3CN 
solution under CO atmosphere. 

Redox steps
1–/2–a 2–/3–a 3–/5–b

[Rh12In(CO)28]3− –0.10 (75) –0.30 (75) –1.78c

a One-electron process, as inferred from IR SEC. b Two-electron process, as inferred from 
hydrodynamic voltammetry at a rotating disk electrode and IR SEC. c Peak potential value for 
electrochemically quasi-reversible processes as inferred from IR SEC.

The in situ IR SEC experiments confirmed that [Rh12In(CO)28]3− undergoes two consecutive 
oxidations. This is showed by the progressive shift of the IR stretching frequencies of terminal and 
bridging CO ligands towards higher values, upon increasing of the potential from −0.40 to +0.50 V 
(Figure 5a). Based on the relative IR absorbance maxima and the i/E profile curve, the complete IR 
spectra sequence was separated in two groups, each belonging to one different oxidation process 
(Figure 5b and 5c). The observed shifts of 20 and 24 cm−1 of the stretching frequencies of terminal 
COs for the first and the second oxidation, respectively, were taken as an indication of their 
monoelectronic nature, as in line with what previously observed in the [Rh12E(CO)27]n family of 
clusters and in several other large carbonyl compounds.27, 46

Well-defined and withstanding isosbestic points are present in the IR spectral sequence of the first 
oxidation, and the complete stability of the 169-CVE [Rh12In(CO)28]2− cluster, in the experiment time-
scale, was confirmed by the quantitative restoration of the IR bands of the tri-anion by reversing the 
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direction of the potential scan after the first oxidation. The second oxidation process, however, is 
complicated by a slow decomposition of the 168-CVE [Rh12In(CO)28]− species, that did not allow the 
complete recovery of the starting cluster in the backward reduction scan (Figure S1d). 
A shift of the CO stretching frequencies of [Rh12In(CO)28]3− towards lower values was observed when 
the potential was decreased from −0.40 to −1.85 V (Figure 5d).
This was attributed to a two-electron reduction, since the frequency downshifts of the terminal CO 
band (58 cm−1) was around twice those observed for the oxidation steps (considering the resolution 
of 4 cm−1), leading to a −5 cluster charge. Well-defined isosbestic points are present in the IR spectra 
sequence and, remarkably, when the potential scan was reversed, the chemical reversibility of the 
electron transfer was observed: the IR bands of the starting cluster were, in fact, almost 
quantitatively restored in the backward oxidation step (Figure S1e). 
Based on the results of the IR SEC analysis, the reduction peak at −1.78 V in the CV of Figure 4 can 
be described as an electrochemically quasi-reversible step, the reduced species being oxidated back 
at −1.22 V. 

Figure 5. IR spectral changes of a CH3CN solution of [Rh12In(CO)28]3– recorded every 60 sec in an 
OTTLE cell during the progressive (scan rate 1 mV sec–1) increase of the potential from –0.40 to +0.50 
V (a); progressive increase of the potential from –0.40 to +0.10 V (b); progressive increase of the 
potential from +0.10 to +0.50 V (c); progressive decrease of the potential from −0.40 to −1.85 V (d). 
The solvent and supporting electrolyte absorptions have been subtracted. 
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In conclusion, the in situ IR SEC study of [Rh12In(CO)28]3– allowed us to identify four negative charge 
states in which cluster can exist, namely −1, −2, −3 (the initial one) and −5, with different stability, 
the −2 and −3 being the more stable ones. Their IR spectra are shown in Figure 6 and the related CO 
stretching frequencies are reported in Table 3. Unfortunately, due to their limited stability in the 
time-scale of the chemical experiments, we were unable to isolate and crystallize any of the 
differently charged derivatives other than the tri-anion. 

Figure 6. Selected infrared spectra of [Rh12In(CO)28]n as a function of the cluster charge n in CH3CN 
containing 0.1 mol dm−3 [NnBu4][PF6]. The absorptions of the solvent and supporting electrolyte 
have been subtracted. The red arrow indicates the initial spectrum.

Table 3. Infrared stretching frequencies (cm−1) of terminal (t
CO) and bridging (b

CO) carbonyl groups 
for [Rh12In(CO)28]n− in CH3CN solution as a function of the cluster charge. 

Cluster charge n t
CO (cm1) b

CO (cm1)
n = 1 2040 1831, 1811
n = 2 2016 1812, 1778(br)
n = 3 1996 1790, 1747
n = 5 1938 1725, 1700 (br)

Computational simulations
The changes in the IR spectra observable in Figure 6 associated to the redox processes were 
simulated by means of GBSA/GFN1-xTB calculations, considering acetonitrile as continuous 
medium. The computed spectra are shown in Figure S1f with Lorenzian interpolation. Despite the 
limits of the tight-binding method used, the trend of the νCO stretching was confirmed. In particular, 
the computed νt

CO wavenumbers for [Rh12In(CO)28]n are 2101 cm-1 (n = 1), 2081 cm-1 (n = 2), 2043 
cm-1 (n = 3) and 2007 cm-1 (n = 5), that can be superimposed with the experimental data using a 
scaling factor of around 0.97.
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Further calculations on the [Rh12In(CO)28]n clusters were carried out with the hybrid-GGA PBEh-3c 
method. The optimized geometry of 1 is in good agreement with the experimental data, the root 
mean square deviation (RMSD) being 0.234 Å. No meaningful variation in the geometry of the metal 
cage or in the coordination mode of the carbonyl ligands was detected. Despite the fact that 
Continuous Shape Measures 47 confirmed the icosahedral disposition of the Rh atoms surrounding 
the In centre (CShM = 0.32), the Atoms-In-Molecules (AIM) analysis of the Rh-In bonds indicated a 
lower degree of symmetry from an electronic point of view. The twelve Rh-In (3,-1) bond critical 
points (BCPs) are all characterized by negative energy density and positive Laplacian of the electron 
density, in line with Bianchi’s definition of metal-metal bond.48 On considering the electron density 
(ρ) and the potential energy density (V) values at the BCPs, the Rh-In interactions can be divided in 
two groups, each composed by six bonds. The first one is characterized by an average ρ at Rh-In BCP 
around 0.044 a.u. (corresponding average V equal to 0.038 a.u.), and the Rh atoms involved 
formally describe a trigonal antiprism. The second group has average ρ and V values at BCP equal to 
0.036 and 0.027 a.u., respectively. These Rh-In interactions are thus weaker with respect to the 
first group, and the Rh atoms involved formally cap the previously described trigonal antiprism. 
Figure 7a shows the optimized geometry of the {Rh12In} core of 1 with the two different types of Rh-
In bonds highlighted.

Figure 7. DFT-optimized {Rh12In} core of 1. The Rh atoms are connected to the central In (magenta) 
to highlight the outcomes of the AIM analysis. The Rh atoms involved in the strongest interactions 
are blue coloured, while the others are light blue coloured (a). DFT-optimized structure of 
[Rh12In(CO)28]2 with spin density surface (isovalue = 0.002 a.u., green tones) (b). {Rh12In} cores of 
the DFT-optimized structures of [Rh12In(CO)28]n (n = 5, 3, 2, 1) (c). Colour map: Rh, blue; In, magenta; 
C, grey; O, red.
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Geometry optimizations at PBEh-3c level were extended to [Rh12In(CO)28]n clusters having different 
global charge (n = 1, 2, 5). Given the even number of electrons, [Rh12In(CO)28]1 and [Rh12In(CO)28]5 
were treated as diamagnetic species, while in the case of [Rh12In(CO)28]2 the odd number of 
electrons prompted to better investigate the possible multiplicity of the complex. After the 
geometry optimization of the compound with doublet multiplicity, subsequent single point 
calculations revealed that the quartet and sextet states are meaningfully less stable, respectively by 
about 42.3 and 93.2 kcal mol-1. The correct electronic configuration appears therefore related to 
the presence of only one unpaired electron. The spin density plot, shown in Figure 7b, indicates that 
the unpaired electron density is asymmetrically delocalized on the Rh cage, with strong participation 
of the carbonyl ligands. On the other hand, the participation of In-centred orbitals to the spin density 
surface is poor.
According to the DFT outcomes, the monoelectronic oxidation of 1 should cause scarce variations 
in the geometry of the cluster. The RMSD deviation between [Rh12In(CO)28]2 and 1 is in fact very 
small, 0.079 Å. The carbonyl ligands maintain their coordination mode and the computed Rh-In 
average bond length is 2.841 Å, very close to the value obtained for 1 (2.826 Å). The negligible 
changes are in line with the experimentally observed electrochemical reversibility. Similar 
considerations are valid also focusing the attention on the oxidation process affording 
[Rh12In(CO)28]1. The DFT-optimized structure of this cluster is similar to that of 1 and 
[Rh12In(CO)28]2 (RMSD equal to 0.312 Å in both the cases), without variations in the coordination 
modes of the ancillary ligands. The computed average Rh-In distance is the same obtained for 
[Rh12In(CO)28]2, 2.841 Å. It must be therefore concluded that the geometry of 1 is poorly altered by 
the previously described reversible oxidation processes. On considering the reduction leading to the 
formation of [Rh12In(CO)28]5, the DFT-optimized geometry remains comparable to that of 1 (RMSD 
= 0.368 Å), with the same distribution of the carbonyl ligands around the {Rh12} icosahedron. The 
excess of electrons (172 CVEs) causes an elongation of the average Rh-In distance, equal to 2.927 Å. 
Continuous Shape Measures indicated that the spatial disposition of the Rh atoms of 
[Rh12In(CO)28]2 and [Rh12In(CO)28]1 is close to the icosahedral geometry (CShM values equal to 0.31 
and 0.55, respectively), while the degree of distortion is higher in [Rh12In(CO)28]5 (CShM = 1.76). 
The lower reversibility of the bi-electronic reduction of 1 is thus probably related to the more 
relevant geometry changes occurring during the process. The {Rh12In} cores of the DFT-optimized 
geometries are compared in Figure 7c.

EXPERIMENTAL SECTION

General Procedures. All reactions were performed using standard Schlenk technique under nitrogen 
(or carbon monoxide, when stated). Solvents were dried and degassed before use; THF was 
dehydrated with Na-benzophenone and distilled under nitrogen. Ammonium salts and InCl3 were 
commercial products. The [Rh7(CO)16]3− cluster precursor was prepared according to the literature.24 
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 
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4000 using electrospray ionization. Experimental conditions: 2.56 kV ES-probe voltage, 10 V cone 
potential, 250 L h−1 flow of N2 spray-gas, incoming-solution flow 20 μL min−1.
EDS experiments were performed on a SEM Zeiss EVO 50 equipped with EDS Detector Oxford Model 
INCA 350 working at 20 kV of acceleration energy.
Materials and apparatus for electrochemistry and IR SEC have been described elsewhere.49 
Voltammetric and IR SEC measurements were performed on CO-saturated CH3CN/[NnBu4]PF6 0.1 M 
solutions of [Rh12In(CO)28]3– (1.1  1.6 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 m Al2O3 slurry in water (eDAQ) for 2 min, then 
sonication in ultrapure water for 10 min, manual rubbing with 0.05 m 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. Hydrodynamic voltammetry with the renewal of the diffusion layer 
made use of a rotating disk electrode Metrohm 628-10, consisting of a glassy carbon surrounded 
with an insulating Teflon. 
Computational simulations.
Geometry optimizations and IR simulations were carried out with the extended tight-binding GFN1-
xTB method 50 in combination with the GBSA solvation model, considering acetonitrile as 
continuous medium.51 Further geometry optimizations were performed using the PBEh-3c method, 
which is a reparametrized version of PBE (with 42% HF exchange) 52 that uses a split-valence double-
zeta basis set (def2-mSVP) with relativistic effective core potentials on Rh and In atoms.53 The 
method adds three corrections considering dispersion, basis set superposition, and other basis set 
incompleteness effects.54 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 5.0.3.55 The output was elaborated using MultiWFN, version 3.8.56 Cartesian 
coordinates of the DFT-optimized structures are collected in a supplementary DFT coordinates for 
Rh12In.xyz file.
Molecular structure determination.
Single-crystal X-ray diffraction experiments were performed at 100 K on 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).57 Structures 
were solved by direct methods and refined by full-matrix least-squares based on all data using F2.58 
Hydrogen atoms were fixed at calculated positions and refined by a riding model. All non-hydrogen 
atoms were refined with anisotropic displacement parameters, including disordered atoms. In the 
case of cluster 1, crystal was twinned with a twin matrix of -1 0 0 0 -1 0 0 0 1, and a BASF value of 
0.028(4). The face-bridging CO ligand composed of the atoms C(6) and O(6) is disordered over two 
equally-populated and symmetry-related positions. Anisotropic displacement parameter restraints 
were applied to other CO ligands, to achieve a better structural model. Structure drawings were 
made with SCHAKAL99,59 crystal packings with Diamond.

Synthesis of [Rh12In(CO)28]3− (1).
An acetonitrile solution of InCl3 (0.159 g, 0.718 mmol) was slowly added to a solution of 
[Rh7(CO)16][NEt4]3 (1.120 g, 0.718 mmol) in the same solvent, under CO atmosphere, and in a 1 : 1 
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molar ratio. After 12 hours, the resulting brown solution was dried under vacuum and the solid was 
washed with water (60 mL), ethanol (100 mL) and THF (30 mL). The residue was extracted with 20 
mL of acetone and hexane was layered on top, to afford black crystals of 1[NEt4]3 (yield around 30% 
based on Rh). [Rh12In(CO)28][NEt4]3 is soluble in acetone, acetonitrile and DMF and stable, but not 
soluble, in water. An alternative method to obtain cluster 1 is the thermal treatment of 
[Rh6(CO)15InCl3][NEt4]2. In particularly, an ethanol solution of 2[NEt4]2 was heated at reflux 
temperature for 2 hours, (until the IR signals of the starting material completely disappeared). The 
dark brown solid in the reaction mixture was filtered and extracted with 30 mL of acetone (yield 
around 40% based on Rh). The IR spectrum of 1[NEt4]3 recorded in CH3CN shows νCO absorptions at 
1998(s), 1811(w), 1792(m) and 1745(wbr) cm−1. ESI-MS analysis on [Rh12In(CO)28][NEt4]3 in CH3CN 
shows three main groups of signals. The first one starts at 1113 m/z and it can be assigned to the 
[{[Rh12In(CO)22][NEt4]2}2− ion, accompanied by signals due to CO loss (1099, 1085 and 1072 m/z for 
the {[Rh12In(CO)21-20-19][NEt4]2}2− ions, respectively). The second group starts at 1048 m/z, 
attributable to the {[Rh12In(CO)22][NEt4]}2− ion; again, peaks due to subsequent CO losses could be 
identified down to 1006 m/z ({[Rh12In(CO)19][NEt4]}2−). The last group of signals starts at 983 m/z, 
attributable to the [Rh12In(CO)22]2− ion, and ends at 899 m/z, characteristic of the [Rh12In(CO)16]2− 
ion.

Synthesis of [Rh6(CO)15InCl3]2− (2). 
An acetonitrile solution of InCl3 (0.130 g, 0.588 mmol) was slowly added to a solution of 
[Rh7(CO)16][NEt4]3 (0.611 g, 0.390 mmol) in the same solvent, under CO atmosphere, in a 1.5 : 1 
molar ratio, respectively. After 12 hours, the resulting brown solution was dried under vacuum and 
the solid was washed with water (60 mL). The residue was extracted with 30 mL of ethanol, 
redissolved in acetonitrile and di-isopropyl ether was layered on top of the solution, to afford black 
crystals of 2[NEt4]2·CH3CN (yield around 60% based on Rh). Alternatively, 2 can be prepared by 
adding 0.0280 g of InCl3 powder (0.127 mmol) to a THF solution containing 0.200 g of 
[Rh5(CO)15][NEt4] (0.188 mmol) under carbon monoxide atmosphere. After under vigorous stirring 
overnight, by layering the solution with hexane, crystals of 2 can be obtained. [Rh6(CO)15InCl3][NEt4]2 
is soluble in ethanol, THF, acetone, acetonitrile and dimethylformamide (DMF) and stable, but not 
soluble, in water. Its IR spectrum recorded in EtOH shows νCO absorptions at 2092(w), 2055(vs), 
2017(w) and 1779(ms) cm−1. ESI-MS analysis on [Rh6(CO)15InCl3][NEt4]2 in CH3CN shows a group of 
signals starting at 1223 m/z, that can be assigned to the [Rh6(CO)15-14-13-12-11-10InCl2]− ions.

Synthesis of [{Rh6(CO)15InCl2}2]2− (3). 
An acetonitrile solution of InCl3 (0.110 g, 0.498 mmol) was slowly added to a solution of 
[Rh7(CO)16][NEt4]3 (0.517 g, 0.332 mmol) in the same solvent, under N2 atmosphere, in a 1.5 : 1 molar 
ratio, respectively. After 12 hours, the resulting brown solution was dried under vacuum and the 
solid was washed with water (60 mL) and ethanol (80 mL). The residue was extracted with 20 mL of 
THF: hexane was layered on top to afford black crystals of 3[NEt4]2·2THF·2H2O (yield around 30% 
based on Rh). [{Rh6(CO)15InCl2}2][NEt4]2 is soluble in THF, acetone, acetonitrile and DMF and stable, 
but not soluble, in water. The IR spectrum of the dimeric cluster in CH3CN shows νCO absorptions at 
2056(w), 2020(vs), 1870(sh) and 1835(m) cm−1. ESI-MS analysis on crystals of 3[NEt4]2·2THF·2H2O 
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displays two groups of peaks attributable to species deriving from its fragmentation. The first one, 
less intense, starts at 1486 m/z and is related to the [Rh9(CO)20]− ion (and its subsequent CO losses), 
a decomposition product formed under the experimental conditions. The main group of peaks, 
starting at 1222 m/z, is attributable to the [Rh6(CO)15-14-13-12-11InCl2]− ions, of which [Rh6(CO)15InCl2]− 
represents the molecular cluster’s halved moiety.

CONCLUSIONS

In this paper we present the synthesis and characterization of three new Rh-In carbonyl clusters, 
namely [Rh12In(CO)28]3− (1), [Rh6(CO)15InCl3]2− (2), and [{Rh6(CO)15InCl2}2]2− (3), that originated by the 
same redox-condensation reaction between the homometallic [Rh7(CO)16]3− and InCl3, in different 
stoichiometric ratios and under either CO or N2 atmosphere. The size of 1, being 1.0 nm, makes it 
eligible to be inserted in the atomically-precise nanocluster category, while 3 could be labelled as a 
quasi-nanocluster, as its maximum size is just under 1 nm of length. All compounds were fully 
characterized by IR spectroscopy, ESI-MS, SC-XRD; EDS analysis was performed on 1 to confirm the 
Rh : In ratio. The multivalence properties of [Rh12In(CO)28]3− were investigated via CV and IR SEC 
experiments; indeed, they allowed us to identify four different negative charges the nanocluster can 
hold, namely −1, −2, −3 and −5, reciprocally obtaining under electrochemical reduction and 
oxidation conditions, yet fully retaining its molecular structure. Computational calculation results 
confirmed that the geometry of [Rh12In(CO)28]3− is poorly altered under the oxidation process, which 
generates [Rh12In(CO)28]2− and [Rh12In(CO)28]−, while the excess of electrons in [Rh12In(CO)28]5− 
causes a slight elongation of the average Rh-In distance.
This interesting multivalent feature is shared with all the parent isostructural [Rh12E(CO)27]n−, 
confirming once more the extra stability imparted by the central heteroatom under oxidizing and 
reducing conditions, at least under the electrochemical experimental conditions. It is worth 
underlining that such electron-sponge behaviour is more generally presented by atomically-precise 
nanoclusters possessing interstitial atoms, even non-metallic, being this one of the key factors for 
possessing multivalence properties.60 Among the now five members of the heterometallic 
icosahedral [Rh12E(CO)27/28]n− family (E = In, Ge, Sn, Sb, Bi), under the same spectroelectrochemical 
conditions, the one that showed the smoothest multivalence behaviour is the antimony congener, 
[Rh12Sb(CO)27]3−, as the redox steps were all monoelectronic and fully reversible, giving rise to five 
well-defined spectra corresponding to cluster charges going from 2 to 6. The less redox active 
species appears to be [Rh12Sn(CO)27]4−, for which only one stable oxidation step was observable, 
making up for just two differently charged clusters; upon reduction, in fact, it was not possible to 
properly isolate the different congeners. As for the bismuth and germanium derivatives, 
[Rh12Ge(CO)27]4− and [Rh12Bi(CO)27]3−, the former showed quite a remarkable multivalence feature 
upon oxidation, releasing up to two electrons over two monoelectronic processes, whereas the 
latter only possessed one stable oxidation step. However, under reduction, in both cases only the 
even-electron derivatives could be isolated ([Rh12Ge(CO)27]6− and [Rh12Bi(CO)27]5−/7, respectively), 
and the intermediate odd-electron cluster spectra were obtained through spectral deconvolution. 
This behaviour is the same observed in [Rh12In(CO)28]3− where, upon reduction, the SEC experiments 
were able to isolate the pentaanion [Rh12In(CO)28]5− but not the intermediate odd-electron 
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[Rh12In(CO)28]4− derivative. Figure 8 summarises the redox behaviour for the [Rh12E(CO)27/28]n− family 
of clusters (E = In, Ge, Sn, Sb, Bi) illustrating the corresponding outcomes of their SEC experiments. 

Figure 8. Multivalence behaviour of the [Rh12E(CO)27/28]n− family of clusters (n = 3 when E = In, Sb, 
Bi; n = 4 when E = Ge, Sn) family of clusters as obtained by spectroelectrochemical experiments.27

The investigation of the Rh-In chemical system showed significant differences with the Rh-E ones (E 
= Ge, Sn, Sb, Bi), but also some similarities. More specifically, in the latter cases (with the exception 
of Ge 27) the most straightforwardly obtainable product is [Rh12E(CO)27]n− when the reaction is 
conducting with a ca. 1 : 1 ratio with [Rh7(CO)16]3, under CO. Conversely, [Rh12In(CO)28]3− can be 
isolated but in low yields, and in mixture with other products (cluster 2 and [Rh5(CO)15]), albeit with 
the same stoichiometric ratio. The addition of more than 1 equivalents of EXn led to larger 
heterometallic RhE nanoclusters, for instance [Rh23Ge3(CO)41]5−, [Rh18Sn3Cl2(CO)33]4, [Rh28-

xSbx(CO)44]6− and [Rh17Bi(CO)33Bi2]4−. Likewise, in the present case we have preliminary evidence of 
the formation of one higher-nuclearity species, however this is still currently under investigation. 
Another remarkable difference is represented by the obtaining of cluster 2. We previously isolated 
the [Rh7Sn4Cl10(CO)14]5 species from the reaction of [Rh7(CO)16]3 with SnCl2, whose structure 
consists of two Rh4 tetrahedral units sharing one vertex and held together by CO ligands as well as 
by {SnCl3} and {SnCl2} units.20 However, that was an elusive reaction intermediate; besides, no other 
similar clusters had been obtained within the investigation of the Rh-Ge, Rh-Sb and Rh-Bi systems. 
This could be due to the Lewis acidity and to the coordination properties of InCl3, partly shared with 
Sn(II) chloride, that may act as a ligand as such, while the corresponding Ge(II), Ge(IV), Sb(III) and 
Bi(III) halides released the anions and got inserted within the Rh metal framework. Finally, and most 
importantly, the reaction of [Rh7(CO)16]3 with InCl3 has proven to be overall poorly selective. Surely, 
further investigations will be needed to shed more light on the Rh-In system. Figure 9 shows the 
growth trend of heterometallic carbonyl clusters for the various Rh-E systems as a function of the 
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added equivalents of EXn (X = Cl, Br; n = 2-4). Only some key examples are reported, together with 
their optimized stoichiometric ratios.

Figure 9. Growth trend of heterometallic carbonyl clusters for the various Rh-E systems as a function 
of the added equivalents of EXn (X = Cl, Br; n = 2-4). Carbonyl ligand have been omitted in the stated 
formulas, for sake of clarity. In atoms are depicted in magenta, Ge in bright green, Sn in orange, Sb 
in yellow, Bi in violet.
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